
mdpi.com/journal/molecules

Special Issue Reprint

Antibacterial, Antifungal, 
and Antiviral Bioactive 
Compounds from  
Natural Products

Edited by 
Xun Song, Chenyang Li and Yifu Guan



Antibacterial, Antifungal,
and Antiviral Bioactive
Compounds from Natural Products





Antibacterial, Antifungal,
and Antiviral Bioactive
Compounds from Natural Products

Editors

Xun Song
Chenyang Li
Yifu Guan

Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester



Editors

Xun Song

College of Pharmacy

Shenzhen Technology

University

Shenzhen

China

Chenyang Li

School of Pharmacy

Shenzhen University

Shenzhen

China

Yifu Guan

School of Chemistry and

Chemical Engineering

Guangxi Minzu University

Nanning

China

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Molecules

(ISSN 1420-3049) (available at: www.mdpi.com/journal/molecules/special issues/0X0VNJVF40).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0790-1 (Hbk)

ISBN 978-3-7258-0789-5 (PDF)

doi.org/10.3390/books978-3-7258-0789-5

Cover image courtesy of Xun Song

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

www.mdpi.com/journal/molecules/special_issues/0X0VNJVF40
https://doi.org/10.3390/books978-3-7258-0789-5


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Xun Song
Antibacterial, Antifungal, and Antiviral Bioactive Compounds from Natural Products
Reprinted from: Molecules 2024, 29, 825, doi:10.3390/molecules29040825 . . . . . . . . . . . . . . 1

Jinrong Lin, Zhao Qu, Huanhuan Pu, Li-Sha Shen, Xianguo Yi and Yu-Shan Lin et al.
In Vitro and In Vivo Anti-Cancer Activity of Lasiokaurin in a Triple-Negative Breast Cancer
Model
Reprinted from: Molecules 2023, 28, 7701, doi:10.3390/molecules28237701 . . . . . . . . . . . . . . 6

Ruirui Yu, Xiaojian Li, Peng Yi, Ping Wen, Shuhong Wang and Chenghui Liao et al.
Isolation and Identification of Chemical Compounds from Agaricus blazei Murrill and Their In
Vitro Antifungal Activities
Reprinted from: Molecules 2023, 28, 7321, doi:10.3390/molecules28217321 . . . . . . . . . . . . . . 22

Lihan Zhao, Wen-Jian Xie, Yin-Xiao Du, Yi-Xuan Xia, Kang-Lun Liu and Chuen Fai Ku et al.
Isolation and Anticancer Progression Evaluation of the Chemical Constituents from Bridelia
balansae Tutcher
Reprinted from: Molecules 2023, 28, 6165, doi:10.3390/molecules28166165 . . . . . . . . . . . . . . 33

Guangxin Chen, Da Wen, Lin Shen, Yazhi Feng, Qiuhong Xiong and Ping Li et al.
Cepharanthine Exerts Antioxidant and Anti-Inflammatory Effects in Lipopolysaccharide
(LPS)-Induced Macrophages and DSS-Induced Colitis Mice
Reprinted from: Molecules 2023, 28, 6070, doi:10.3390/molecules28166070 . . . . . . . . . . . . . . 46

Ming-Feng He, Jian-Hui Liang, Yan-Ni Shen, Chao-Wei Zhang, Kuang-Yang Yang and
Li-Chu Liu et al.
Coptisine Inhibits Influenza Virus Replication by Upregulating p21
Reprinted from: Molecules 2023, 28, 5398, doi:10.3390/molecules28145398 . . . . . . . . . . . . . . 62

Ben Chung-Lap Chan, Peiting Li, Miranda Sin-Man Tsang, Johnny Chun-Chau Sung, Keith
Wai-Yeung Kwong and Tao Zheng et al.
Creating a Vaccine-like Supplement against Respiratory Infection Using Recombinant Bacillus
subtilis Spores Expressing SARS-CoV-2 Spike Protein with Natural Products
Reprinted from: Molecules 2023, 28, 4996, doi:10.3390/molecules28134996 . . . . . . . . . . . . . . 71

Ting-Ting Tang, Su-Mei Li, Bo-Wen Pan, Jun-Wei Xiao, Yu-Xin Pang and Shou-Xia Xie et al.
Identification of Flavonoids from Scutellaria barbata D. Don as Inhibitors of HIV-1 and Cathepsin
L Proteases and Their Structure–Activity Relationships
Reprinted from: Molecules 2023, 28, 4476, doi:10.3390/molecules28114476 . . . . . . . . . . . . . . 90

Meijie Xu, Ziwei Huang, Wangjie Zhu, Yuanyuan Liu, Xuelian Bai and Huawei Zhang
Fusarium-Derived Secondary Metabolites with Antimicrobial Effects
Reprinted from: Molecules 2023, 28, 3424, doi:10.3390/molecules28083424 . . . . . . . . . . . . . . 101

Mariana Rodrı́guez-Cisneros, Leslie Mariana Morales-Ruı́z, Anuar Salazar-Gómez,
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Preface

The exploration of natural compounds for their antibacterial, antifungal and antiviral properties

represents a compelling avenue of research in contemporary science. This collection delves into

the rich diversity of bioactive molecules derived from nature and their potential applications in

combating infectious diseases.

The aim of this Special Issue is to report the latest and most promising natural compounds used

to combat bacteria, fungi and viruses, with the underlying modes of action outlined. Our motivations

for compiling this scientific endeavor are rooted in the need for novel antimicrobial agents amid the

escalating global threat of drug-resistant pathogens. Traditional antibiotics and antifungals are facing

diminishing effectiveness, necessitating the exploration of alternative strategies. Natural products

offer a promising reservoir of bioactive compounds with diverse chemical scaffolds and mechanisms

of action, presenting new avenues for drug discovery and development.

This work is intended for a broad audience encompassing researchers, academicians,

pharmaceutical scientists and healthcare professionals engaged in microbiology, pharmacology,

medicinal chemistry and natural product chemistry. We hope to inspire dialogue and collaboration

across disciplines, fostering innovation in the search for effective antimicrobial agents.

The authors contributing to this Special Issue bring together expertise from various scientific

backgrounds, including microbiology, pharmacology, organic chemistry and bioinformatics.

Their collective efforts have culminated in a comprehensive compilation of research findings,

methodologies and perspectives to advance our understanding of natural bioactive compounds and

their therapeutic potential.

We express our heartfelt acknowledgment to all those who have contributed to this work,

whether through direct assistance, intellectual support or inspiration. In particular, we extend our

gratitude to the countless researchers and scientists whose pioneering work has paved the way for

discoveries in natural product-based drug development.

We hope that this Special Issue will serve as a timely reference for researchers who are interested

in the discovery of useful natural products for the development of novel antimicrobial drugs.

Xun Song, Chenyang Li, and Yifu Guan

Editors
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Editorial

Antibacterial, Antifungal, and Antiviral Bioactive Compounds
from Natural Products
Xun Song

College of Pharmacy, Shenzhen Technology University, Shenzhen 518118, China; xsong@szu.edu.cn

1. Introduction

In the relentless pursuit of innovative therapeutic agents, natural products have
emerged as a transformative avenue in the battle against infectious diseases. This Special
Issue, entitled “Antibacterial, Antifungal, and Antiviral Bioactive Compounds from Natural
Products”, seeks to unravel the potential within nature’s pharmacopeia and its ability to
provide a rich source of diverse compounds with remarkable antimicrobial properties [1].
Historically integral to traditional medicine, natural products offer a palette of compounds,
including alkaloids, flavonoids, terpenoids, and peptides from various sources, showcasing
the versatility of nature’s defenses against bacteria, fungi, and viruses [2].

The increasing threat of drug-resistant microorganisms necessitates innovative
approaches, and natural compounds present a promising solution [3]. Studies have
highlighted their efficacy against a spectrum of bacteria, addressing the multifaceted
nature of bacterial infections. Beyond conventional antifungal agents, fungal infections
prompt the exploration of natural products from fungi, plants, and bacteria that exhibit
a range of antifungal activities. This diversity broadens the scope for discovering new
antifungal drugs to combat emerging threats.

In the realm of antiviral research, natural products demonstrate inhibitory effects
against various viruses; this is vital in addressing the evolving landscape of viral infections,
which is exemplified by global pandemics [4]. Derived compounds offer a foundation for
understanding viral interactions and developing targeted interventions.

As we embark on this exploration of bioactive compounds, our aim is to unveil not
only their therapeutic potential, but also the intricate mechanisms through which nature
defends against microbial adversaries. Additionally, this Special Issue discusses a range of
antimicrobial natural products with other biological functions, thus further highlighting
the diverse capabilities within nature’s pharmacopeia.

2. An Overview of Published Articles

Xiaopeng Hu’s article [Contribution 1] discusses the potential inhibitors of the monkeypox
virus. Monkeypox outbreaks pose a global health threat, exacerbated by the absence of
effective medicines against orthopoxviruses. Molecular modeling, focusing on natural
products like traditional Chinese medicine (TCM), has revealed potential inhibitors. Three
compounds—rosmarinic acid, myricitrin, quercitrin, and ofloxacin—have demonstrated
significant binding to monkeypox DNA topoisomerase I, suggesting promising antiviral
effects. Molecular dynamics simulations support their stability. The study by Hu et al.
highlights the potential application of these compounds as poxvirus inhibitors, emphasizing
the need for further research to assess their therapeutic efficacy.

The review by Mariana Rodríguez-Cisneros et al. [Contribution 2] is focused on the
antimicrobial compounds produced by Burkholderia Sensu Stricto. The rise in multi-drug-
resistant microorganisms is currently demanding the exploration of novel antimicrobial
compounds. The World Health Organization has highlighted that Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacteriaceae are critical bacteria that require urgent
eradication. Burkholderia, known for its production of antimicrobials, offers a diverse array
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of compounds, including N-containing heterocycles, polyenes, bacteriocins, and more.
These compounds exhibit potential not only as antimicrobials against bacteria and fungi,
but also as candidates for anticancer or antitumor agents. The review comprehensively
explores Burkholderia’s extensive repertoire of antimicrobial compounds, with a focus on
those tested in vitro, and includes information on novel compounds discovered through
genome-guided approaches.

The review by Meijie Xu et al. [Contribution 3] highlights the 185 antimicrobial
natural products that had been extracted from Fusarium strains by 2022, showcasing their
antibacterial, antifungal, antiviral, and antiparasitic effects. The comprehensive analysis
emphasizes the importance of Fusarium as a valuable reservoir for new bioactive secondary
metabolites. The review concludes by proposing methodologies for the efficient discovery
of natural products obtained from Fusarium strains.

The fourth article published in this Special Issue is by Ting-Ting Tang et al. [Contribu-
tion 4] and focuses on the use of flavonoids obtained from Scutellaria barbata D. Don (SB) as
inhibitors of HIV-1 and cathepsin L proteases. SB is a medicinal plant rich in flavonoids,
and is known for its antitumor, anti-inflammatory, and antiviral properties. The study
evaluated SB extracts and identified nine flavonoids that inhibit HIV-1 and SARS-CoV-2
proteases. The results revealed that scutellarein is a lead compound with potent dual
inhibitory activity against both proteases. The study emphasized the importance of specific
hydroxyl group introductions in flavones regarding the enhancement of anti-protease
activities. Notably, luteolin exhibited the potent and selective inhibition of HIV-1 protease.
These findings suggest the potential use of SB-derived flavonoids as promising candidates
in the development of effective dual protease inhibitors.

In their study, Ben Chung-Lap Chan et al. [Contribution 5] create a vaccine-like
supplement against respiratory infection using recombinant bacillus subtilis spores express-
ing SARS-CoV-2 spike protein with natural products. This study explores an alternative
approach to COVID-19 vaccination using engineered Bacillus subtilis to produce “S spores”
that mimic the SARS-CoV-2 spike protein. Administered orally with the natural adju-
vants Astragalus membranaceus and Coriolus versicolor, the S spores induced mild immune
responses against COVID-19 without toxicity. Co-administration enhanced the mucosal
IgA responses, while prior oral inoculation expedited and strengthened the IgG responses
when followed by the commercial vaccine CoronaVac. In vitro studies demonstrated
immune activation by AM, CV, and B. subtilis spores. This novel combination shows
potential in the development of a supplementary vaccine against respiratory infections,
addressing concerns regarding needle aversion and side effects.

In the sixth article, Ming-Feng He [Contribution 6] focuses on the antiviral mechanism
of the alkaloid coptisine against influenza virus. This study identifies that coptisine,
a compound found in Chinese herbs, is a potent inhibitor of the influenza virus, exhibiting
an EC50 of 10.7 µM in MDCK cells. Coptisine’s antiviral effects are attributed to its
upregulation of the p21 signaling pathway, leading to the increased expression of p21
and FOXO1. The compound’s effectiveness is highlighted in pre-treatment, showing
a superior reduction in viral replication compared to co-treatment or post-treatment.
Docking analysis suggests that coptisine inhibits MELK activity, forming hydrogen bonds
in the catalytic pocket. These findings position coptisine as a promising antiviral agent
with the ability to regulate the p21 pathway to combat viral infections.

The research presented by Guangxin Chen [Contribution 7] delves into the antioxidant
and anti-inflammatory effects of cepharanthine (CEP). CEP, a biscoclaurine alkaloid extracted
from Stephania cepharantha Hayata, has been widely utilizes in the treatment of various
acute and chronic diseases, including leukopenia, and snake bites. The study explores the
therapeutic potential of CEP in countering oxidative stress and inflammation. CEP effectively
alleviates weight loss, reduces disease activity, and maintains intestinal integrity in colitis
mice. It mitigates malondialdehyde levels, boosts the glutathione content, and inhibits
inflammatory responses. Additionally, CEP activates the AMPK-α1/AKT/GSK-3β/NRF2
signaling pathway while suppressing MAPKs and NF-κB p65 pathways. The protective
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effects extend to leukopenia and snake bites but are compromised in NRF2 knockout mice.
This research underscores that CEP is a promising therapeutic agent against oxidative
stress and inflammation, emphasizing the potential use of NRF2 as a target for treating
inflammatory bowel disease.

Lihan Zhao’s study [Contribution 8] focuses on the isolation and anticancer progression
of the chemical constituents of Bridelia balansae Tutcher. The study highlights the anticancer
potential of the dichloromethane extract obtained from Bridelia balansae Tutcher roots against
HCT116 colorectal cancer cells. Fourteen compounds were identified, including a novel
aryltetralin lignan; this was 4′-demethyl-4-deoxypodophyllotoxin (1), whose stereochemistry
was validated via X-ray crystallography. Compound 1 exhibited significant cytotoxicity (IC50
at 20 nM) through the induction of apoptosis, reducing HCT116 cell migration and down-
regulating MMP2 and p-Akt, and upregulating p21. This comprehensive analysis positions
B. balansae as a valuable source of potential anticancer lead compounds, emphasizing the
therapeutic promise of compound 1 against the proliferation and metastasis of cancer.

Ruirui Yu’s work [Contribution 9] focuses on the isolation and identification of the
chemical compounds obtained from Agaricus blazei Murrill and their in vitro antifungal
activities. This research delves into the antifungal properties of A. blazei, an esteemed
medicinal and edible fungus. Six isolated compounds from A. blazei, including linoleic
acid, 1,1′-oxybis(2,4-di-tert-butylbenzene), glycerol monolinoleate, volemolide (17R)-17-
methylincisterol, (24s)-ergosta-7-en-3-ol, and dibutyl phthalate, were identified and evalu-
ated for their antifungal activities against Trichophyton mentagrophology, Trichophyton rubrum,
Candida albicans, and Cryptococcus neoformans. Notably, compound 2 displayed significant
inhibition against T. mentagrophology, compound 3 against T. rubrum, and compound 6
against C. albicans. The findings underscore A. blazei’s medicinal potential as an antifungal
agent, revealing promising avenues for further research.

Jinrong Lin et al. [Contribution 10] performed an evaluation of the anti-cancer activity
of lasiokaurin (LAS), a natural antimicrobial diterpenoid, in a triple-negative breast cancer
(TNBC) model. TNBC poses challenges due to its aggressiveness and limited treatment
options. This study explores LAS as a promising anti-TNBC agent. LAS exhibits significant
efficacy in inhibiting TNBC cell growth, with its induction of cell cycle arrest, apoptosis,
and DNA damage, and suppression of metastasis. It targets multiple pathways, including
PI3K/Akt/mTOR and STAT3, suggesting its potential application in multitarget therapy.
Moreover, the application of LAS has been found toe safely reduce tumor growth in a mouse
model, suggesting its utilization as a potent candidate for TNBC treatment.

3. Conclusions

In the face of infectious diseases, the urgent need for innovative antimicrobial agents
is underscored by antibiotic resistance, persistent fungal infections, and the constant threat
of viral outbreaks. The exploration of natural products as reservoirs of antibacterial,
antifungal, and antiviral bioactive compounds has garnered significant attention, thus
paving the way for potential breakthroughs in the combat of microbial pathogens.

3.1. Antibacterial Bioactive Compounds: A Nature-Inspired Arsenal against Bacterial Infections

Natural products appear to possess a diverse array of antibacterial compounds with
therapeutic promise. Compounds such as alkaloids, flavonoids, and terpenoids derived
from plants exhibit potent antibacterial activity against a spectrum of strains. Essential
oils, exemplified by constituents like thymol and carvacrol, showcase remarkable efficacy
against both Gram-positive and Gram-negative bacteria. Additionally, marine organisms
have been found contribute unique antibacterial peptides, such as bacteriocins, that exhibit
selective toxicity towards bacterial pathogens [5,6].

3.2. Antifungal Bioactive Compounds: Nature’s Defense against Fungal Pathogens

Fungal infections pose a persistent threat to global health, particularly in immunocom-
promised individuals. Natural products offer diverse antifungal agents that target various

3



Molecules 2024, 29, 825

stages of the fungal life cycle. Polyphenols such as resveratrol and catechins disrupt fungal
cell membranes, while secondary metabolites such as mycotoxins exhibit potent antifungal
properties [7,8].

3.3. Antiviral Bioactive Compounds: Harnessing Nature’s Defense Mechanisms

The ongoing battle against viral infections requires the implementation of innovative
antiviral strategies. The natural products that are derived from plants, including polyphenols,
flavonoids, and alkaloids, interfere with viral processes such as entry, replication, and
maturation. Marine organisms also contribute unique antiviral compounds that exhibit
promise regarding the inhibition of viral infections, such as sulfated polysaccharides and
lectins [9,10].

3.4. Mechanisms of Action: Unveiling the Versatility of Natural Bioactive Compounds

The success of natural bioactive compounds against microbial pathogens lies in their
diverse mechanisms of action. Antibacterial compounds disrupt cell membranes, inhibit
protein synthesis, or interfere with metabolic pathways. Antifungal agents target cell
membranes, inhibit ergosterol synthesis, and affect specific cellular processes. Antiviral
compounds interfere with the replication, assembly, or entry of the virus into host cells,
providing a multi-pronged defense against viral infections.

3.5. Challenges and Future Directions: Toward Sustainable Antimicrobial Solutions

While the potential application of natural bioactive compounds is vast, addressing
challenges such as bioavailability, standardization, and sustainability is crucial for their
successful clinical translation. The development of resistance to natural compounds in
microbial pathogens necessitates concerted efforts in research and development.

In conclusion, the exploration of the antibacterial, antifungal, and antiviral bioactive
compounds obtained from natural products holds great promise for novel antimicrobial
agents. Nature’s diverse arsenal, honed over millions of years of evolution, forms a founda-
tion for innovative drug discovery. Their multifaceted mechanisms of action, coupled with
recent advancements in extraction techniques and analytical methods, position natural
products as invaluable elements in the battle against microbial infections. Interdisciplinary
collaborations between chemists, biologists, and clinicians will play a pivotal role in fully
unlocking the potential of these natural bioactive compounds, and pave the way for
a sustainable and effective approach to global infectious disease management.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Due to its intricate heterogeneity, high invasiveness, and poor prognosis, triple-negative
breast cancer (TNBC) stands out as the most formidable subtype of breast cancer. At present,
chemotherapy remains the prevailing treatment modality for TNBC, primarily due to its lack of estro-
gen receptors (ERs), progesterone receptors (PRs), and human epidermal growth receptor 2 (HER2).
However, clinical chemotherapy for TNBC is marked by its limited efficacy and a pronounced in-
cidence of adverse effects. Consequently, there is a pressing need for novel drugs to treat TNBC.
Given the rich repository of diverse natural compounds in traditional Chinese medicine, identifying
potential anti-TNBC agents is a viable strategy. This study investigated lasiokaurin (LAS), a natural
diterpenoid abundantly present in Isodon plants, revealing its significant anti-TNBC activity both
in vitro and in vivo. Notably, LAS treatment induced cell cycle arrest, apoptosis, and DNA damage
in TNBC cells, while concurrently inhibiting cell metastasis. In addition, LAS effectively inhibited the
activation of the phosphatidylinositol-3-kinase/protein kinase B/mammalian target of rapamycin
(PI3K/Akt/mTOR) pathway and signal transducer and activator of transcription 3 (STAT3), thus
establishing its potential for multitarget therapy against TNBC. Furthermore, LAS demonstrated its
ability to reduce tumor growth in a xenograft mouse model without exerting detrimental effects on
the body weight or vital organs, confirming its safe applicability for TNBC treatment. Overall, this
study shows that LAS is a potent candidate for treating TNBC.

Keywords: lasiokaurin; isodon; triple-negative breast cancer; PI3K/Akt/mTOR; STAT3

1. Introduction

Breast cancer stands as the predominant form of solid malignant tumors and is the lead-
ing contributor of cancer-related mortality among women worldwide [1]. Triple-negative
breast cancer (TNBC), classified as a subtype within the realm of breast cancer, is identified
via immunohistochemistry by the lack of estrogen receptors (ERs), progesterone receptors
(PRs), and human epidermal growth receptor 2 (HER2). This subtype constitutes approx-
imately 15–20% of the total breast cancer cases [2]. TNBC displays a greater prevalence
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among young and pre-menopausal women [3,4]. Alongside its elevated risk of relapse and
metastasis, TNBC is characterized by a notably brief progression-free survival period and a
low overall survival rate. Because of the absence of ERs, PRs, and HER2, TNBC does not
respond to endocrine and anti-HER2 therapies. Currently, unresectable TNBC is treated
with non-targeted chemotherapeutic agents, such as paclitaxel and anthracyclines. Regret-
tably, cytotoxic chemotherapy is associated with the emergence of various undesirable side
effects [5,6]. Thus, an urgent imperative exists to develop novel drugs with heightened
selectivity and reduced side effects for TNBC treatment.

Owing to their substantial abundance and wide-ranging chemical structural diversity,
natural products derived from certain traditional medicines have gained widespread
recognition for their application in addressing a variety of diseases, including TNBC [7–11].
Belonging to the Lamiaceae family, the genus Isodon encompasses a cluster of flowering
plants and comprises approximately 100 species, predominantly found across tropical
and subtropical regions of Asia [12]. Within the Isodon genus, plants harbor an extensive
array of diterpenoids with multifaceted biological functions, including anti-cancer, anti-
inflammatory, and anti-viral properties [13,14]. Among the diterpenoids in Isodon plants,
oridonin stands out as a notable example, drawing growing interest for its extensive
range of anti-cancer activities [15]. Previous studies demonstrated that oridonin exhibited
anti-cancer effects against breast cancer [16–18], colon cancer [19,20], lung cancer [21],
nasopharyngeal carcinoma [22], oral cancer [23], pancreatic cancer [24], bladder cancer [25],
and neuroblastoma [26]. However, lasiokaurin (LAS; Figure 1A), a significant analogue of
oridonin in Isodon plants, has not yet attracted much attention from the research community.
Only a limited number of earlier studies have noted LAS’s anti-microbial and anti-tumor
activities [27,28]. Nevertheless, the exploration of LAS’s potential as an anti-TNBC agent
remains largely uncharted territory. In light of this gap, the present study is dedicated to
investigating LAS’s anti-cancer effects on TNBC, along with the underlying mechanisms.
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Figure 1. LAS inhibited breast cancer cell proliferation. (A) Chemical structure of LAS. (B–D) Cell
viability of MDA-MB-231, MDA-MB-468, and MCF7 was separately measured by MTT assay after
LAS treatment. (E) Cell viability of MDA-MB-231 was measured by MTT assay after oridonin
treatment. (F) Colony formation ability of MDA-MB-231 cells treated with LAS for 13 days. Data are
presented as means ± SEM from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001,
compared to control.
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2. Results
2.1. LAS Inhibits the Proliferation of TNBC Cells

To evaluate the in vitro anti-cancer activity of LAS in breast cancer, two TNBC cell
lines, namely MDA-MB-231 and MDA-MB-468, along with the ER and PR positive cell line
MCF7, were employed. Additionally, the MCF-10A cell line, serving as a model for normal
human breast cells, was utilized to analyze the cytotoxicity of LAS. The MTT assay results
demonstrated a notable dose- and time-dependent reduction in cell viability with increasing
concentrations of LAS (0.2–50 µM), as depicted in Figure 1B–D. Notably, LAS exhibited an
inhibitory effect on both breast cancer cells and normal breast cells, although the impact
on normal cells was comparatively weaker (Figure S1). Furthermore, we explored the
impact of oridonin on MDA-MB-231 cell viability (Figure 1E), and the IC50 values for LAS
and oridonin were separately presented in Table 1. These findings collectively highlight
that LAS was more potent in diminishing TNBC cell viability compared to oridonin.
Additionally, LAS demonstrated a relatively low level of toxicity to normal cells. To assess
the extended inhibitory impact of LAS on TNBC cells, colony formation assays were
conducted. As expected, even at a low and non-toxic concentration of LAS (0.3125 µM),
the colony formation ability of MDA-MB-231 cells was notably suppressed (Figure 1F).
These findings collectively indicated that LAS exhibited the potential to inhibit TNBC cell
proliferation and survival in vitro.

Table 1. IC50 values (µM) of LAS in human breast cancer cell lines.

Compound Cell Line 24 h 48 h 72 h

LAS

MDA-MB-231 5.43 3.37 2.9
MDA-MB-468 3.42 1.84 1.6

MCF7 8.35 5.69 5.16
MCF-10A 25.84 6.69 5.95

Oridonin MDA-MB-231 23.38 18.96 16.79

2.2. LAS Modulates Cell Cycle Progression in TNBC Cells

The progression of the cell cycle plays a crucial role in determining cell proliferation
outcomes [29]. Therefore, the current study focused on the regulation of cell cycle pro-
gression to uncover the potential underlying mechanisms of LAS. Cell cycle distribution
in the LAS-treated MDA-MB-231 and MDA-MB-468 cells was evaluated by PI staining
using flow cytometric analysis. Figure 2A–D shows the effect of the rising LAS concen-
tration (1.25–20 µM) on the MDA-MB-231 cell cycle. Remarkably, LAS led to a dose- and
time-dependent induction of cell cycle arrest specifically at the G2/M phase. Interestingly,
this arrest effect saw a decline in cells treated with LAS concentrations exceeding 5 µM.
Parallel observations were made in the LAS-treated MDA-MB-468 cells (Figure S2A–D).
The outcomes of the aforementioned experiments collectively indicated that G2/M phase
cell cycle arrest in TNBC cells was notably induced only with low LAS concentrations, and
other mechanisms could be involved in LAS concentrations exceeding 5 µM.

2.3. LAS Induces Apoptosis and DNA Damage in TNBC Cells

In addition to cell cycle regulation, cell death activation is also considered as an
alternative strategy for cancer therapy [30]. Apoptosis is a major form of programmed
cell death, while several natural compounds have been identified to promote apoptosis in
cancer cells [31]. Herein, to explore the effect of LAS on inducing cell apoptosis, Annexin
V-FITC/PI staining was performed via flow cytometry. Figure 3A–C reveals that lower LAS
concentrations (1.25 µM and 2.5 µM) did not induce cell apoptosis in MDA-MB-231 cells.
Interestingly, the landscape shifted when TNBC cells were exposed to 5–20 µM LAS for 24
and 48 h, resulting in a substantial rise in the proportion of apoptotic cells. Remarkably,
the consistent results were mirrored in the LAS-treated MDA-MB-468 cells (Figure S3A–C).
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The collective evidence underscored that LAS concentrations exceeding 5 µM exerted a
marked induction of cell apoptosis.
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Figure 2. LAS induced cell cycle arrest in MDA-MB-231 cells. MDA-MB-231 cells were stained
with PI after LAS treatment and the cell cycle analyzed by flow cytometry. Representative DNA
fluorescence histograms of cell cycle distribution after 24 h (A) and 48 h (C) treatment were presented.
Bar charts showed the percentage of different phases after 24 h (B) and 48 h (D) treatment.

DNA damage is considered as a significant strategy for killing cancer cells. There-
fore, the expression levels of PARP, which is involved in repairing DNA damage [32],
were detected. Figure 3D reveals that LAS significantly suppressed PARP expression in
MDA-MB-231 cells, suggesting LAS’s potential to induce DNA damage in TNBC cells.
Correspondingly, consistent outcomes emerged in the LAS-treated MDA-MB-468 cells
(Figure S3D). The above results demonstrated that treating TNBC cells with lower LAS con-
centrations predominantly triggered cell cycle arrest, whereas higher LAS concentrations
induced both cell apoptosis and DNA damage.
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2.4. LAS Inhibits the Migration and Invasion of TNBC Cells

As the most aggressive form of breast cancer, TNBC exhibits heightened metasta-
sis rates, inevitably leading to elevated mortality rates [33]. Therefore, an anti-TNBC
compound with good potential should have anti-metastatic properties [34]. To determine
whether LAS could affect the migration and invasion abilities of TNBC cells, wound-healing
and transwell invasion assays were performed. As shown in Figure 4A, cell treatment with
LAS for 24 h post-wounding remarkably dampened the migratory capacity of MDA-MB-231
cells in a dose-dependent manner. Correspondingly, LAS exerted a dose-dependent inhibi-
tion on the invasive potential of MDA-MB-231 cells (Figure 4B). Similarly, LAS’s impact
on restraining migration and invasion was echoed in MDA-MB-468 cells (Figure S4A,B).
Collectively, these findings suggested that LAS could inhibit TNBC cell metastasis in vitro.
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Figure 3. LAS induced apoptosis and DNA damage in MDA-MB-231 cells. MDA-MB-231 cells were
treated with LAS for 24 h (A) and 48 h (B), stained with Annexin V-FITC/PI, and cell apoptosis was
analyzed by flow cytometry. (C) Representative flow cytometry Annexin V/PI data. *** p < 0.001,
compared to control. (D) Cell extracts were prepared from MDA-MB-231 cells and immunoblotted
with the indicated antibodies. β-Actin was used as an internal control.

2.5. LAS Inhibits PI3K/Akt/mTOR and STAT3 Signalling in TNBC Cells

The PI3K/Akt/mTOR pathway is one of the most significant and active pathways
which are involved in TNBC development [35]. This pathway is known to play a pivotal
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role in regulating various cellular processes, including cell growth, proliferation, and metas-
tasis [36]. Given its significance, inhibiting the PI3K/Akt/mTOR pathway holds promise
as a therapeutic strategy for TNBC [37]. In this context, we investigated whether LAS could
inhibit this pathway. Figure 5 shows a significant reduction in the phosphorylation levels of
PI3K, Akt, and mTOR upon LAS treatment in MDA-MB-231 cells. Additionally, it is widely
known that mTOR acts via multiprotein complexes, such as mTORC1 and mTORC2 [38],
which interplay with the PI3K/Akt pathway. To discern the complex responsible for LAS’s
inhibitory effect on TNBC, we evaluated the expression of Rictor, Raptor, and Gβl, three
partners that can bind to mTOR [39]. The results demonstrated decreased levels of Rictor,
Raptor, and Gβl in the LAS-treated MDA-MB-231 and MDA-MB-468 cells, thus affirming
the inhibition of both mTORC1 and mTORC2 activities (Figures 5 and S5).
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Additionally, it has been reported that the transcription factor STAT3 is upregulated
and constitutively activated in TNBC [40]. Prior research further demonstrated that STAT3
activation plays a crucial role in cancer cell proliferation, invasion, and migration [41],
suggesting its potential as a therapeutic target for TNBC treatment. Consequently, we
investigated the impact of LAS on STAT3 within TNBC cells. Our findings revealed that the
expression levels of both STAT3 and p-STAT3 significantly decreased in a dose-dependent
manner following LAS treatments at 24 h and 48 h (Figures 5 and S5).

2.6. LAS Inhibits Tumor Growth in a Xenograft Nude Mouse Model

To investigate the in vivo anti-cancer effect of LAS, a mouse xenograft model was
established via inoculating MDA-MB-231 cells into mammary fat pads. Following tu-
mor inoculation, the mice received 5 mg/kg (LD group) or 10 mg/kg (HD group) LAS
intraperitoneally daily for 20 consecutive days. Mice in the vehicle and positive control
groups were also intraperitoneally injected with saline and docetaxel (10 mg/kg), respec-
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tively. After 20 days, the mice were sacrificed and the xenograft tumors and body organs
were resected for evaluation. As shown in Figure 6A–D, the tumor volume and weight
were significantly reduced in the LAS-LD and LAS-HD groups, thus indicating that LAS
retarded tumor growth. While LAS-LD exhibited slightly lower efficacy than docetaxel,
LAS-HD at the same dose showed comparable efficacy to docetaxel. Moreover, LAS had
no discernible impact on the body weight, signifying its safety for application. In order
to validate the aforementioned findings, we assessed the weight and histopathological
attributes of the hearts, lungs, livers, spleens, and kidneys in mice from each group. As
shown in Figures 6E–J and 7, in comparison to the vehicle group, there were no noteworthy
alterations in the organ weight or histopathological characteristics observed in either the
LAS-treated groups or the vehicle group. Collectively, these findings indicated that LAS
could suppress tumor growth in vivo without inducing discernible toxicity.
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to control.
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Figure 6. LAS inhibited in vivo MDA-MB-231 xenograft tumor growth. A xenograft model was
established by subcutaneous inoculation of MDA-MB-231 cells into BALB/c nude mice mammary
fat pads. When the average tumor volumes reached 120 mm3, mice were randomly divided into
four groups and administrated with vehicle (5% of Cremophor EL, 5% of ethanol in saline), LAS-LD
(5 mg/kg), or LAS-HD (10 mg/kg) daily, or docetaxel (10 mg/kg) via i.p. injection. The treatment
period lasted for 20 days and all mice were sacrificed. (A) Tumor volumes were measured throughout
the experimental period. (B) Images of tumors at the end of experiment. (C) Mouse body weights
throughout the experimental period. (D) Tumor weights at experimental endpoint. (E–J) Organ
weights normalized to body weights and expressed at the percentage of body weight. Data are
expressed as means ± SEM.* p < 0.05, ** p < 0.01, compared to the vehicle group.
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3. Discussion

Clinically, TNBC stands as the most aggressive subtype of breast cancer, characterized
by high recurrence and metastasis rates. Owing to the absence of relevant receptor markers,
patients with TNBC derive limited benefits from conventional targeted chemotherapies.
Consequently, despite the adversities of its side effects, non-specific chemotherapy remains
the established treatment approach for TNBC patients. Therefore, the imperative pursuit of
novel, effective TNBC treatments devoid of side effects assumes paramount significance.

In recent years, a range of innovative treatment strategies has emerged, encompassing
groundbreaking concepts like artificial intelligence (AI). Despite these advancements,
natural compounds are still the most significant sources of novel drugs. Several anti-cancer
drugs, such as paclitaxel, vinblastine, and camptothecin, were born out of the screening of
natural compounds and have been widely used in clinical practice.

In our present study, we investigated the anti-TNBC activity of LAS, a natural diter-
penoid discovered within the Isodon genus, serving as an analogue to oridonin. We initiated
our exploration with MTT and colony formation assays, revealing the pronounced in-
hibitory effects of LAS on the proliferation of TNBC cells. To elucidate the potential
anti-cancer mechanism of LAS in TNBC, we investigated the distribution of the cell cycle.
The results showed that LAS, at lower doses, significantly induced cell cycle arrest in the
G2/M phase. Interestingly, as the LAS concentrations increased, its efficacy in inducing cell
cycle arrest diminished. This observation suggests that the primary mechanism driving
the inhibitory impact of low LAS concentrations on TNBC is cell cycle arrest. Furthermore,
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additional mechanisms might come into play as LAS concentrations rise. Subsequently, we
assessed LAS-induced apoptosis in TNBC cells using Annexin V-FITC/PI staining with
flow cytometry. The findings demonstrated a dose-dependent increase in the proportion
of apoptotic cells with rising LAS concentrations. Given the effectiveness of DNA dam-
age response in treating TNBC, we further investigated whether LAS could induce DNA
damage in TNBC cells [42]. The results indicated that LAS could trigger DNA damage in
TNBC cells by inhibiting PARP expression, an enzyme crucial for DNA damage repair [43].
Collectively, these outcomes confirm the hypothesis: low LAS concentrations facilitate
TNBC cell cycle arrest in the G2/M phase, while higher concentrations induce TNBC cell
apoptosis and DNA damage.

In clinical practice, a potential therapeutic strategy for TNBC involves inhibiting the
migration and invasion abilities of TNBC cells [44]. Consequently, an effective anti-TNBC
compound should possess anti-metastatic properties as well. With this context in mind,
we proceeded to investigate the impact of LAS on inhibiting the migration and invasion
capabilities of TNBC cells. In addition to its observed effect in suppressing cell migration
during the wound-healing assay, LAS also demonstrated the ability to curtail the invasive
potential of TNBC cells in transwell invasion assays. This combined evidence suggests that
LAS holds promise in restraining TNBC metastasis.

It has been reported that the PI3K/Akt/mTOR pathway is overactivated in over 60%
of patients with TNBC, eventually contributing to cancer cell proliferation, metastasis, and
survival [45]. Previous research demonstrated a correlation between the expression of p-
mTOR and unfavorable prognosis in early-stage TNBC patients [46]. In recent years, various
inhibitors targeting the PI3K/Akt/mTOR pathway have undergone clinical trials. Examples
include PQR309, a dual PI3K/mTOR inhibitor, as well as Ipatasertib and AZD5363, both
Akt inhibitors, and temsirolimus, an mTOR inhibitor [37]. However, these endeavors have
yielded less-than-optimal outcomes, underscoring the complexity of treating multifaceted
conditions like TNBC with single-target chemotherapy. This scenario has prompted a shift
toward multitarget therapeutics for TNBC treatment, a strategy that has exhibited enhanced
effectiveness [47]. For example, promising results have emerged from studies targeting
both mTOR and STAT3 in TNBC treatment [48]. Furthermore, it is worth noting that the
transcription factor STAT3 is frequently overexpressed and constitutively active in TNBC,
thus holding a crucial role in anti-TNBC strategies [40]. The present study showed that
LAS not only inhibited the activation of the PI3K/Akt/mTOR pathway but also dampened
that of STAT3. This observation indicates LAS can be a potential multitarget therapeutic
candidate for TNBC.

The inhibitory effects of LAS on tumor growth were evaluated in a subcutaneous TNBC
xenograft mouse model. Remarkably, even at low doses, LAS significantly curtailed tumor
growth in vivo. Furthermore, the escalating doses of LAS exhibited a similar inhibitory
effect to that of docetaxel, one of the most efficacious chemotherapy drugs for TNBC.
Importantly, LAS administration did not result in weight loss, abnormal behavior, or
histopathological changes in critical organs. These observations underscore the safety of
applying LAS in TNBC treatment.

4. Materials and Methods
4.1. Compounds

LAS (C22H30O7; cat. no. CAS28957-08-6) was purchased from Jiangsu Yongjian
Pharmaceutical Technology Co., Ltd. (Yangzhou, China), while oridonin (C20H28O6; cat.
no. CAS28957-04-2) was purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China) The purity of both compounds was >98% as analyzed by high-
performance liquid chromatography.

4.2. Cell Culture

The human TNBC cell lines, MDA-MB-231 and MDA-MB-468, and the non-TNBC
cell line, MCF7, were purchased from the American Type Culture Collection (ATCC,
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Manassas, VA, USA). All cell lines were maintained in DMEM supplemented with 10%
heat-inactivated FBS and 1% penicillin/streptomycin solution at 37 ◦C in a humidified
incubator with 5% CO2. The cell lines were used within two months after resuscitation
and mycoplasma contamination was assessed utilizing the PCR Mycoplasma Detection Kit
(Beijing Transgen Biotech Co., Ltd., Beijing, China).

4.3. Cell Viability Assay

A 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
used to investigate the effects of LAS and oridonin on breast cancer cell viability according
to the report [49]. Briefly, following incubation for 24 h, cells were seeded in 96-well plates
at a density of 5 × 103 cells/well (MDA-MB-231 and MCF7) or 1 × 104 cells/well (MDA-
MB-468) and were then treated with different concentrations of LAS or oridonin for an
additional 24, 48, or 72 h. Untreated cells served as the control group. Subsequently, cells
were treated with 0.5 mg/mL MTT (MilliporeSigma, Burlington, MA, USA) and incubated
for 4 h at 37 ◦C. After discarding culture media, the wells were supplemented with DMSO
to dissolve the formed formazan. The optical density (OD) at a wavelength of 570 nm
was measured using a Biotek Synergy H1 microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). The experiments were performed in six parallel wells and repeated
for three times. The half-maximal inhibitory concentration (IC50) values were calculated
using Graphpad Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA).

4.4. Colony Formation Assay

According to a method in the publication [50], MDA-MB-231 cells were seeded in
triplicate in 6-well plates at a density of 600 cells/well and were then treated with different
concentrations (0, 0.3125, 0.625, and 1.25 µM) of LAS. Following culturing for 13 days, when
the colonies were visible, the cell culture was terminated. Subsequently, cells were fixed
with anhydrous methanol for 5 min, dried, and stained with 0.1% crystal violet solution for
10 min at room temperature. The excess dyes were washed away with MilliQ water, the
formed colonies were dried, and images were then captured.

4.5. Cell Cycle Assay

Cell cycle distribution was assessed using the Cell Cycle and Apoptosis Analysis kit
(Beyotime Biotechnology, Pudong, China). In accordance with the report [51], MDA-MB-
231 and MDA-MB-468 cells were seeded into 6-well plates and treated with LAS for 24 or
48 h. Subsequently, cells were harvested, fixed with ice-cold 70% ethanol at 4 ◦C overnight,
rinsed in PBS, and were then incubated with propidium iodide (PI) and RNase for 30 min
at 37 ◦C in the dark. Flow cytometric analysis was performed using the BD AccuriC6
flow cytometry system (Becton Dickson Immunocytometry-Systems, San Diego, CA, USA)
and the cell cycle distribution was analyzed using ModFit LT 5.0 (Verity Software House,
Topsham, ME, USA).

4.6. Annexin V-FITC Apoptosis Assay

Cell apoptosis assay was carried out using the Annexin V-FITC Apoptosis Detection
kit (Beyotime Biotechnology). Using a method in the report [52], MDA-MB-231 and MDA-
MB-468 cells were seeded into 6-well plates and were then treated with LAS for 24 or
48 h. Following digestion with 0.25% trypsin (without EDTA), cells were harvested and
incubated with 195 µL binding buffer supplemented with 5 µL FITC-labelled Annexin
V and 10 µL PI for 20 min in the dark at room temperature. The fluorescence of cells
was immediately quantified on the CytoFLEX flow cytometer (Beckman Coulter, Inc.,
Brea, CA, USA).

4.7. Wound-Healing Assay

The migration ability of TNBC was evaluated by wound-healing assays, as previously
described [53]. Briefly, MDA-MB-231 cells at a density of 4 × 104 cells/well were seeded
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into both chambers of the culture insert (Ibidi GmbH, Gräfelfing, Germany). After allowing
cells to attach overnight, the inserts were removed to create a wound. The cells were then
washed with serum-free medium to remove non-adherent cells, followed by treatment with
various concentrations of LAS in 2% FBS-containing medium. Images of the migrated cells
were captured under a microscope at 0 and 24 h in the same three randomly selected fields.

4.8. Transwell Invasion Assay

Transwell invasion assay was performed as previously reported using Corning tran-
swell insert chambers with a pore size of 8 µm [50]. MDA-MB-231 and MDA-MB-468 cells
were seeded at a density of 5 × 104 cells/chamber in 200 µL serum-free DMEM in the
upper Matrigel-coated chamber of the transwell insert. The lower chamber was supple-
mented with 10% FBS medium (500 µL) as a chemo-attractant. Following incubation for
24 h at 37 ◦C, cells on the upper surface of the membrane were carefully removed with a
cotton swab. Cells that had invaded to the lower surface of the membrane were fixed with
4% polyformaldehyde for 15 min and stained with crystal violet for 10 min. Following
washing with MilliQ water, the membrane was air-dried and cells were counted under a
light microscope (magnification, 10×).

4.9. Western Blot Analysis

Following cell treatment with different concentrations of LAS for 24 and 48 h, cells were
harvested for western blot analysis. Cell pellets were firstly lysed in RIPA buffer and the
protein concentration was measured using the Pierce™ BCA Protein Assay (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Equal amounts of protein extracts were separated
by SDS-PAGE and were then transferred onto PVDF membranes (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The membranes were blocked with 5% non-fat milk followed by
incubation with primary antibodies in 5% BSA at 4 ◦C overnight. Following washing with
TBS-Tween-20 buffer, blots were incubated with the corresponding secondary antibodies.
The primary antibodies used were the following: anti-poly (ADP ribose) polymerase (PARP;
cat. no. ab191217), anti-phosphorylated (p)-phosphatidylinositol-3-kinase (PI3K; cat. no.
ab182651), anti-p-mammalian target of rapamycin (mTOR; cat. no. ab137133), anti-protein
kinase B (Akt; cat. no. ab179463), anti-Raptor (cat. no. ab26264), anti-Rictor (cat. no.
ab70374), anti-G protein beta subunit like (Gbl; cat. no. ab228832), anti-STAT3 (cat. no.
ab68153), anti-p-STAT3 (cat. no. ab76315; all from Abcam, 1:1000 dilution), PI3K (cat. no.
3011), mTOR (cat. no. 9964T; both from Cell Signaling Technology, Inc., 1:1000 dilution),
p-Akt (cat. no. 66444-1; ProteinTech Group, Inc. (Rosemont, IL, USA), 1:1000 dilution), and
β-actin (ZSGB-Bio, 1:5000 dilution).

4.10. Establishment of Tumor Xenograft Model

Female BALB/c nude mice were obtained from ZhuHai Bestest Biotechnology Co., Ltd.
(Zhuhai, China). Mice were housed at room temperature (23 ± 2 ◦C) with a 12 h light/dark
cycle and were given ad libitum access to food and water. All animal experiments were
carried out at the Hong Kong Polytechnic University, according to the protocol approved
by the Animal Subjects Ethics Sub-committee. Mice were inoculated with 5 × 106 MDA-
MB-231 cells suspended in 0.1 mL DMEM without FBS or penicillin/streptomycin, at
the fourth mammary fat pad. When the average tumor volume reached 120 mm3, mice
were randomly divided into four groups (n = 3 mice/group). Groups were balanced for
mean tumor size. The treatment groups were as follows: Mice in the vehicle/negative
group were injected intraperitoneally daily with an equivalent amount of solvent (5%
Cremophor EL and 5% ethanol in saline; 10 mL/kg). Mice in the positive control group
were treated with 10 mg/kg docetaxel, while those in the LAS group with 5 [LAS-Low
Dose (LD)] or 10 mg/kg [LAS-High Dose (HD)] LAS. The body weight and tumor size
of the mice were measured every other day. Tumor volume was calculated using the
following formula: volume = (length × width2)/2. When the average tumor volume in
the vehicle group reached ~800 mm3 (the maximum tumor volume reached 1094 mm3) on
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day 20 post-treatment, the experiment was terminated. The mice were euthanized by CO2
inhalation at a displacement rate of 50% cage volume per minute in a cage with 10 L for
2 min. After confirming the death of the mice, their tumors and vital organs, including
heart, liver, spleen, lung, and kidney, were harvested and weighed.

4.11. Haematoxylin and Eosin (H&E) Staining

Tumors and vital organs were fixed in 10% neutral buffered formalin for three days and
the tissues were then embedded in paraffin. Subsequently, the paraffin-embedded tissues
were cut into 5 µm sections, followed by staining with H&E. Images of the H&E-stained
sections were captured under a light microscope (magnification, 20×).

4.12. Statistical Analysis

All data were expressed as the mean ± SEM. The results were analyzed using SPSS
20.0 statistical software. The differences among multiple groups were compared by one-
way ANOVA, followed by LSD post hoc or Dunnett’s tests. p < 0.05 was considered to
indicate a statistically significant difference.

5. Conclusions

At present, there exists a scarcity of clinically efficacious pharmaceuticals employed
in the treatment of TNBC. Despite the utilization of conventional cytotoxic agents like
paclitaxel and anthracyclines, their efficacy in effecting a curative response for TNBC re-
mains suboptimal, concurrently giving rise to pronounced adverse effects. In contrast, LAS
exhibits good inhibitory activity against TNBC both in vivo and in vitro. Additionally, LAS
shows no toxicity when applied in vivo. Furthermore, LAS inhibits the PI3K/Akt/mTOR
and STAT3 pathways, which are two pivotal signaling pathways associated with TNBC
development. Although deeper mechanisms and prognostic roles of LAS in TNBC need to
be explored in the future, our findings provide a preliminary basis for evaluating it as a
promising therapeutic candidate for TNBC.
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PI3K/Akt/mTOR pathway and STAT3 in MDA-MB-468 cells.
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Abstract: This study explores the antifungal properties of Agaricus blazei Murrill, a valuable medicinal
and edible fungus. Six compounds (1–6) were first isolated from A. blazei using various isolation
techniques and identified using spectroscopic methods. These compounds include linoleic acid,
1,1′-oxybis(2,4-di-tert-butylbenzene), glycerol monolinoleate, volemolide (17R)-17-methylincisterol,
(24s)-ergosta-7-en-3-ol, and dibutyl phthalate. This study also assesses the antifungal activities of
these compounds against Trichophyton mentagrophology, Trichophyton rubrum, Candida albicans, and
Cryptococcus neoformans. The results demonstrate varied sensitivities against these pathogenic fungi,
with compound 2 showing significant inhibition against T. mentagrophology, compound 3 showing
significant inhibition against T. rubrum, and compound 6 showing significant inhibition against
C. albicans. This study underscores the medicinal potential of A. blazei as an antifungal agent and
sheds light on its valuable research implications.

Keywords: Agaricus blazei Murrill; fungus; structure identification; antifungal activity

1. Introduction

Fungi stand out as exceptional creators of a broad spectrum of natural products, con-
tributing to biodiversity and offering a treasure trove of compounds imbued with a wide
range of biological functions [1,2]. Notably, mushrooms, a type of fungi [3], assume a
pivotal role in traditional agriculture, cuisine, and medicinal practices [4–6]. The fungi
within these mushrooms produce unique bioactive compounds [7–9], with derived com-
pounds also fulfilling nutritional roles [10]. These compounds not only serve as food
sources, but also hold potential as biopharmaceuticals [11], earning them the designation
of “drug alternatives”.

As we know it, there is a large number and a wide variety of fungal diseases in the
world that have a great range of influence. There are several classes of antifungal drugs,
including azoles, echinocandins, polyenes, and allylamines. These drugs work through
various mechanisms to inhibit fungal growth and replication. Azoles, for example, interfere
with fungal cell membrane formation, while echinocandins target cell wall synthesis [12,13].
Although many drugs are used as current treatment of fungal diseases, there are still many
defects and deficiencies. Therefore, the development of antifungal drugs and the search for
antifungal active ingredients are still of great significance. Many reports have shown that
fungal families have a variety of biological activities. Therefore, the focus of this study was
on the extraction, isolation, and identification of antifungal activities of ABM.
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A. blazei (ABM), also known as the Brazilian mushroom, is native to the southern
regions of North America, Brazil, Peru, and various parts of China (Figure 1). In China,
it primarily thrives in high-altitude forests of northeastern regions, as well as Yunnan,
Guizhou, and the Sichuan border areas. Shennong Baicao Classic, an ancient Chinese herbal
text, documents the notable effects of A. blazei, such as “harmonizing the spleen and
stomach” and “stabilizing the mind.” It is especially recommended for individuals with
low immunity and malnutrition. Its nutritional value is substantial as it is rich in various
components, including polysaccharides (such as oligosaccharides, mannan, xylose, and
α- and β-glucans) [14–16], proteins [17], terpenes [18], fats, saponins, sterols [19,20], trace
elements [21], and essential amino acids. This abundance of nutritional content underscores
its significance in both cuisine and medicine [22]. Its range of biological activities is diverse,
and its impact is particularly notable in various domains; for example, its anti-tumor
effects [23–25], antiviral properties [26,27], antioxidation capabilities [16], hypoglycemic
effects [28], hepatoprotective benefits [29,30], immune regulation [31], and other aspects are
particularly remarkable [32]. It is considered a precious dual-purpose fungus for drugs and
food [33], and it is also gaining reputation for its excellent medical value and biochemical
properties. It was included in the “Redlist of China’s Biodiversity—Macrofungi” in 2018.
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Figure 1. The fruit body of Agaricus blazei Murrill.

Professor Wu Yiyuan of the Chinese Institute of Medical Cancer showed that the
tumor-inhibitory effect of agaricum Antellae, which is a close relative of Ganoderma lucidum,
can be about five times higher than G. lucidum, ranking first among the various medicinal
fungi; this fungus is recognized as one of the 15 effective anti-cancer medicinal fungi, and
is also known as “the last food for cancer patients on Earth”. In short, ABM not only can
be used as a valuable edible fungus with a beautiful taste and benefits for health care, but
it also has immeasurable development potential in its scientific research and application
value. However, as far as the current literature reports are concerned, most studies on
ABM have focused on the anti-tumor and immune-regulating effects of its extracts [34,35]
and polysaccharides [36], and there are no reports on the chemical components of non-
polysaccharides and their antifungal activities. In this study, the non-polysaccharide
components of ABM Antler were extracted and separated, the structure of these compounds
was characterized, and their antifungal activities were studied.
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Many scholars have tried to extract the chemical components of ABM, among which
the effective methods [37] are acid extraction, hot water extraction, enzyme extraction,
chromatography, and ethanol precipitation [38]. In the present study, a large scale extraction
of A. blazei was carried out with reference to the above mentioned methods, from which
the compounds were isolated, their structures were resolved using spectroscopic methods
and their antifungal activities were evaluated. In a word, the main objective of the present
work was to determine the antifungal activity of A. blazei.

2. Results
2.1. Identification of Compounds 1–6

Linoleic acid (1): Compound 1 was extracted as a yellow oil, and its molecular formula
is C18H32O2. This compound shows the following spectroscopic properties: 1H NMR and
13C NMR data (Figure S1) showed that the structural type of compound 1 is fatty acid.
13C NMR showed that there is an obvious carbonyl carbon signal (δC 173.27), four olefinic
carbons (δC 130.24, 130.02, 128.09, 127.91) and one methyl carbon (δH 14.08). The remaining
signals are methylene carbon signals. All the obtained data of compound 1 are identical to
rhapontigenin [39]. Hence, compound 1 was elucidated as linoleic acid (Figure 2).
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1,1′-Oxybis(2,4-di-tert-butylbenzene) (2): Compound 2 was extracted as a yellowish
oily matter, and its molecular formula is C28H42O. This compound shows the following
spectroscopic properties: The 1H NMR spectrum of 2 in CDCl3 showed signals attributable
to an ABX-type aromatic ring at δH 7.56 (d, J = 8.6 Hz, 2H), 7.38 (t, J = 2.2 Hz, 2H), 7.15
(dd, J = 8.6, 2.5 Hz, 2H), which indicated the presence of a 1,2,4-trisubstituted benzene
ring. In addition, the locations of δH 1.36 (s, 18H) and δH 1.31 (s, 18H) suggest that there
are two sets of non-equivalent hydrogen signals, each containing three methyl groups.
13C NMR data show that compound 2 has 12 carbon signals, including eight olefins or
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aromatic hydrocarbons (δC 147.80, 147.76, 147.23, 138.66, 138.60, 124.61, 124.13, 119.24), two
quaternary carbons (δC 35.02, 34.67) and two obvious methyl groups (δC 31.59, 30.33). After
identification, the above data of 1H-NMR and 13C-NMR (Figure S1) are basically consistent
with those reported in [40]. Thus, compound 2 was considered to be 1,1′-Oxybis(2,4-di-tert-
butylbenzene) (Figure 2).

Glycerol monolinoleate (3): Compound 3 was extracted as a colorless oil, and its molec-
ular formula is C21H38O4. This compound shows the following spectroscopic properties:
The structural type of compound 3 was determined to be fatty acid from 1H NMR and 13C
NMR data. 13C NMR data can clearly observe that compound 3 has a carbonyl (δC 174.35)
and two four olefin carbon signals (δC 130.25, 130.02, 128.09, 127.91). It is inferred that δC
70.27 is connected with carbonyl carbon and olefin carbon, and the residual carbon signals
are mostly concentrated in the low chemical shift in the high field region, suggesting the
existence of fat chains. The above NMR data (Figure S1) are basically consistent with those
reported in the literature [41]. Thus, compound 3 was elucidated as glycerol monolinoleate
(Figure 2).

Volemolide (17R)-17-methylincisterol (4): Compound 4 was extracted as a colorless oil,
and its molecular formula is C22H34O3. This compound shows the following spectroscopic
properties: 13C NMR data showed that compound 4 contains an obvious carbonyl carbon
(δC 170.70) and four olefinic carbons (δC 169.11, 134.65, 132.87, 114.21). The combination of
characteristic carbon signal and residual carbon signal shows that there is a tricyclic plus
side chain in the structure of compound 4, which is similar to that of sterols. The above
NMR data (Figure S1) are basically consistent with those reported in the literature [42].
Hence, compound 4 was identified as volemolide (17R)-17-methylincisterol (Figure 2).

(24S)-ergosta-7-en-3-ol (5): Compound 5 was extracted as a colorless acicular crystal
(dichloromethane), and its molecular formula is C28H48O. This compound shows the fol-
lowing spectroscopic properties: 13C NMR data show that compound 5 contains 28 carbon
signals, in which two olefinic carbons at δC 139.64, 117.43, hydroxyl carbon at δC 71.09
and five methyl carbon at δC 19.04, 17.61, 15.45, 13.05, 11.86 can be obviously observed.
combined with all the 1H NMR and 13C NMR data, it can be inferred that the structural
type of compound 5 is sterol. The above NMR data (Figure S1) are basically consistent with
those of the literature [43]. Hence, compound 5 was identified as (24S)-ergosta-7-en-3-ol
(Figure 2).

Dibutyl phthalate (6): Compound 6 was extracted as a colorless transparent oily liquid,
and its molecular formula is C16H22O4. This compound shows the following spectroscopic
properties: 1H NMR data showed that compound 6 is a typical ortho-substitution of
benzene ring [δH 7.71 (dd, J = 5.7,3.3 Hz, 2H), 7.52 (dd, J = 5.8,3.3 Hz, 2H)] and symmetrical
[δH 4.30 (t, J = 6.7 Hz, 4H), 1.75–1.68 (m, 4H), 1.48–1.40 (m, 4H), 0.96 (t, J = 7.4 Hz, 6H)]. 13C
NMR data show that compound 6 has carbonyl (δC 167.76), quaternary carbon (δC 132.31),
alkene carbon (δC 130.94, 128.85), dioxycarbon (δC 65.59), methylene carbon (δC 30.57,19.19)
and methyl carbon (δC 13.74). The above NMR data (Figure S1) are basically consistent with
those reported in the literature [10]. Thus, compound 6 was identified as dibutyl phthalate
(Figure 2).

2.2. Antifungal Activity of Compounds 1–6

T. mentagrophytes and T. rubrum are illustrative examples of non-yeast fungi, whereas
C. albicans and C. neoformans belong to the yeast category. Consequently, an assessment of
antifungal activity was conducted on these four types of fungi (see Figure 3). Notably, at a
concentration of 25 µg/mL, compounds 1, 3, and 6 displayed inhibitory rates surpassing
50% against T. mentagrophytes, with compound 3 exhibiting the most potent activity. For
T. rubrum, compounds 2 and 6 exhibited inhibitory rates exceeding 50%, with compound
6 demonstrating the most robust activity. The inhibitory rates of compounds 1, 2, 3,
and 4 against C. albicans ranged between 20% and 40%, with compound 4 exhibiting the
most pronounced effect. However, all of these compounds exhibited relatively modest
antibacterial activity against C. neoformans.
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2.3. Discussion

A. blazei, a rare and valuable edible fungus that serves as both a nourishing food
and a medicinal resource, is renowned for its remarkable nutritional benefits in everyday
consumption. While its abundant nutritional value is commonly harnessed for dietary
supplementation, comprehensive investigations into its bioactive constituents have been
limited among scholars. Furthermore, there is a dearth of literature detailing the extraction
and isolation of its chemical compounds, as well as a lack of in-depth exploration of its
biological functionalities. Recent advancements in scientific and medical research have
brought to light the potent and distinctive therapeutic attributes of naturally derived
compounds. These encompass a spectrum of effects including antibacterial, anti-allergic,
anti-cancer, immunosuppressive, and anti-inflammatory properties. Notably, the antifungal
potential of the chemical constituents within A. blazei has remained largely unexplored
until now.

In this study, compounds 1–6 were successfully isolated from A. blazei’s fruit bodies
for the first time. After spectroscopic methods we can know that these six compounds
were identified as linoleic acid (1), 1,1′-oxybis(2,4-di-tert-butylbenzene) (2), glycerol monoli-
noleate (3), volemolide (17R)-17-methylincisterol (4), (24s)-ergosta-7-en-3-ol (5), and dibutyl
phthalate (6). The previous literature reports on A. blazei are mostly focused on anti-tumor,
anti-virus, enhancing immune function and so on, but there are no related reports on
antifungal activity. Therefore, in order to better understand and apply the resources of
A. blazei and clarify its chemical composition and pharmacodynamic basis, this study was
carried out. It is worth noting that all of these purified compounds were first found in
A. blazei. The antifungal activities of these compounds were studied for the first time
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in vitro. The results showed that compounds 1–6 showed different sensitivities to different
fungi. Particularly noteworthy was the exceptional inhibitory effect of compound 2 on
T. mentagrophology, while compound 3 demonstrated a notable inhibitory effect against
T. rubrum, and compound 6 displayed a high level of inhibitory activity against C. albicans.
This comprehensive dataset underscores the medicinal significance of A. Blazei as a potent
antifungal agent against pathogenic fungi. Moreover, it has the potential to reshape current
perceptions surrounding A. blazei mushrooms and their analogous counterparts, which
may dispel preconceived notions. The findings of this study are expected to stimulate
further investigation from researchers, encouraging more profound explorations. Generally
speaking, the above findings are helpful to promote the research progress of chemical
constituents and antifungal activity of A. blazei. Nevertheless, it is pertinent to acknowledge
that the present examination of individual compounds from A. blazei remains at a relatively
preliminary stage, and this study has certain limitations. A future avenue of research neces-
sitates the isolation of additional compounds, thereby facilitating more intricate analyses
into the underlying mechanisms of action of A. blazei within an in vitro context.

However, it is essential to acknowledge that the present examination of individual
compounds from A. blazei remains at a relatively preliminary stage. While this study marks
a partial progress in our understanding of A. blazei’s medicinal properties, it also has certain
limitations. To fully unlock the therapeutic potential of A. blazei, future research endeavors
should focus on the isolation and characterization of additional compounds, facilitating
more intricate analyses into the underlying mechanisms of action within an in vitro context.
One promising avenue for further exploration is the elucidation of the synergistic effects of
these compounds when combined. It is possible that the unique chemical composition of
A. blazei contributes to its antifungal properties, and a more comprehensive study of these
compounds in combination could provide valuable insights into their collective efficacy.
In addition, research on the mechanism of antimicrobial action is crucial to help modify
its structure, reduce toxicity and increase efficacy, and translate the research results into
practical medical applications.

3. Materials and Methods
3.1. Reagents and Instruments

The A. blazei samples were sourced from an A. blazei cultivation base situated in
Shiming Village, Si Qian Town, Jiangmen City, Guangdong Province. These samples were
provided in the form of dried mushrooms. The extraction process utilized solvents of analyt-
ical grade, which were procured from Tianjin Yongda Chemical Reagent Co., Ltd. (Tianjin,
China). These solvents encompassed methanol, petroleum ether, dichloromethane, ethyl
acetate, and ethanol, among others. For chromatography, the essential reagents included
methanol and ultrapure water, which were acquired from Fisher/Annergi Chemistry of
Thermo Fisher Scientific (Shanghai, China).

Electric heating sleeve: Model 98-1-B from Tianjin Tester Instrument Co., Ltd. (Tianjin,
China); electronic analytical balance: Maximum of 220 g, from Sedolis Co., Ltd.; semi-
prepared liquid chromatography: Model LC-52 from Cypress (Beijing) Technology Co., Ltd.
(Beijing, China); high-performance liquid chromatography: Agilent 1200 from Agilent Tech-
nologies; rotary evaporator: Model R-260PRO from BUCHI Labortechnik AG; rapid prepa-
ration liquid chromatography: Model Biotage Isolera One from Shanghai Musen Biotech-
nology (Shanghai, China); nuclear magnetic resonance spectrometer: Model AVANCE III
500 MHz/600 MHz from Bruker.

3.2. Separation and Purification

A total of 7.5 kg of dried A. blazei mushrooms was meticulously ground using a grinder
and then packed into non-woven traditional Chinese medicine bags. A portion of the
dried ABM mushroom powder was carefully placed into a sizeable flask and submerged
in methanol. The flask, outfitted with an electric jacket and connected to a condenser,
underwent reflux for roughly 2 h. Following this, the mixture was filtered, and a fresh
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solvent was introduced to the system, initiating a subsequent 2 h reflux. This iterative
process was repeated until the complete extraction of the ABM dried mushroom samples
was accomplished. The amassed extracts were pooled, and methanol was subsequently
recuperated using a large-scale rotary evaporator to yield a concentrated ABM extract.
The concentrated extract was then introduced into the rotating vessel of a sizable rotary
evaporator, while ensuring that the quantity of the extract added at each instance did not
surpass half of the capacity of the rotary bottle. Manipulating the water bath’s temperature
and vacuum conditions, along with adjusting the rotation speed, facilitated the gradual
addition of the ABM extract as the solvent within the rotating vessel as water evaporated.
This cycle was repeated until all extracts were effectively concentrated, culminating in the
recovery of the methanol solvent and the acquisition of the preliminary fraction of the
crude methanol extract of A. blazei.

For column chromatography with silica gel, the ratio of ABM concentrate/mixed sil-
ica gel (80–100 mesh)/chromatographic silica gel (200–300 mesh) = 1:1:8. Petroleum ether
extract (ABM-A), dichloromethane extract (ABM-DCM), ethyl acetate extract (ABM-B),
acetone extract (ABM-BT), and methanol extract (ABM-E) were obtained via gradient
elution with petroleum ether, dichloromethane, ethyl acetate, acetone, and methanol,
respectively. Finally, these extracts were concentrated to obtain individual solvent con-
centrates, which were stored until use. The preliminary fractionation activity screening
(secondary fraction) was carried out, and the same method was also used for the silica
gel column chromatography.

For the ODS column chromatography, after analysis using TLC, HPLC, ELSD and
other methods, the sample, mixed sample ODS, and chromatographic ODS were mixed
at a ratio of 1:1:20 for each fraction, and then loaded into the appropriate column. Rough
cut: the proportion of methanol to water was subjected to gradient elution at 30%, 50%,
70%, and 100%, respectively, and then collected into different fractions. Then, the TLC
point plate, HPLC liquid phase, and evaporative light-scattering detector (ELSD) were
used again for spectrum analysis and quality analysis.

Acetone crude extract and dichloromethane crude extract were separated and purified
using a combination of silica gel column chromatography (sample/mixed sample silica
gel/chromatography silica gel ≈ 1:1:8), ODS column chromatography (sample/mixed sam-
ple ODS/ODS = 1:1:20), and Biotage HPLC (methanol/water). The obtained compounds
are listed below.

ABM-DCM (20 g) was eluted using silica gel column chromatography (PE/EA) to
obtain 14 segments of small-fraction ABM-DCM-A~N. ABM -DCM-F (50 mg) was di-
rectly synthesized using HPLC (96% Me, flow rate of 3 mL/min) to obtain compound 2
(16.8 mg). ABM-DCM-L (ABM-DCM was eluted using silica gel column chromatography,
with PE/EA = 100: 15 cm 100: 50, 3.15 g) was eluted with methanol/water using ODS
chromatography to obtain nine segments, of which ABM-DCM-L-6 (312 mg) was semi-
prepared using HPLC (Cyprus, Phenomenex semi-preparation column, 82% Me, flow rate
of 5 mL/min) to obtain compound 3 (22.7 mg) and compound 4 (4.3 mg). Compound 5
(104.2 mg) was prepared from small-fraction ABM-DCM-J-93%-4 (≈220 mg) via conditional
touch and HPLC (Cypress, phenomenex semi-preparation column, 92% Me, flow rate of
5 mL/min). Compound 6 (220 mg) was directly obtained via ODS chromatography with
methanol/water (25–100%).

3.3. Antibacterial Activity Determination

In this study, four fungal strains, T. mentagroph, T. rubrum, C. albicans, and C. neoformans,
were cultured in vitro.

Culture preparation: for the aseptic operation, 2.5 mL of the medium was added to
a 15 mL fast cap culture tube, a single colony was carefully removed from the Petri dish
using a sterile rod, and the tip of the rod was rotated in the culture medium (while being
careful not to touch the end of the rod at anything, except the colony and the medium); the
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culture tube was placed in a 37 ◦C incubator, at a 250 rpm speed oscillation, for culturing to
the logarithmic phase.

Culture plate preparation: compounds 1–6 at 0.2 mg each were dissolved in 200 µL of
DMSO, and 5 µL of the sample solution and DMSO as a control were added to a 96-well
plate; then, the culture plate was put into reserve.

Diluted pathogen culture: 5 mL of aseptic medium and 500 µL of culture were added
to a 15 mL conical tube and mixed, and then the medium or culture was used as diluent to
dilute OD600 to 0.030–0.060. After mixing the diluted culture with the culture medium at a
proportion of 1:10, 195 µL of inoculation medium and 200 µL of aseptic culture medium
were added to a 96-well plate as the blank group, and then the plate was placed in a sealed
bag. The plate was fixed in a vibrating screen with a plate bracket or tape and cultured at
37 ◦C for 16 h.

3.4. Statistical Analysis

All in vitro assays were performed in triplicate. The data were analyzed and processed
using GraphPad Prism 9.0 software. The data were expressed as mean ± SD. Differences
between the groups were compared using a t-test. p-value < 0.05 was considered as
representing a statistically significant difference.

4. Conclusions

In recent years, the exploration of A. blazei, a rare and valuable edible fungus, has
garnered increased attention due to its dual role as a nourishing food and a potential
medicinal resource. Its reputation for remarkable nutritional benefits in everyday consump-
tion has made it a sought-after dietary supplement. However, despite its extensive use,
comprehensive investigations into its bioactive constituents and their potential medicinal
properties have remained limited among scholars. Furthermore, there is a notable dearth
of literature detailing the extraction and isolation of its chemical compounds, as well as a
lack of in-depth exploration of its biological functionalities.

In this study, compounds 1–6 have been successfully isolated from the non-polysaccharide
constituents of A. blazei via processes like column chromatography and semi-preparative
HPLC. These compounds underwent meticulous characterization via techniques such
as 1H-NMR and 13C-NMR spectroscopy. These six compounds have been identified as
linoleic acid (1), 1,1′-oxybis(2,4-di-tert-butylbenzene) (2), glycerol monolinoleate (3), vole-
molide (17R)-17-methylincisterol (4), (24s)-ergosta-7-en-3-ol (5), and dibutyl phthalate (6).
Of particular significance is the fact that all these purified compounds were previously
unidentified in A. blazei. Additionally, a pioneering assessment of the in vitro antifungal
activities of these compounds against T. mentagrophytes, T. rubrum, C. albicans, and C. neo-
formans was carried out for the first time. The results of this assessment unveiled varying
degrees of sensitivity against the four fungi, with specific compounds exhibiting distinct
inhibitory effects. Compound 2 emerged as particularly effective against T. mentagrophytes,
while compound 3 demonstrated a notable inhibitory effect against T. rubrum. Remarkably,
compound 6 displayed a high level of inhibitory activity against C. albicans. Different types
of compounds in A. blazei have been shown to have different antifungal activities against
different fungi. The identified compounds have simple structures, including fatty acid
glycerides and aromatic compounds, and have the potential to be developed into novel
antifungal agents. In a word, A. blazei, as a representative macrofungus, demonstrates
inherent antifungal activities. This study informs for further research and advancements
related to A. blazei, positioning it as a potential source of natural antifungal products.
Moreover, it contributes to expanding the knowledge on the structural diversity of natural
compounds and facilitating the elucidation of A. blazei’s effective material basis.

However, it is essential to acknowledge that the present examination of individual
compounds from A. blazei remains at a relatively preliminary stage. While this study
represents a significant leap forward in our understanding of A. blazei’s medicinal prop-
erties, it also has certain limitations. To fully unlock the therapeutic potential of A. blazei,
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future research endeavors should focus on the isolation and characterization of additional
compounds, facilitating more intricate analyses into the underlying mechanisms of action
within an in vitro context. One promising avenue for further exploration is the elucida-
tion of the synergistic effects of these compounds when combined. It is possible that the
unique chemical composition of A. blazei contributes to its antifungal properties, and a
more comprehensive study of these compounds in combination could provide valuable
insights into their collective efficacy. Moreover, in vivo studies are essential to validate the
in vitro findings and to assess the safety and efficacy of A. blazei as a potential antifungal
therapy in living organisms. Clinical trials involving A. blazei-based treatments may be the
next step in translating these promising findings into practical medical applications.

In conclusion, the discovery of compounds with antifungal properties within A. blazei
marks further progress in our understanding of this remarkable fungus’s medicinal poten-
tial. While there are still many questions to be answered and challenges to be overcome, it
deserves further study.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28217321/s1. Figure S1: The 1H-NMR and 13C-NMR spectra of
the six identified compounds. The spectra are included in the Supplementary Materials. Figure S2:
13C NMR spectrum of compound 1 in Methanod-d4. Figure S3: 1H NMR spectrum of compound 2
in CDCl3. Figure S4: 13C NMR spectrum of compound 2 in CDCl3. Figure S5: 1H NMR spectrum
of compound 3 in CDCl3. Figure S6: 13C NMR spectrum of compound 3 in CDCl3. Figure S7:
1H NMR spectrum of compound 4 in CDCl3. Figure S8: 13C NMR spectrum of compound 4 in
CDCl3. Figure S9, 1H NMR spectrum of compound 5 in CDCl3. Figure S10: 13C NMR spectrum of
compound 5 in CDCl3. Figure S11: 1H NMR spectrum of compound 6 in CDCl3. Figure S12: 13C
NMR spectrum of compound 5 in CDCl3.
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Abstract: The dichloromethane extract of the roots of Bridelia balansae Tutcher (Phyllanthaceae) was
found to show potential anticancer activity against HCT116 colorectal cancer cell. Our bioassay-
guided phytochemical investigation of the roots of B. balansae led to the identification of 14 compounds
including seven lignans (1–7), three phenylbenzene derivatives (8–10), two flavanone (11–12), and
two triterpenoids (13–14). Among them, 4′-demethyl-4-deoxypodophyllotoxin (1) is the first aryl-
tetralin lignan compound identified from this plant species. In addition, the stereochemistry of
1 was validated by X-ray crystallography for the first time, and its distinguished cytotoxic effect
on HCT116 cells with an IC50 value at 20 nM was induced via an apoptosis induction mechanism.
Compound 1 could also significantly decrease the migration rate of HCT116 cells, indicating its
potential application against cancer metastasis. The western blot analysis showed that 1 has the
potential to inhibit cell proliferation and metastasis. Treatment of 1 resulted in the downregulation of
matrix metalloproteinases 2 (MMP2) and p-Akt, while p21 was upregulated. Collectively, the present
study on the phytochemical and biological profile of B. balansae has determined the plant as a useful
source to produce promising anticancer lead compounds.

Keywords: Bridelia balansae; lignan compounds; colorectal cancer; cytotoxicity; apoptosis

1. Introduction

Natural products, with sources from plants, marine organisms, and microorganisms,
have been applied for the treatment of a range of types of diseases in folk medicine since an-
cient times and played a key role in drug discovery historically [1,2]. With classical natural
product chemistry methodologies, a variety of bioactive compounds from natural product
resources have been discovered as current drug candidates [1,3]. These therapeutic areas
include cardiovascular diseases [4] and multiple sclerosis [5], but cancer and infectious
diseases remain the therapeutic areas of which natural products made the major contri-
butions [6,7]. Specifically, over 60% of currently used anticancer agents are derived from
natural products, and intensive studies by a random selection screening program funded
by the United States National Cancer Institute (NCI) led to the discovery and development
of important chemotherapeutics such as the vinca alkaloids, vinblastine, vincristine, and
the isolation of the cytotoxic podophyllotoxins [8,9].

The plant genus Bridelia, mainly distributed in tropical and subtropical regions of
the Africa and Asia, belongs to the Phyllanthaceae family (formerly Euphorbiaceae) with
approximately 60 species [10]. Among them, a dozen species of Bridelia genus have been
used as traditional folk and ethnic medicinal plants in Africa and southeast Asia countries,
for the treatment of infective diseases caused by parasitic, bacterial, malarial, viral, oral, or
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sexual pathogens, glucometabolic and bowel disorders, arthritis [10], and hypertension [11].
They can also be used as analgesics, antianemic purposes, anticonvulsants [10], poison
antidotes [12], and antioxidatives [13], or for the purposes of wound healing [12], relieving
itching [13], and resolving cough, fever, and jaundice [14]. Consistent with their traditional
use, the crude extracts from this plant genus have been reported to have a wide range of
bioactivities including potential anticancer activities [15,16]. However, the study of the
substance basis of pharmacological effects are rarely involved.

The dichloromethane fraction of the roots of Bridelia balansae Tutcher was found
to show potential anticancer activity, with an IC50 value of 0.79 µg/mL against human
colorectal carcinoma cells HCT116. According to APG III System, B. balansae belongs to the
Phyllanthaceae family, and could be found mainly in Lingnan area of China, including Fujian,
Guangdong, Guangxi, Guizhou, Hainan, Sichuan, Taiwan, and Yunnan Province, together
with other countries in Asia such as Japan (Ryukyu Islands), Laos, and Vietnam. It has
been used as a folk medicine to treat gastropathy and glometulonephropathy in China [17],
but there is no prior report of the bioactivity of the chemical constituents from this plant.
Thus, we are encouraged to carry out further phytochemical studies to discover bioactive
compounds from this plant based on the potent bioactivity of the plant extract. Herein,
we describe the isolation, structural identification, and biological activity evaluation of the
compounds obtained from B. balansae.

2. Results
2.1. Compound Isolation and Structure Identification

Compounds 1–14 were identified as 4′-demethyl-4-deoxypodophyllotoxin (1)
(Figures S1–S7) [18,19], deoxypodophyllotoxin (2) [20], polygamain (3) [21], yatein (4) [22],
pinoresinol (5) [23], medioresinol (6) [24], (+)-Syringaresinol (7) [25], gallic acid (8) [26], gal-
licin (9) [27], methyl-3,5-dimethoxy-4-hydroxybenzoate(10) [28], gallocatechin (11) [29], and
epigallocatechin gallate (12) [30], epifriedelanol (13) [31], and friedelin (14) [31] (Figure 1) by
comparing the NMR and HRMS data reported from previous studies. The prior absolute
stereochemistry of 1 was only established by using NMR method since it was first discovered
in 1984, and no X-ray crystallographic data have been reported so far to validate the absolute
configuration [18]. Considering the chirality diversity of the carbon skeleton of aryltetralin
lignans, we nurtured the fine crystals of 1 from acetone to obtain high-quality X-ray crys-
tallographic data with CuKα radiation. The resulted Flack parameter of 0.13 (17) from the
refinement of the X-ray data, together with the comparison of the reported optical rotation
data of podophyllotoxin [32], confirmed the absolute stereochemistry of 1 (Figure 2). In addi-
tion, we measured the melting point (248.5–249.0 ◦C) and the optical rotation ([α]20

D =−96◦,
c = 0.3, CHCl3) of 1, which are consistent with the literature report [19]. The isolated and puri-
fied compounds are stored at−80 ◦C and then dissolved into DMSO for treatment. Dissolved
compounds were stored at−20 ◦C. Through a bioassay-guided phytochemical investigation
of the roots of B. balansae, we were able to identify seven lignans, three phenylbenzene deriva-
tives, two flavanone, and two triterpenoids. The newly isolated compounds were tested for
their anticancer activity potential against HCT116 colorectal cancer cells. We subsequently
investigated the mechanism investigation of 1.

2.2. Cytotoxic Effect of Isolated Compounds against HCT116 Cancer Cells

The in vitro cytotoxicity of each isolated compound at 20 µg/mL was evaluated against
the human colorectal carcinoma HCT116 cells (Table 1). Among the tested compounds, 1, 8,
and 9 were the most active ones with an inhibition rate larger than 50% at 20 µg/mL, and
thus further tested for their IC50 values (Table 2). Among these three compounds, only 1
showed potent cytotoxicity against HCT116 cells with an IC50 value of 0.02 µM, and thus
was chosen for further mechanism studies.
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Table 1. The inhibition rate of isolated compounds against HCT 116 cells at 20 µg/mL.

Compound Inhibition Rate Compound Inhibition Rate

1 96.1% 9 76.1%
3 11.7% 10 3.4%
8 100% 11 24.5%

Table 2. The IC50 values of compounds 1, 8, and 9 against HCT 116 cells (µM).

Compound IC50

1 0.02 ± 0.003
8 20 ± 0.006
9 16.3 ± 0.003
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2.3. Compound 1 Induced Apoptosis in HCT116 Cancer Cells

It has been previously reported that 4′-demethyl-4-deoxypodophyllotoxin (1) could
induce cell cycle arrest with a significantly increased G2/M peak after treatment of HCT-
116 cells [33]. We further investigated whether the antiproliferative activities of 1 against
HCT116 cancer cells were associated with apoptosis, which is the most common mechanism
of action of anticancer agents. As shown in Figure 3, the percentages of apoptotic cells
were analyzed by flow cytometric analysis. While the percentages of apoptotic cells did not
change significantly when 1 was applied at concentrations lower than its IC50 value, the
number of apoptotic cells was remarkably increased when 1 was applied at 26 nM (slightly
higher than its IC50 value). These findings suggest that the anti-proliferative effect of 1 in
HCT116 cells could be derived from apoptosis.
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Figure 3. Effects of compound 1 on induction of apoptosis of HCT116 cancer cells. (a) Flow cytometric
analysis of HCT116 cancer cells using Annexin V/PI staining. Cells were treated with 1 at the
indicated concentrations for 48 h prior to labelling with annexin V and PI. Q1 shows the percentage
of necrotic cells, and Q2 and Q4 represent late and early apoptotic cells, respectively. Q3 shows the
population of normal cells. (b) Graphical representation of the percentage of apoptotic cells (sum of
Q2 and Q4) from three independent replicates’ data as the mean ± SEM; * p < 0.05.

2.4. Compound 1 Reduced Cellular Mobilization of HCT116 Cancer Cells

To fully elucidate the anticancer properties and examine whether compound 1 also
affects cellular mobilization of HCT116 cancer cells, scratch wound assay was utilized
after applying indicated concentrations of 1. In Figure 4, we observed that the treatment
with 1 at 3.25 and 6.5 nM significantly inhibited the mobilization of HCT116 cells in a
dose-dependent manner, whose healing effects were obvious after 24 h. We thus conclude
that the healing effects of HCT116 cells have been inhibited when treated with 1 from 0 to
6.5 nM in vitro.
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2.5. Compound 1 Disrupted Microtubules of HCT116 Cancer Cells

As compound 1 shared similar chemical structures with podophyllotoxin, which
is known as a microtubule-destabilizing agent, we further evaluated the effects of 1 on
microtubule dynamics by immunofluorescent staining. As shown in Figure 5, HCT116
cells exhibited disruption of the microtubule network after the treatment of 1 for 48 h,
especially at concentrations of 13 and 26 nM. Thus, the results confirmed our hypothesis
that compound 1 has the ability to disrupt the microtubule assembly, indicating that
microtubule dynamics may be one of the targets of the anti-proliferation and anti-migration
effects of 1.
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with 4′, 6-diamidino-2-phenylindole and thus showed a blue color.

37



Molecules 2023, 28, 6165

2.6. Effects of Compound 1 on Apoptosis and Migration Regulatory Proteins of HCT116
Cancer Cells

To test the effects of compound 1 on apoptosis and migration regulatory proteins
in HCT116 cancer cells, we performed western blotting analysis. Figure 6 showed that 1
could decrease the protein expression of pAKT and MMP2, while increasing the protein
expression of p21. These regulations are all dose dependent, and the effects are most
significant at the concentration of a 13 nM treatment. Collectively, our results suggest that
the antitumor effect of 1 is majorly associated with the p21-mediated apoptosis and MMP2-
mediated migration, which are both regulated by their upstream, phosphorylated AKT.
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3. Discussion

In previous studies, the investigations on Bridelia plant genus mainly focused on the
validation of the folk or ethnic medical application using the crude extracts [10–13]. In the
present study, we in-depth investigated the major phytochemical profile of the roots of
Bridelia balansae by bioassay guided separation. The 14 compounds that were identified
belong to aryltetralin [18–22] and 2-aryltetrahydrofuran [23–25] lignans, organic tannic
acids [26–28], flavanones [29,30], and triterpenoids [31]. Although these compounds are
known, these findings expanded the diversity of the plant sources of these bioactive com-
pounds. More importantly, the absolute configuration of the lactone ring is difficult to
confirm by the regular HRMS and NMR spectroscopies in terms of aryltetralin skeletons in
some extreme cases. The confirmation of the absolute structure of compound 1 by X-ray
crystallography method for the first time is beneficial to the structural determination of
future unknown natural analogues. In addition, flavonoid–tannin conjugates are a rare
subtype of small molecules in nature. As an important precursor of podophyllotoxin, aryl-
tetralin lignans also exhibited a pronounced biological activity mainly as anti-tumor agents.
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Considering the synthetic challenges due to multiple chiral centers, natural aryltetralin
lignans isolated from the roots of Bridelia balansae can partially overcome the shortage of
chemical sources, which will provide the substantial support of further pharmacologi-
cal studies.

In the present study, we also evaluated the bioactivity of compound 1 in depth,
including the elucidation of its anti-proliferative property, and its induction of apoptosis
and migration using cellular platforms. Previously, it has been reported that 4′-demethyl-
4-deoxypodophyllotoxin (1) could induce cell cycle arrest with a significantly increased
G2/M peak after treatment of HCT-116 cells [33]. Cell cycle arrest could either provide
cancer cells the opportunity for DNA damage repair, or lead to cell death [34]. Among all
the cell death pathways, apoptosis is one of the most common mechanisms to eliminate
damaged cells that will further restrict tumorigenesis [35]. The data of our flow cytometric
analysis show that the anti-proliferative effect of 1 on human colorectal carcinoma cells
is primarily derived from apoptosis. The apoptosis is mediated by the upregulation of
p21 and might be caused by the effects of microtubule disassembly of 1. This result is
consistent with podophyllotoxin, an aryltetralin lignan congener of 1 and a well-known
microtubule-destabilizing agent [36,37]. In the present study, compound 1 was found to
induce a significant apoptosis event. Thus, further research is needed to determine if the
aryltetralin lignan-induced apoptotic pathway is linked to the mechanism of action of the
microtubule-destabilizing agents, such as the clinically used anticancer drugs etoposide
and teniposide, which are derived from podophyllotoxin. Notably, it has been reported
that targeted microtubule disruption can selectively inhibit metastasis, although these
therapies are currently focusing exclusively on tumor growth [38]. Therefore, the anti-
migration effects of 1 might also be contributed to by its microtubule disruption effects.
These effects collectively regulated MMP2, and thus induced the reduction of cell migration.
We also noticed a significant dose-dependent decrease of the expression of phosphorylated
AKT, which is the upstream of both p21 and MMP2. It has been well acknowledged that
AKT signaling promotes tumor cell proliferation, growth, and metastasis by activating
its downstream effectors, and thus the inhibitors targeting this signaling pathway have
been considered as the most effective treatment strategy for cancer [39]. The wound
healing (or scratch) assay is a method to measure two-dimensional cell migration [40]. It
involves creating an artificial gap in a confluent cell monolayer at 0 h, and tracking the
movement of HCT116 cells through microscopy imaging at both 0 and 24 h. The narrowing
of the gap indicated that compound 1 was capable of inhibiting the migration of HCT116
cells. Collectively, our study provides a basis for the anti-cancer effects of compound 1
against HCT116 cancer cells, which might lead to further structural modification of its
functional groups or more detailed investigations of its mechanism, serving as a potential
lead compound in colon cancer treatment.

4. Materials and Methods
4.1. General

Flash silica gel (300 mesh, Qingdao Haiyang Chemical Co., Ltd., Qingdao, China) was
used as a stationary phase in column chromatography. Thin-layer chromatography (TLC)
(Qingdao Haiyang Chemical Co., Ltd., Qingdao, China) was used to monitor the fractionation
progress. Analytical and semi-preparative HPLC were performed on an Agilent Technologies
Series 1100 HPLC with a diode array detector (DAD, Agilent Technologies, Inc., Santa Clara,
CA, USA) equipped with a semi-preparative Thermo-C18 (150 × 4.6 mm) column or Nawei-
UniSil 10–120 C18 Ultra (250 × 21.2 mm) column. A Bruker Ascend 400 MHz spectrometer
with standard parameters supplied by the vendor (Bruker, Karlsruhe, Germany) was applied
to measure one-dimensional (1D) and two-dimensional (2D) NMR spectra. High-resolution
mass spectrometry was performed on an Agilent QTOF-6542 (Santa Clara, CA, USA). X-ray
crystallographic data were obtained on a Bruker D8 Venture X-Ray Diffractometer (Karlsruhe,
Germany). The optical rotation of a compound was measured on a polarimeter (JACSCO,
P1010, Tokyo, Japan). The melting point was detected by a melting point tester (Electrother-
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mal, London, UK). Mili Q water and acetonitrile (ACN, HPLC grade, Duksan, Republic of
Korea) were used as a mobile phase of HPLC. Methanol (HPLC grade, Duksan, Republic
of Korea), ethyl acetate (EA, HPLC grade, Duksan, Republic of Korea), petroleum ether (PE,
HPLC grade, Duksan, Republic of Korea), and dichloromethane (DCM, HPLC grade, Duksan,
Republic of Korea) were used for the fractionation and isolation of compounds.

4.2. Plant Material

The roots of B. balansae were collected from Jianfengling National Nature Reserve,
Hainan Province in 1 August 2014. The collected plant materials were authenticated by
Prof. CHEN Hubiao from School of Chinese Medicine, Hong Kong Baptist University. A
voucher specimen (No. SHABB20140801) was deposited at School of Chinese Medicine,
Hong Kong Baptist University, Hong Kong, China.

4.3. Compound Isolation and Structure Identification

The dry weight of the root part was 5.0 kg. The root part of plant material was then
ground and extracted with 50 L methanol at room temperature to afford 1.0 kg crude extract,
which was partitioned with ethyl acetate (EA) 3 times to produce an EA extract (300 g).
The EA extract was further fractionated on a silica gel column, eluted with petroleum
ether (PE), PE/DCM (1:1), DCM/methanol (MeOH) (1:0–0:1) gradient to afford 6 fractions
(Fractions 1–6) (Figure S8). Compounds 2 (20 mg), 9 (3 mg), 13 (3 mg), and 14 (10 mg) were
isolated from Fraction 3 by using HPLC with an isocratic elution (55% ACN: 45% H2O as
mobile phase, 3 mL/min) (Figure S9). Compounds 1 (30 mg), 3 (5 mg), 4 (6 mg), 5 (3 mg),
6 (2 mg), 7 (3 mg), 8 (2 mg), 10 (2 mg), and 11 (6 mg) were isolated from the major active
Fraction 4 by using HPLC with an isocratic elution (50% ACN: 50% H2O as mobile phase, 3
mL/min) (Figure S10), and compound 12 (7 mg) was isolated from Fraction 5 (Figure S11).

Compound 1. Colourless crystal (acetone); mp 248.5–249.0 ◦C; [α]20
D =−96◦ (c 0.3, CHCl3);

1H NMR (400 MHz, CDCl3) δ: 6.65 (s, 1H), 6.51 (s, 1H), 6.34 (s, 2H), 5.93 (dd, J = 10.4, 1.2,
2H), 5.42 (brs, 1H), 4.58 (d, J = 2.8, 1H), 4.41–4.44 (m, 1H), 3.88–3.92 (m, 1H), 3.77 (s, 6H),
3.04–3.07 (m, 1H), 2.70–2.77 (m, 3H). 13C NMR (100 MHz, CDCl3): δ: 175.0, 146.9, 146.7,
146.4, 133.8, 131.8, 130.8, 128.3, 110.5, 108.5, 107.9, 101.2, 72.1, 56.4, 47.6, 43.6, 33.1, 32.7.
HRESIMS m/z: 385.1287 [M + H]+; calcd for C21H21O7 385.1282 [18].

Compound 2. White powder; 1H NMR (400 MHz, CDCl3) δ: 6.66 (s, 1H), 6.51 (s, 1H), 6.34
(s, 2H), 5.92 (dd, J = 9.2, 1.2, 2H), 4.59 (d, J = 2.8, 1H), 4.43–4.47 (m, 1H), 3.89–3.94 (m, 1H),
3.79 (s, 3H), 3.74 (s, 6H), 3.03–3.10 (m, 1H), 2.69–2.80 (m, 3H). 13C NMR (100 MHz, CDCl3):
δ: 174.9, 152.5, 147.0, 146.7, 136.9, 136.3, 130.6, 128.3, 110.5, 108.5, 108.2, 101.2, 72.1, 60.8, 56.2,
47.5, 43.7, 33.1, 32.7. HRESIMS m/z: 399.1444 [M + H]+; calcd for C22H23O7 399.1438 [19].

Compound 3. White powder; 1H NMR (400 MHz, CDCl3) δ: 6.66 (d, J = 7.2, 2H), 6.60
(d, J = 7.6, 2H), 6.47 (s, 1H), 5.92 (s, 2H), 5.89 (dd, J = 6.0, 1.2z, 2H), 4.56 (d, J = 4.4, 1H),
4.42–4.46 (m, 1H), 3.92 (t, J = 8.0, 1H), 3.06 (d, J = 10.4, 1H), 2.71–2.77 (m, 3H). 13C NMR
(100 MHz, CDCl3): δ: 174.8, 147.2, 146.9, 146.8, 146.5, 134.5, 131.0, 128.2, 124.2, 111.1, 110.4,
108.5, 107.7, 101.2, 100.9, 72.1, 47.3, 43.2, 33.1, 32.6. HRESIMS m/z: 353.1021 [M + H]+; calcd
for C20H17O6 353.1020 [20].

Compound 4. White powder; 1H NMR (400 MHz, CDCl3) δ: 6.69 (d, J = 7.2 Hz, 1H), 6.46
(d, J = 7.6 Hz, 1H), 6.35 (s, 2H), 6.19 (s, 1H), 5.93 (dd, J = 4.0, 1.2 Hz, 2H), 4.17 (dd, J = 9.2,
7.2, 1H), 3.85–3.89 (m, 1H), 3.74–3.83 (brs, 9H), 2.89–2.91 (m, 1H), 2.50–2.60 (m, 4H). 13C
NMR (100 MHz, CDCl3): δ: 178.6, 153.3, 147.9, 146.4, 133.3, 131.5, 121.5, 108.8, 108.3, 106.2,
105.5, 101.1, 71.2, 60.9, 56.1, 46.5, 41.0, 38.4, 35.3. HRESIMS m/z: 401.1599 [M + H]+; calcd
for C22H25O7 401.1595 [21].

Compound 5. White powder; 1H NMR (400 MHz, CDCl3) δ: 6.88–6.90 (m, 4H), 6.81 (dd,
J = 2.0, 8.0 Hz, 2H), 5.62 (brs, 2H), 4.73 (d, J = 4.4 Hz, 2H), 4.22–4.26 (m, 2H), 3.89 (brs, 6H),
3.85 (dd, J = 3.6, 9.2 Hz, 2H), 3.08–3.11 (m, 2H). 13C NMR (100 MHz, CDCl3): 146.7 (2C),
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145.2 (2C), 132.9 (2C), 118.9 (2C), 114.3 (2C), 108.6 (2C), 85.9 (2C), 71.7 (2C), 55.9 (2C), 54.1
(2C. H RESIMS m/z: 359.1493 [M + H]+; calcd for C20H23O6 359.1489 [22].

Compound 6. White powder; 1H NMR (400 MHz, CDCl3) δ: 6.81–6.83 (m, 2H), 6.76 (dd,
J = 1.2, 8.0 Hz, 1H), 6.51 (s, 2H), 4.65 (dd, J = 3.6, 7.6 Hz, 2H), 4.16–4.21 (m, 2H), 3.80–3.85
(brs, 11H), 3.03 (brs, 2H). 13C NMR (100 MHz, CDCl3): 147.2 (2C), 146.7, 145.2, 134.4, 132.9,
132.1, 118.9, 114.3, 108.6, 102.7 (2C), 86.1, 85.8, 71.8, 71.6, 56.4 (2C), 55.9, 54.4, 54.1. HRESIMS
m/z: 389.1593 [M + H]+; calcd for C21H25O7 389.1595 [23].

Compound 7. White powder; 1H NMR (400 MHz, CDCl3) δ: 6.59 (brs, 4H, Ar-H), 5.60 (brs,
2H), 4.73 (d, J = 3.6 Hz, 2H), 4.28 (t, J = 6.0, 2H), 3.82–3.92 (brs, 14H), 3.10 (brs, 2H). 13C
NMR (100 MHz, CDCl3): 147.2 (4C), 134.3 (2C), 132.0 (2C), 102.7 (4C), 86.0 (2C), 71.8 (2C),
56.4 (4C), 54.3 (2C). HRESIMS m/z: 419.1707 [M + H]+; calcd for C22H27O8 419.1700 [24].

Compound 8. Brown powder; 1H NMR (400 MHz, acetone-d6) δ: 7.06 (s, 2H). 13C NMR
(100 MHz, CDCl3): δ: 170.9, 146.4 (2C), 139.4, 122.7, 110.3 (2C). HRESIMS m/z: 171.0280
[M + H]+; calcd for C7H7O5 171.0288 [25].

Compound 9. Brown powder; 1H NMR (400 MHz, acetone-d6) δ: 7.07 (brs, 2H), 3.83 (s, 3H).
13C NMR (100 MHz, acetone-d6): δ: 169.1, 146.5, 139.8, 121.5, 110.1, 52.4. HRESIMS m/z:
185.0447 [M + H]+; calcd for C8H9O5 185.0444 [26].

Compound 10. Brown powder; 1H NMR (400 MHz, acetone-d6) δ: 7.32 (s, 2H), 3.94 (s,
6H), 3.89 (s, 3H). 13C NMR (100 MHz, CDCl3): 166.8, 146.6, 139.2, 127.1, 106.6, 56.4, 52.1.
HRESIMS m/z: 213.0781 [M + H]+; calcd for C10H13O5 213.0757 [27].

Compound 11. White powder; 1H NMR (400 MHz, MeOD) δ: 6.41 (s, 2H), 5.93 (d, J = 2.0,
1H), 5.87 (d, J = 2.4, 1H), 4.54 (d, J = 7.2, 1H), 3.97 (dd, J = 12.8, 7.6 Hz, 1H), 3.30–3.31 (m,
1H), 2.80 (dd, J = 16.0, 5.6, 1H), 2.50 (dd, J = 16.0, 7.6, 1H). 13C NMR (100 MHz, CDCl3):
δ: 157.8, 157.6, 156.8, 146.9 (2C), 134.0, 131.6, 107.2 (2C), 100.8, 96.3, 95.6, 82.9, 68.8, 28.1.
HRESIMS m/z: 307.0809 [M + H]+; calcd for C15H15O7 307.0812 [28].

Compound 12. White powder; 1H NMR (400 MHz, CDCl3) δ: 6.95 (s, 2H), 6.50 (s, 2H), 5.96
(s, 2H), 5.52 (brs, 1H), 4.97 (s, 2H), 2.96 (dd, J = 17.2, 4.4, 1H), 2.82 (dd, J = 17.2, 2.4, 1H). 13C
NMR (100 MHz, CDCl3): δ: 167.7, 157.9, 157.8, 157.3, 146.7 (2C), 146.3 (2C), 139.8, 133.8,
130.8, 121.5, 110.3 (2C), 106.9 (2C), 99.5, 96.6, 95.9, 78.6, 69.9, 26.9. HRESIMS m/z: 459.0920
[M + H]+; calcd for C22H19O11 459.0922 [29].

Compound 13. White solid; 1H NMR (400 MHz, CDCl3) δ: 3.73 (brs, 1H), 2.35–2.45 (m, 1H),
2.30–2.35 (m, 1H), 2.20–2.30 (m, 1H), 1.93–2.00 (m, 1H), 1.87–1.92 (m, 1H), 1.70–1.78 (m, 2H),
1.65–1.70 (m, 1H), 1.43–1.50 (m, 6H), 1.32–1.42 (m, 10H), 1.24–1.32 (m, 8H), 1.20–1.24 (m,
1H), 1.15 (d, J = 4.4 Hz, 6H), 1.05 (s, 3H), 0.98–1.03 (m, 6H), 0.92–0.97 (m, 6H), 0.84–0.89 (m,
6H), 0.72 (s, 3H). HRESIMS m/z: 439.4089 [M + H]+; calcd for C30H53O 429.4091 [30].

Compound 14. White solid; 1H NMR (400 MHz, CDCl3) δ: 2.36–2.42 (m, 1H), 2.27–2.34 (m,
1H), 2.22–2.27 (m, 1H), 1.93–2.00 (m, 1H), 1.72–1.78 (m, 1H), 1.62–1.71 (m, 1H), 1.52–1.58 (m,
5H), 1.43–1.53 (m, 5H), 1.32–1.42 (m, 6H), 1.23–1.32 (m, 3H), 1.20–1.23 (m, 1H), 1.18 (s, 3H),
1.05 (s, 3H), 1.01 (s, 3H), 0.99 (s, 3H), 0.95 (s, 3H), 0.88 (d, J = 6.8 Hz, 3H), 0.87 (s, 3H), 0.72
(s, 3H). 13C NMR (100 MHz, CDCl3): 213.3, 59.5, 58.2, 53.1, 42.8, 42.2, 41.6, 41.3, 39.7, 39.3,
38.3, 37.5, 36.0, 35.6, 35.4, 35.0, 32.8, 32.4, 31.8, 30.5, 30.0, 28.2, 22.3. HRESIMS m/z: 427.3931
[M + H]+; calcd for C30H51O 427.3934 [30].

4.4. X-ray Crystallographic Data of 1

Crystals of 1 were obtained from acetone solvent at room temperature. Single-crystal
X-ray crystallographic analyses of 1 were obtained on a Bruker D8 Venture X-ray Diffrac-
tometer (Karlsruhe, Germany).

Crystallographic data of 1. C21H20O7, M = 384.37, a = 7.8438(7) Å, b = 9.4648(9)
Å, c = 12.1581(12) Å; α = 93.206(3)◦, β = 91.396(3)◦, γ = 90.214(3), V = 900.93(15) Å3,
T = 297(2) K, space group P1, Z = 2, µ (Cu Kα) = 0.894 mm−1; 18,230 reflections collected,
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6148 independent reflections (Rint = 0.1127). The final R1 value was 0.0940 [I > 2σ(I)].
The final wR (F2) value was 0.2233 [I > 2σ (I)]. The final R1 value was 0.1209 (all data).
The final wR (F2) value was 0.2710 (all data). The goodness of fit on F2 was 1.141.
Flack parameter = 0.13(17). The crystal structure of 1 has been deposited in the CCDC
database and the deposit number is CCDC 2287689. The DOI link can be accessed through
DOI: 10.5517/ccdc.csd.cc2gsjf7 (accessed on 9 August 2023).

4.5. Cell Proliferation Assay

The human colon cancer cell line HCT116 was purchased from the American Type
Culture Collection (Manassas, VA, USA) and maintained in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum (FBS) at 37 ◦C, 5% CO2.
The effects of isolated compounds on [17] colon cancer cell viability were determined by
sulforhodamine B (SRB) assay [41]. The cells were seeded at a density of 5000 cells/well
in 96-well microculture plates, in the absence or presence of different concentrations of a
compound, incubated for 48 h. Thereafter, 50 µL of cold 50% trichloroacetic acid was added
to each well to fix proteins and incubated at 4 ◦C for at least 1 h. The plate was washed
with tap water four times and dried. For each well, 100 µL 0.4% SRB in 1% acetic acid was
added to do the staining and incubated for 10 min at room temperature. After the SRB was
discarded in the sink, the plate was washed by 1% acetic acid four times and dried. For
the optical density (OD) value reading, 200 µL of 10 mM tris base (pH 10) was added to
each well and shaken for 30 min or more. The optical absorbance at wavelength 515 nm
was detected by a microplate spectrophotometer (BIO-RAD, Benchmark Plus). Percentage
growth inhibition was calculated as [OD (cells + samples) − OD (Day 0 cells)]/[OD (cells
+ 10% DMSO) − OD (Day 0 cells)] = % survival, cytotoxicity = 1 − % survival. The IC50
values of the results were analyzed using GraphPad Prism version 8 (GraphPad Software,
San Diego, CA, USA). Paclitaxel was used as the positive reference.

4.6. Flow Cytometry

The cells were seeded in a 6-well plate (250,000 cells) and incubated for 24 h at 37 ◦C
with 5% CO2. After settling, cells were further incubated in the absence or presence of 1
at the concentrations of 6.5, 13, and 26 nM to induce apoptosis for 48 h. The cells were
harvested after the incubation period and washed in cold phosphate-buffered saline. The
washed cell pellets were resuspended in 100 µL 1× annexin-binding buffer per assay, with
5 µL of FITC annexin V and 1 µL of the 100 µg/mL PI working solution added. The cells
were incubated at room temperature for 15 min. After the incubation period, 400 µL of
1× annexin-binding buffer was added and mixed gently on ice. The stained cells were then
analyzed by FACS Calibur™ (BD Biosciences, San Jose, CA, USA).

4.7. Wound Healing Assay

HCT116 cells were seeded in 6-well plates and cultured with full medium with or
without compound 1 treatment until the confluent before the experiment was started. The
seeding density was 300,000 cells with 2 mL medium per well. A 10 µL pipette tip was
used to make a straight scratch, simulating a wound. After the scratch, the medium was
changed into DMEM without FBS.

The wound edges were allowed to be imaged using a 5× objective and were focused
on using the focus knob on the microscope. The positions desired to take were selected and
imaged by a microscope (Leica DMIRB). After 24 h, the wound edges were imaged again
with the same selected positions.

4.8. Immunofluoresent Staining

HCT116 cells were seeded in 6-well plates on slides and cultured with full medium
with or without compound 1 at different concentrations for 48 h. The seeding density was
300,000 cells with 2 mL medium per well. After fixation in ice-cold acetone: MeOH (1:1, v/v)
for 20 min, cells were incubated with anti-α-tubulin antibody followed by fluorescent-
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conjugated secondary antibody, visualized, and imaged by a microscope (Leica AF6000,
Hong Kong SAR, China).

4.9. Western Blot Analysis

Proteins were extracted from HCT-116 cells using an ice-cold lysis buffer containing
protease and phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA, USA). Cell
lysates were loaded to 10% SDS-polyacrylamide gel for electrophoresis separation and
transferred onto polyvinylidene fluoride membranes by wet electroblotting. The mem-
branes were blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.1%
Tween 20 for 1 h at room temperature, followed by incubation with primary antibodies
overnight at 4 ◦C, including p21 (Abcam, Cambridge, UK), MMP2 (CST), GAPDH (Bio-
Rad, Herkleys, CA, USA). Subsequently, the membranes were incubated with secondary
antibodies of interest for 1 h at room temperature and further visualized.

5. Conclusions

Our bioassay-guided phytochemical investigation of the roots of B. balansae led to the
identification of 14 compounds. Among them, 3 has not been reported in nature previously,
and 1 is the first aryltetralin lignan compound identified from this plant species. In addition,
the absolute configuration of 1 was validated by X-ray crystallography for the first time,
and its distinguished cytotoxic effect on HCT116 cells with an IC50 value at 20 nM was
induced via an apoptosis induction mechanism. Compound 1 could also significantly
decrease the migration rate of HCT116 cells, indicating its potential application against
cancer metastasis. Collectively, the present study on the phytochemical and biological
profile of B. balansae has determined the plant as a useful source to produce promising
anticancer lead compounds.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28166165/s1, Figure S1: The proton NMR spec-
trum of compound 1; Figure S2: The 13carbon NMR spectrum of compound 1; Figure S3: The
DEPT135 NMR spectrum of compound 1; Figure S4: The HSQC NMR spectrum of compound 1;
Figure S5: The HMBC NMR spectrum of compound 1; Figure S6: The 1H-1H COSY NMR spectrum
of compound 1; Figure S7: The NOESY NMR spectrum of compound 1; Figure S8: The extraction and
fraction flow chart of air-dried root of B. Balansae; Figure S9: The isolation flow chart of sub fraction
F3; Figure S10: The isolation flow chart of sub fraction F4; Figure S11: The isolation flow chart of sub
fraction F5.
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Abstract: Cepharanthine (CEP), a biscoclaurine alkaloid extracted from Stephania cepharantha Hayata,
has been widely used for the treatment of various acute and chronic diseases, including leukopenia,
and snake bites. Here, our objective was to investigate the anti-oxidative stress and anti-inflammatory
response effects of CEP in lipopolysaccharide (LPS)-induced macrophages as well as dextran sulfate
sodium (DSS)-induced colitis mice. Our findings demonstrated that supplementation with CEP
effectively mitigates body weight loss and elevation of disease activity index (DAI), reduces the
malondialdehyde (MDA) content to 2.45 nM/mL while increasing the reduced glutathione (GSH)
content to 35.53 µg/mL, inhibits inflammatory response, and maintains proper intestinal epithelium
tight junctions in DSS-induced wild type (WT) mice. However, it failed to provide protective effects
in DSS-induced transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) knockout
(NRF2−/−) mice. GSH content decreased to 10.85 µg/106 cells following LPS treatment, whereas sup-
plementation with CEP increased the GSH content to 12.26 µg/106 cells. Moreover, CEP effectively
attenuated ROS production in LPS-induced macrophages. Additionally, CEP exhibited inhibitory
effects on pro-inflammatory cytokines and mediators in LPS-induced macrophages. Furthermore,
we observed that supplementation with CEP promoted the expression of NRF2/heme oxygenase
1 (HO-1)/NADPH quinone oxidoreductase-1 (NQO-1) as well as the phosphorylation of the adeno-
sine monophosphate-activated protein kinase alpha 1 (AMPK-α1)/protein kinase B (AKT)/glycogen
synthase kinase-3 beta (GSK-3β) signaling pathway in macrophages while inhibiting the phosphory-
lation of the extracellular signal-regulated kinase (ERK)/c-Jun N-terminal kinase (JNK), and nuclear
factor-kappa B p65 (NF-κB p65) signaling pathway in LPS-induced macrophages. Although CEP did
not demonstrate inhibitory effects on oxidative stress or promote the expression of HO-1/NQO-1, it
effectively activated the phosphorylation of the AMPK-α1/AKT/GSK-3β signaling pathway which
is an upstream regulator of NRF2 in LPS-induced primary peritoneal macrophages from NRF2−/−

mice. In summary, our findings suggest that CEP exerts protective effects against oxidative stress and
inflammatory response by activating the AMPK-α1/AKT/GSK-3β/NRF2 signaling pathway while
concurrently inhibiting the activation of mitogen activated protein kinases (MAPKs) and the NF-κB
p65 signaling pathway. These results not only elucidate the mechanisms underlying CEP’s protective
effects on colon oxidative stress and inflammation but also provide evidence supporting NRF2 as a
potential therapeutic target for IBD treatment.

Keywords: inflammatory bowel disease; CEP; NRF2; inflammatory response; oxidative stress
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1. Introduction

Inflammatory bowel diseases (IBDs) are chronic, progressive, and relapsing inflam-
matory disorders that affect the gastrointestinal tract. The two primary types of IBDs are
ulcerative colitis (UC) and Crohn’s disease [1,2]. These conditions are characterized by a
dysregulated immune response leading to intestinal inflammation and tissue damage [3,4].
The etiology of IBDs is multifactorial, host genetics, microbial factors, environmental
factors, overuse of antibiotics, hormone regulation, and chronic immune activation all
contribute to their development [3,5]. Although traditional general anti-inflammatory
and anti-immunosuppressive drugs, such as 5-aminosalicylates, corticosteroids, and thiop-
urines have demonstrated efficacy in many IBD patients, the introduction of biologic drugs
targeting specific pathways such as the anti-TNF-α, anti-IL-12/23, and Janus kinase (JAK)
signaling pathways has provided relief to a subset of patients [6,7]. However, there remains
a small proportion of IBD patients who exhibit resistance to all currently available med-
ications. Therefore, it is imperative to explore novel treatment targets and develop new
therapeutic agents.

Reactive oxygen species (ROS), generated and released by immune cells, play a
crucial role as signaling molecules to enhance the immunological functions of immune
cells [8]. An appropriate concentration of ROS contributes to mitogenic response and
defense against infections [8], however, excessive release of ROS and related products in
the local microenvironment can lead to extensive cellular and molecular damage, initiating
an intestinal inflammatory response and tissue destruction [9], ultimately impairing intesti-
nal absorption [10]. The gastrointestinal tract has the most opportunities for interaction
with exogenous factors, including food antigens and microbes, compared to any other
tissues [11]. Although the gastrointestinal tract possesses a robust immune system to
maintain host health, consistent exposure to extraneous stimulation could exacerbate the
immune system’s response, resulting in overproduction of free radicals or weakening of the
endogenous antioxidant system [12]. The imbalance between free radicals and antioxidant
systems is commonly referred to as oxidative stress. It represents an imbalance between
pro-oxidation and anti-oxidation processes that are associated with inflammatory responses.
To date, increasing clinical and experimental evidence has demonstrated that oxidative
stress is implicated in the pathogenesis of IBDs [13,14]. Therefore, targeting intestinal tissue
oxidative stress may offer potential therapeutic benefits for treating IBD.

Nuclear factor erythroid 2-related factor 2 (NRF2) belongs to the cap ‘n’ collar transcrip-
tion factor family [15]. It is activated by various stimuli, including oxidative, electrophilic,
proteotoxic stress, and small natural molecules. NRF2 plays a pivotal role in safeguarding
and restoring cellular homeostasis [16]. Previous studies have demonstrated that NRF2
activation maintains cellular redox homeostasis and regulates inflammatory response in
neurodegenerative disease [17], diabetes [16], and kidney disease [18]. In fact, NRF2 activa-
tion has exhibited promising outcomes against lung, liver, eye, gastrointestinal, metabolic,
neurodegenerative as well as autoimmune diseases where oxidative stress and inflam-
mation contribute to pathogenesis [19]. Pharmacological agents targeting NRF2 such as
dimethyl fumarate have been employed for treating multiple sclerosis and psoriasis, and
bardoxolone methyl has entered clinical phase II/III trials for treating CTD-PAH, pul-
monary hypertension-ILD, Alport syndrome, and autosomal dominant polycystic kidney
disease [19]. The protective effects of pharmacological NRF2 activators have been observed
in numerous human disease models with benefits seen in human intervention trials. There-
fore, NRF2 is considered a suitable drug target for screening against oxidative stress and
inflammation during various disease pathogeneses [19].

Previous studies have demonstrated the anti-oxidative property of various natural
products, including curcumin analogues and extracts from isodon suzhouensis, which pro-
vide in vivo and in vitro antioxidant effects [20–22]. In this study, we aim to investigate
the impact of CEP on oxidative stress and inflammatory response in macrophages and
mice. CEP is a biscoclaurine alkaloid derived from Stephania cepharantha Hayata that ex-
hibits diverse biological properties. It effectively ameliorates leukopenia and immune
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thrombocytopenic purpura by maintaining proper leukocyte levels [23,24]. Moreover, it
alleviates inflammation and pain caused by snake bites [25]. Additionally, CEP demon-
strates various pharmacological activities including anti-inflammatory response through
a reduction in NLRP3 inflammasome activation [26] and the inhibition of MAPKs and
NF-κB p65 signaling pathway [27,28], antioxidant effects to combat oxidative stress [26],
prevention of oxidative stress-induced DNA damage [29], inhibition of autophagy by
blocking autophagosome-lysosome fusion and lysosomal cathepsin B/D maturation [30],
as well as antiviral activity when combined with nelfinavir to reduce viral load accumu-
lation and facilitate virus elimination [31]. Furthermore, CEP enhances the sensitivity of
host or cells to anticancer agents [30,32], although it does not directly affect cancer itself.
Intestinal inflammation, oxidative stress, and destruction of intestinal epithelial barrier
are well-known symptoms associated with IBD. Notably, CEP possesses inhibitory effects
on the inflammatory response and oxidative stress. However, the impact of CEP on IBD
remains understudied. Therefore, our objective is to explore the effects of CEP on oxidative
stress and the inflammatory response in LPS-induced macrophages as well as DSS-induced
colitis mice.

2. Results
2.1. CEP Ameliorates IBD Characteristics in DSS-Induced Colitis Mice

The essential features of IBD encompass a diminished survival rate, increased body
weight loss, shortened colon length, and an elevated clinical score. To investigate the po-
tential role of CEP in colitis, we assessed these crucial characteristic indices in DSS-induced
WT and NRF2−/− mice. Pre-treatment with CEP ameliorated weight loss in DSS-induced
WT mice, however, this effect was not observed in NRF2−/− mice (Figure 1A). While DSS
dramatically reduced colon length in both WT and NRF2−/− mice, supplementation with
CEP failed to mitigate this parameter (Figure 1B). Furthermore, DSS augmented the disease
activity index (DAI) in both WT and NRF2−/− mice. Nevertheless, supplementation with
CEP significantly decreased the DAI only in WT mice but not in NRF2−/− mice (Figure 1C).
Histopathological examination evaluated the severity of inflammation and ulceration in
colitis-afflicted rodents. Crypt loss, mucosal layer destruction, and edema were exacer-
bated both in DSS-induced WT and NRF2−/− mice. Conversely, pre-treatment with CEP
effectively alleviated intestinal tissue damage only in DSS-induced WT mice, no effects on
NRF2−/− mice were observed (Figure 1D).

2.2. CEP Inhibits Oxidative Stress and Inflammatory Response in DSS-Induced Colitis Mice

Currently, mounting clinical and experimental evidence strongly supports the involve-
ment of oxidative stress in the pathogenesis of colitis. Therefore, we initially assessed
serum oxidative stress levels in DSS-induced mice. Our results demonstrated that DSS
treatment significantly increased MDA levels to 5.51 nM/mL in serum from WT mice,
while pre-treatment with CEP dramatically reduced MDA level to 2.45 nM/mL in WT
mice, however it had no impact on NRF2−/− mice (Figure 2A). Next, we evaluated change
in GSH content in DSS-induced WT and NRF2−/− mice. DSS markedly decreased GSH
content to 35.53 µg/mL in the serum of WT mice, whereas CEP significantly increased
the GSH level to 55.02 µg/mL in WT mice; however, it also had no effect on NRF2−/−

mice (Figure 2B). Inflammatory response is a prominent characteristic of colitis, therefore,
pro-inflammatory cytokines were measured in DSS-induced WT and NRF2−/− mice. Our
findings showed that DSS increased the expression of pro-inflammatory cytokines TNF-α,
IL-1β, IL-6, IL-9, IL-13, and IL-23 in both WT and NRF2−/− mice. Pre-treatment with CEP
inhibited the expression of pro-inflammatory cytokines in DSS-induced mice but failed to
inhibit their rise in DSS-induced NRF2−/− mice (Figure 2C–H).
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Figure 1. The ameliorative effects of CEP on DSS-induced colitis mice. WT and NRF2−/− mice were 
pre-treated with CEP for one week followed by treatment with DSS for an additional week. (A) The 
weight loss (initial body weight minus trial termination body weight) of DSS- and CEP-treated WT 
and NRF2−/− mice, “ns” representative no significance (n = 8–12). (B) The colon length of DSS- and 
CEP-treated WT and NRF2−/− mice, “ns” representative no significance (n = 8–12). (C) The disease 
activity index (DAI) of DSS- and CEP-treated WT and NRF2−/− mice, “ns” representative no signifi-
cance (n = 8–12). (D) H&E staining was performed on colon tissue from DSS- and CEP-treated WT 
and NRF2−/− mice, magnification shown is 10×, and the scale bar represents 200 μm (n = 3–5). The 
results shown are means ± SEM, * p < 0.05, and *** p < 0.001. 

2.3. CEP Maintains Proper Intestinal Epithelium Barrier in DSS-Induced Colitis Mice 
Immunohistochemistry analysis revealed a decrease in mucin 2 (MUC2) protein ex-

pression in both DSS-induced WT and NRF2−/− mice. In WT mice, CEP promoted the ex-
pression of MUC2 in colon tissue, while no effects were observed in NRF2−/− mice (Figure 
3A). Tight junction proteins play a crucial role in maintaining the integrity of the intestinal 
epithelial barrier. Therefore, we evaluated the levels of ZO-1, Claudin-1, and Occludin in 
colon tissue from WT and NRF2−/− mice. Immunohistochemistry results demonstrated that 
DSS significantly disrupted the structure of colon tissue and reduced the expression of 
ZO-1, Claudin-1, and Occludin in both DSS-induced WT and NRF2−/− mice. However, pre-
treatment with CEP effectively mitigated the colon tissue damage by restoring its struc-
tural integrity and enhancing the expression of ZO-1, Claudin-1, and Occludin specifically 
in WT mice but had no effect on NRF2−/− mice. 

Figure 1. The ameliorative effects of CEP on DSS-induced colitis mice. WT and NRF2−/− mice were
pre-treated with CEP for one week followed by treatment with DSS for an additional week. (A) The
weight loss (initial body weight minus trial termination body weight) of DSS- and CEP-treated WT
and NRF2−/− mice, “ns” representative no significance (n = 8–12). (B) The colon length of DSS-
and CEP-treated WT and NRF2−/− mice, “ns” representative no significance (n = 8–12). (C) The
disease activity index (DAI) of DSS- and CEP-treated WT and NRF2−/− mice, “ns” representative no
significance (n = 8–12). (D) H&E staining was performed on colon tissue from DSS- and CEP-treated
WT and NRF2−/− mice, magnification shown is 10×, and the scale bar represents 200 µm (n = 3–5).
The results shown are means ± SEM, * p < 0.05, and *** p < 0.001.
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Figure 2. CEP inhibits oxidative stress and inflammatory response in DSS-induced colitis mice. (A) 
The MDA level in serum from CEP and DSS treatment WT and NRF2−/− mice, “ns” representative 
no significance (n = 3). (B) The GSH level in serum from CEP and DSS treatment WT and NRF2−/− 
mice, “n” representative no significance (n = 3). (C–H). qRT-PCR analyzed the expression of the pro-
inflammatory cytokines TNF-α, IL-6, IL-1β, IL-9, IL-13, and IL-23 in colon tissue homogenate, “n” 
representative no significance (n = 3). The results shown are means ± SEM, * p < 0.05, ** p < 0.01, and 
*** p < 0.001. 

2.4. CEP Inhibits Inflammatory Response and Oxidative Stress in LPS-Induced Macrophages 
Next, we investigated the impact of CEP on inflammatory response and oxidative 

stress in LPS-induced macrophages. The concentration of CEP (20 μM) for macrophage 
treatment was determined based on the results obtained from the CCK8 assay (Figure 4A). 
qRT-PCR analysis revealed a significant inhibition of IL-6 and IL-1β expression in LPS-
induced macrophages following pre-treatment with CEP (Figure 4B,C). Western blot anal-
ysis demonstrated that COX-2 and iNOS expression were suppressed by pre-treatment 
with CEP in LPS-induced macrophages (Figure 4D–F). These findings indicate that sup-
plementation with CEP effectively attenuates the inflammatory response in LPS-induced 
macrophages. Furthermore, we evaluated the effects of CEP on oxidative stress. Our re-
sults showed that GSH levels were significantly reduced to 10.85 μg/106 cells upon expo-

Figure 2. CEP inhibits oxidative stress and inflammatory response in DSS-induced colitis mice.
(A) The MDA level in serum from CEP and DSS treatment WT and NRF2−/− mice, “ns” represen-
tative no significance (n = 3). (B) The GSH level in serum from CEP and DSS treatment WT and
NRF2−/− mice, “ns” representative no significance (n = 3). (C–H). qRT-PCR analyzed the expression
of the pro-inflammatory cytokines TNF-α, IL-6, IL-1β, IL-9, IL-13, and IL-23 in colon tissue ho-
mogenate, “ns” representative no significance (n = 3). The results shown are means ± SEM, * p < 0.05,
** p < 0.01, and *** p < 0.001.

2.3. CEP Maintains Proper Intestinal Epithelium Barrier in DSS-Induced Colitis Mice

Immunohistochemistry analysis revealed a decrease in mucin 2 (MUC2) protein ex-
pression in both DSS-induced WT and NRF2−/− mice. In WT mice, CEP promoted the
expression of MUC2 in colon tissue, while no effects were observed in NRF2−/− mice
(Figure 3A). Tight junction proteins play a crucial role in maintaining the integrity of the
intestinal epithelial barrier. Therefore, we evaluated the levels of ZO-1, Claudin-1, and
Occludin in colon tissue from WT and NRF2−/− mice. Immunohistochemistry results
demonstrated that DSS significantly disrupted the structure of colon tissue and reduced
the expression of ZO-1, Claudin-1, and Occludin in both DSS-induced WT and NRF2−/−

mice. However, pre-treatment with CEP effectively mitigated the colon tissue damage by
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restoring its structural integrity and enhancing the expression of ZO-1, Claudin-1, and
Occludin specifically in WT mice but had no effect on NRF2−/− mice.
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ZO-1 (B), Claudin-1 (C), and Occludin (D) in the colon tissue from DSS- and CEP-treated WT and 
NRF2−/− mice, magnification shown is 10×, the scale bar represents 200 μm, and the arrow marked 
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Figure 3. CEP maintains proper intestinal epithelium barrier in DSS-induced colitis mice.
(A) Immunohistochemistry analysis was performed to evaluate the expression of MUC2 in the colon
tissue from DSS- and CEP-treated WT and NRF2−/− mice treated with DSS and CEP, magnification
shown is 10×, the scale bar represents 200 µm, and the arrow marked the location and abundance of
the protein (n = 3–5). (B–D) Immunohistochemistry analysis was conducted to assess the expression
of ZO-1 (B), Claudin-1 (C), and Occludin (D) in the colon tissue from DSS- and CEP-treated WT and
NRF2−/− mice, magnification shown is 10×, the scale bar represents 200 µm, and the arrow marked
the location and abundance of the protein (n = 3–5).

2.4. CEP Inhibits Inflammatory Response and Oxidative Stress in LPS-Induced Macrophages

Next, we investigated the impact of CEP on inflammatory response and oxidative
stress in LPS-induced macrophages. The concentration of CEP (20 µM) for macrophage
treatment was determined based on the results obtained from the CCK8 assay (Figure 4A).
qRT-PCR analysis revealed a significant inhibition of IL-6 and IL-1β expression in LPS-
induced macrophages following pre-treatment with CEP (Figure 4B,C). Western blot anal-
ysis demonstrated that COX-2 and iNOS expression were suppressed by pre-treatment
with CEP in LPS-induced macrophages (Figure 4D–F). These findings indicate that sup-
plementation with CEP effectively attenuates the inflammatory response in LPS-induced
macrophages. Furthermore, we evaluated the effects of CEP on oxidative stress. Our results
showed that GSH levels were significantly reduced to 10.85 µg/106 cells upon exposure to
LPS, while supplementation with CEP increased it to 12.26 µg/106 cells in macrophages
(Figure 4G). Flow cytometry and cell fluorescence data indicated a substantial increase in
ROS levels upon exposure to LPS, which were dramatically decreased by treatment with
CEP in macrophages (Figure 4H,I).
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treated macrophages (n = 3). (D–F) Western blot analysis of the impact of CEP on the expression of 
COX-2 (E) and iNOS (F) in LPS-induced macrophages (n = 3). (G) The GSH level in the medium of 
CEP and LPS induced-macrophages (n = 3). (H,I) Flow cytometry and cell fluorescence analyzed the 
production of ROS in LPS-induced macrophages (n = 3). The results shown are means ± SEM, * p < 
0.05, ** p < 0.01, and *** p < 0.001. 
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dative stress and inflammatory response by activating NRF2 and its related signaling 
pathway. To further elucidate the underlying mechanism of CEP, we measured its effects 
on LPS-induced macrophages derived from NRF2−/− mice. Western blot analysis revealed 
that while CEP failed to enhance the expression of the HO-1/NQO-1 signaling pathway in 
these cells (Figure 7A–C), it did promote the phosphorylation of the AMPK-α1/AKT/GSK-
3β signaling pathway (Figure 7D–G). These results suggest that CEP activates the phos-
phorylation of the AMPK-α1/AKT/GSK-3β signaling pathway, subsequently facilitating 
NRF2 activation, and thereby inhibiting oxidative stress in macrophages. To further vali-
date these observations, we evaluated the impact of CEP on LPS-induced primary perito-

Figure 4. CEP inhibits inflammatory response and oxidative stress in LPS-induced macrophages.
(A) The CCK8 assay analyzed the impact of CEP on macrophage viability (n = 5). (B,C) qRT-CPR
analyzed the expression of the pro-inflammatory cytokines IL-6 (B) and IL-1β (C) in LPS and CEP
treated macrophages (n = 3). (D–F) Western blot analysis of the impact of CEP on the expression of
COX-2 (E) and iNOS (F) in LPS-induced macrophages (n = 3). (G) The GSH level in the medium of
CEP and LPS induced-macrophages (n = 3). (H,I) Flow cytometry and cell fluorescence analyzed
the production of ROS in LPS-induced macrophages (n = 3). The results shown are means ± SEM,
* p < 0.05, ** p < 0.01, and *** p < 0.001.

2.5. The Effects of CEP on NRF2/HO-1/NQO-1, and AMPK-α1/AKT/GSK-3β
Signaling Pathways

NRF2, is the most crucial transcription factor against oxidative stress and plays a
pivotal role in anti-oxidants and inflammation relief [33]. Therefore, we investigated the
effects of CEP on NRF2 and its related signaling pathway. The results indicated that treat-
ment with CEP promoted the expression of NRF2/HO-1/NQO-1 in a time-dependent
manner (Figure 5A–D), suggesting that CEP may possess anti-oxidative properties. Pre-
vious studies have demonstrated that GSK-3β is a novel regulator of NRF2, therefore,
the anti-oxidative property of NRF2 may be associated with the phosphorylation of the
AMPK-α1/AKT/GSK-3β signaling pathway [34]. Consequently, we explored the impact
of CEP on the AMPK-α1/AKT/GSK-3β signaling pathway in macrophages. Our findings
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revealed that CEP enhanced the phosphorylation of the AMPK-α1/AKT/GSK-3β signaling
pathway (Figure 5E–H).
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Figure 5. The effects of CEP on the NRF2/HO-1/NQO-1, and AMPK-α1/AKT/GSK-3β signaling
pathways. (A–D) Western blot analysis of the impact of CEP on the expression of NRF2 (B), HO-1 (C),
and NQO-1 (D) signaling pathway in LPS-induced macrophages (n = 3). (E–H) Western blot analysis
of the impact of CEP on the phosphorylation of the AMPK-α1 (F), AKT (G), and GSK-3β (H) signaling
pathways in LPS-induced macrophages (n = 3). The results shown are means ± SEM, * p < 0.05,
** p < 0.01, and *** p < 0.001.

2.6. CEP Inhibits the Phosphorylation of MAPKs and the NF-κB Signaling Pathway

The Western blot results revealed a significant upregulation of the ERK and JNK
signaling pathway phosphorylation upon LPS stimulation, whereas pretreatment with CEP
effectively attenuated the phosphorylation effects (Figure 6A–C). Additionally, CEP exhib-
ited inhibitory effects on the NF-κB p65 signaling pathway in LPS-induced macrophages
(Figure 6D,E).

2.7. The Effects of CEP on Oxidative Stress in LPS-Induced NRF2−/− Mice Primary
Peritoneal Macrophages

Our above findings have demonstrated that CEP exerts a protective role against ox-
idative stress and inflammatory response by activating NRF2 and its related signaling
pathway. To further elucidate the underlying mechanism of CEP, we measured its ef-
fects on LPS-induced macrophages derived from NRF2−/− mice. Western blot analysis
revealed that while CEP failed to enhance the expression of the HO-1/NQO-1 signal-
ing pathway in these cells (Figure 7A–C), it did promote the phosphorylation of the
AMPK-α1/AKT/GSK-3β signaling pathway (Figure 7D–G). These results suggest that CEP
activates the phosphorylation of the AMPK-α1/AKT/GSK-3β signaling pathway, subse-
quently facilitating NRF2 activation, and thereby inhibiting oxidative stress in macrophages.
To further validate these observations, we evaluated the impact of CEP on LPS-induced
primary peritoneal macrophages obtained from NRF2−/− mice. Our data indicated that
CEP failed to suppress MDA production and had no effect on the reduced GSH levels in
LPS-induced primary peritoneal macrophages obtained from NRF2−/− mice (Figure 7H,I).
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Collectively, our experiments revealed that although CEP activates the phosphorylation of
the AMPK-α1/AKT/GSK-3β signaling pathway, it is evident that NRF2 plays a pivotal
role in protecting against oxidative stress in macrophages.
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Figure 6. CEP inhibits the phosphorylation of MAPKs and the NF-κB signaling pathway.
(A–C) Western blot analysis of the impact of CEP on the phosphorylation of ERK (B), and JNK
(C) signaling pathways in LPS-induced macrophages (n = 3). (D,E) Western blot analysis of the im-
pact of CEP on the phosphorylation of the NF-κB p65 signaling pathway in LPS-induced macrophages
(n = 3). The results shown are means ± SEM, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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macrophages. (A–C) Western blot analysis of the impact of CEP on the expression of HO-1 (B), and 
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and NQO-1 (C) signaling pathway in primary peritoneal macrophages from NRF2−/− mice, “ns”
representative no significance (n = 3). (D–G) Western blot analysis of the impact of CEP on the phos-
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“ns” representative no significance, (n = 3). The results shown are means ± SEM, * p < 0.05.
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3. Discussion

IBD is a highly prevalent chronic gastrointestinal disease globally, and is characterized
by a complex pathogenesis involving various factors such as host genetics, intestinal micro-
biota, environmental triggers, lifestyle factors, and diet [35]. The interaction among these
multiple components disrupts the balance within the intestinal mucosa while also altering
immune responses [36], leading to an increase in permeability of the intestinal epithelium.
The invasion of enterocoel through the epithelial layer triggers immune cell activation
and induces the production of pro-inflammatory cytokines. Chronic local inflammation
further enhances the generation and release of ROS by immune cells, which serve as crucial
signaling molecules in immunological functions [8]. However, excessive production of
ROS and related products in the actively inflamed mucosal microenvironment leads to
collateral damage, including intestinal inflammation and tissue destruction [9]. Accumu-
lating evidence suggests that oxidative stress plays a pivotal role in the pathogenesis of
IBD. Therefore, reducing ROS levels and inhibiting oxidant stress may have significant
therapeutic implications for IBD.

CEP is a biscoclaurine alkaloid derived from Stephania cepharantha Hayata, which has
been extensively utilized in Japan for over 40 years for the treatment of acute and chronic
diseases [37]. CEP exhibits diverse pharmacological activities, including anti-inflammatory
effects by reducing NLRP3 inflammasome activation [26] and inhibiting MAPKs and NF-κB
p65 signaling pathways [27,28], as well as anti-oxidative stress, anti-autophagy, and anti-
viral effects [26,30,31]. Furthermore, CEP enhances the sensitivity of host cells to anti-cancer
agents [30,32], without exerting any direct impact on cancer itself. The objective of this
study is to investigate the effects of CEP on oxidative stress and inflammatory response
both in vivo and in vitro.

The essential features of IBD include a depressed survival rate, increased body weight
loss, shortened colon length, and elevated clinical score [38]. Our findings demonstrated
that supplementation with CEP significantly improves weight loss, DAI, and colon tissue
impairment in DSS-induced WT mice but not in NRF2−/− mice. This is consistent with
previous studies showing that CEP inhibits the increased weight loss, rise of DAI and
histological score in DSS-induced WT colitis mice [39,40]. Transient middle cerebral artery
occlusion (tMCAO) increases levels of ROS and MDA, while decreasing SOD levels in
mice. However, supplementation with CEP significantly ameliorates oxidative stress in the
tMCAO-induced mouse model [26]. Furthermore, CEP inhibits inflammatory response in
LPS-induced acute lung injury and the DSS-induced colitis mouse model [28,39]. In this
study, we found that supplementation with CEP inhibits oxidative stress and inflammatory
response in DSS-induced WT mice, but not in NRF2−/− mice. Additionally, we found that
supplementation with CEP maintains proper intestinal epithelium barrier in DSS-induced
WT mice. Our results demonstrated that CEP provides a protective role against oxidative
stress and inflammatory response in DSS-induced mice. Moreover, CEP had no significant
effects on the characteristics observed in DSS-induced NRF2−/− colitis mice, suggesting
that the protective functions of CEP on oxidative stress and inflammatory response are in a
NRF2-dependent manner.

To further investigate the effects of CEP on oxidative stress and inflammatory response,
we assessed its impact on LPS-induced inflammatory response and oxidative stress in
macrophages. Our findings demonstrated that 10 µM CEP effectively attenuates the
expression of pro-inflammatory cytokines IL-6 and IL-1β, as well as pro-inflammatory
mediators iNOS and COX-2 in LPS-stimulated macrophages. Moreover, supplementation
with CEP was observed to enhance the reduced GSH level while reducing ROS production
in LPS-treated macrophages. These results are consistent with previous studies highlighting
the potent anti-inflammatory and anti-oxidant properties of CEP [28,41]. Collectively, our
findings along with prior research, provide compelling evidence for the inhibitory effects
of CEP on both inflammatory responses and oxidative stress.

Next, we explored the potential mechanism of CEP on oxidative stress and inflamma-
tory response. NRF2 is a pivotal transcription factor that plays a crucial role in combating
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oxidative stress and inflammatory response [33]. Therefore, we examined the impact
of CEP on NRF2 and its associated signaling pathway. Our results demonstrated that
supplementation with CEP significantly upregulated the expression of NRF2/HO-1/NQO-
1 in a time-dependent manner, indicating the essential role of NRF2 in mediating the
anti-oxidative and anti-inflammatory effects of CEP. AMPK activation regulates both
catabolism and anabolism, while also maintaining redox balance and modulating inflam-
matory response [42,43]. Moreover, AMPK promotes phosphorylation events involving
PI3K/AKT [44] and GSK-3β, which inhibits mitochondrial oxidative stress [45]. Previous
studies have suggested GSK-3β as a novel regulator of NRF2, therefore, it is plausible
that the anti-oxidative properties of NRF2 are associated with the involvement of phos-
phorylation events mediated by the AMPK-α1/AKT/GSK-3β signaling pathway [34].
Our findings revealed that CEP enhanced phosphorylation levels within the AMPK-
α1/AKT/GSK-3β signaling pathway. Overall, our study suggests that CEP exerts potent
anti-oxidative effects in macrophages through activation of the AMPK-α1/AKT/GSK-
3β/NRF2 signaling pathway.

Although activation of NRF2 is generally believed to counter inflammation in various
inflammatory diseases [46], natural products may also have impacts on other signaling
pathways. Our results demonstrated that supplementation with CEP significantly inhibits
the phosphorylation of the ERK, JNK, and NF-κB p65 signaling pathways in LPS-treated
macrophages. This is consistent with previous studies showing that CEP inhibits the
activation of the MAPKs and NR-κB p65 signaling pathways [28,47,48]. These findings
suggest that the effects of CEP on inflammatory response are not limited to NRF2 but also
depend on its inhibition of the ERK, JNK and NF-κB P65 signaling pathways.

Our findings in mice demonstrated that CEP fails to inhibit the oxidative stress and
inflammatory response in NRF2-deficient mice, suggesting the crucial role of NRF2 in
mediating its effects on anti-inflammatory response and oxidative stress. To validate
these results, we investigated the impact of CEP on primary peritoneal macrophages from
NRF2−/− mice. The outcomes revealed that CEP failed to enhance the expression of the
HO-1/NQO-1 signaling pathway; however, it activated the phosphorylation of the AMPK-
α1/AKT/GSK-3β signaling pathway in primary peritoneal macrophages from NRF2−/−

mice. Moreover, CEP had no influence on MDA levels and reduced GSH levels in LPS-
induced primary peritoneal macrophages from NRF2−/− mice. These findings suggest that
while NRF2 plays a significant role in the antioxidant activity of CEP, it also activates the
phosphorylation of the AMPK-α1/AKT/GSK-3β pathway which is an upstream regulator
of NRF2.

4. Materials and Methods
4.1. Animal Model

WT and NRF2−/− C57BL/6 mice aged 6–8 weeks-old were utilized in this study.
All mice were housed under controlled conditions at a temperature of 22–23 ◦C on a
12 h light/dark cycle, with ad libitum access to food and water. The mice were randomly
divided into six groups, each containing 8–12 individuals: NT group; DSS group, where the
animals received a solution of 3% (w/v) DSS via drinking water for one week; DSS + CEP
group, where the mice were administered CEP through intragastric gavage at a dosage
of 10 mg/kg, based on previous research [48], followed by DSS treatment for another
week. All experimental procedures involving animal subjects have been approved by the
Committee of Scientific Research at Shanxi University.

4.2. Disease Activity Index

Throughout the experiment of DSS-induced colitis, mice were closely monitored for
changes in body weight, stool consistency, and fecal occult blood. Disease activity index
(DAI) scores were determined using a previously established scoring system [49].
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4.3. Hematoxylin and Eosin (H&E) Staining

The colon tissue samples obtained from mice were washed with phosphate-buffered
saline (PBS), fixed in a solution containing 4% paraformaldehyde, embedded in paraffin,
sectioned into 5 µM slices, and subsequently stained with hematoxylin and eosin.

4.4. Cell Culture

The murine macrophage cell line RAW264.7 was obtained from BeNa Culture Collec-
tion and cultured in Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Sorfa, Beijng, China). The cells were incubated
at a temperature of 37 ◦C with 5% CO2 in a humidified chamber.

4.5. Cell Viability Assay

RAW264.7 macrophages were seeded in 96-well plates and pre-treated with various
concentrations of CEP (2, 5, 10, 20, 40, 60, and 80 µM) for a duration of 24 h. Following the
incubation, cck8 solution (1 mg/mL) of the Cell Counting Kit (CCK8, 40203ES60, Yeasen,
Shanghai, China) was added to each well at a volume of 10 µL/well and allowed to react
for a period of 30 min. Subsequently, dimethyl sulfoxide (DMSO) was introduced into each
well followed by reading of absorbance using a microplate reader set at an wavelength
of 450 nm.

4.6. Western Blot

Total protein was extracted from RAW264.7 macrophages and primary peritoneal
macrophages using radio immunoprecipitation lysis buffer (RIPA, Solarbio, Beijing, China)
supplemented with phenylmethylsulfonyl fluoride (PMSF) and phosphatase inhibitors
(Solarbio, Beijing, China). The protein was collected, and its concentration was measured
using a Pierce BCA protein assay kit (Thermo, Rockford, IL, USA). Equal amounts of
proteins were separated by electrophoresis on SDS-PAGE gels and subsequently transferred
onto PVDF membranes. Blocking was with TBST containing non-fat milk powder, the
membranes were incubated overnight at 4 ◦C with primary antibodies. The primary
antibodies against NRF2, p-AKT, AKT, iNOS (Cell Signaling Technology, Danvers, MA,
USA), and HO-1, NQO-1, COX-2, p-GSK-3β, GSK-3β, p-AMPK-α1, AMPK-α1, p-ERK,
EKR, p-JNK, JNK, p-P38, P38, p-NF-κB p65, NF-κB p65, and GAPDH (ABclonal, Wuhan,
China) were diluted to a ratio of 1:2000. Before adding secondary antibodies (goat anti-
rabbit or goat anti-mouse) diluted to a concentration of 1:10,000 (ABclonal, Wuhan, China),
the membranes were washed four times with TBST for 15 min each time. Membranes were
visualized using an Amersham Imager 600 (a gel imaging system from GE Co., Fairfield,
CT, USA) after applying enhanced chemiluminescence. For detailed information of WB
procedures, refer to our previous study [50].

4.7. Real-Time Quantitative PCR

Total RNA was extracted from cells/colon tissue using Trizol reagent (TransGen
Biotech) following the manufacturer’s protocol. The isolated RNA was treated with DNase
I (Sigma, St. Louis, MO, USA), quantified, and reverse transcribed into cDNA using
TransScript first-strand cDNA synthesis SuperMix (TransGen Biotech, Beijing, China).
Real-time quantitative PCR was performed in the ABI PRISM®7500 real-time PCR system
(Applied Biosystems, Foster City, CA, USA) utilizing SYBR® Premix Ex Taq™ II (Tli RNase
H Plus) (TaKaRa, Dalian, China). The primer sequences are shown below. TNF-α, F:
5′-GCAACTGCTGCACGAAATC-3′, R: 5′-CTGCTTGTCCTCTGCCCAC-3′; IL-1β, F: 5′-
GTTCCCATTAGACAACTGCACTACAG-3′,R: 5′-GTCGTTGCTTGGTTCTCCTTGTA-3′;
IL-6, F: 5′-CCAGAAACCGCTATGAAGTTCC-3′, R: 5′-GTTGGGAGTGGTATCCTCTGTGA-
3′; IL-9, F: 5′-ATGTTGGTGACATACATCCTTGC-3′, R: 5′-TGACGGTGGATCATCCTTCAG-
3; IL-13, F: 5′-TGAGCAACATCACACAAGACC-3′, R: 5′-GGCCTTGCGGTTACAGAGG-3′;
IL-23, F: 5′-CAGCAGCTCTCTCGGAATCTC-3′, R: 5′-TGGATACGGGGCACATTATTTTT-
3′; β-actin, F: 5′-GTCAGGTCATCACTATCGGCAAT-3′, R: 5′-AGAGGTCTTTACGGATGTC
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AACGT-3′. Each of the samples were analyzed in triplicate, in a similar manner to our
previous study [51].

4.8. Reactive Oxygen Species (ROS) Detection

RAW264.7 macrophages and primary peritoneal macrophages were cultured in 6-well
plates and pre-treated with a concentration of 10 µM CEP for 1 h. Subsequently, the cells
were exposed to LPS for a period of 12 h. Intracellular levels of ROS were quantified using
the Reactive Oxygen Species Assay Kit (Solarbio, CA1410, Beijing, China) using a DCFH-
DA ROS probe following the manufacturer’s instructions. The fluorescence intensity was
then measured using flow cytometry and a fluorescence microscope. Detailed experimental
procedures are outlined in the kit instructions.

4.9. MDA and Reduced GSH Detection

The MDA content in the serum of mice and primary peritoneal macrophages was
quantified using a Malondialdehyde (MDA) Content Assay Kit (Solarbio, BC0025, Beijing,
China). The GSH content in the serum of mice, RAW264.7 macrophages and primary
peritoneal macrophages was determined using the Reduced Glutathione (GSH) Content
Assay Kit (Solarbio, BC1175, Beijing, China). Detailed experimental procedures are outlined
in the kit instructions.

4.10. Statistical Analysis

In this study, the data were presented as mean ± SEM. Statistical analysis was per-
formed using GraphPad Prism software version 7.00. Group comparisons were conducted
using one-way ANOVA followed by the least significant difference test (* p < 0.05, ** p < 0.01,
*** p < 0.001). Two-group comparisons were analyzed using Student’s t-test (* p < 0.05).
Each group in this study was replicated three times.

5. Conclusions

In conclusion, our study based on in vitro and in vivo data demonstrates that CEP
exerts protective effects against oxidative stress and inflammatory responses by modulating
the activation of the AMPK-α1/AKT/GSK-3β/NRF2 signaling pathway. Specifically, NRF2
plays a crucial role in safeguarding against oxidative stress and inflammatory response
in LPS-induced macrophages and DSS-induced mice. Furthermore, CEP also triggers
the phosphorylation of the JNK/ERK and NF-κB p65 signaling pathways, which are
crucial for mediating inflammatory response. Our findings highlight the potential of
CEP in ameliorating intestinal oxidative stress and inflammatory response. Moreover, the
anti-oxidative and anti-inflammatory properties of CEP may have implications for other
diseases characterized by inflammatory response and oxidative stress; however, further
extensive experiments are warranted to validate this hypothesis. Nevertheless, this study
substantiates the antioxidant and anti-inflammatory effects of CEP while elucidating its
potential mechanisms of action.
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Abstract: The activation of innate antiviral immunity is a promising approach for combatting viral
infections. In this study, we screened Chinese herbs that activated human immunity and identified
coptisine as a potent inhibitor of the influenza virus with an EC50 of 10.7 µM in MDCK cells. The
time of an addition assay revealed that pre-treatment with coptisine was more effective at reducing
viral replication than co-treatment or post-treatment. Our bulk RNA-sequencing data showed
that coptisine upregulated the p21 signaling pathway in MDCK cells, which was responsible for
its antiviral effects. Specifically, coptisine increased the expression of p21 and FOXO1 in a dose-
dependent manner while leaving the MELK expression unchanged. Docking analysis revealed that
coptisine likely inhibited MELK activity directly by forming hydrogen bonds with ASP-150 and
GLU-87 in the catalytic pocket. These findings suggest that coptisine may be a promising antiviral
agent that regulates the p21 signaling pathway to inhibit viral replication.

Keywords: coptisine; influenza virus; antiviral; p21

1. Introduction

The influenza virus, as a member of the Orthomyxoviridae family [1], cause acute
respiratory infections in humans and are responsible for 300,000–500,000 deaths each
year worldwide, with a mortality rate of approximately 0.3–0.5% [2]. These viruses can
be divided into four types (A, B, C, and D) based on their core proteins [3,4]. Seasonal
influenza viruses that circulate in the population are typically Type A (H1N1 and H3N2
subtypes) and Type B (Yamagata and Victoria strains). Influenza A virus (IAV) has a large
number of hosts in nature and is more prone to mutations or reassortments, resulting in a
rapid spread in the population [5]. While vaccination and antiviral drugs are the primary
treatments for influenza, the emergence of viral resistance [6,7] and adverse side effects [8,9]
have made the discovery of new antiviral drugs a pressing concern.

The principle of action for synthetic antiviral drugs is mainly to target enzymes or
proteins in relation to replication and release in the virus [10–12], thereby preventing the
virus from continuing to infect other normal cells. Unlike synthetic drugs, traditional
Chinese medicine often indirectly inhibits viruses by activating innate antiviral immunity
in the host cells [13–15]. Therefore, we screened the effective ingredients of some Chinese
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herbs that could activate human immunity [16,17], hoping to obtain some phytochemicals
with anti-influenza virus activity from them.

In this study, we first identified the anti-IAV activity of coptisine in vitro and eluci-
dated its potential mechanism of action for inhibiting IAV infection. Coptisine (Figure 1A)
is a bioactive isoquinoline alkaloid derived from Coptis chinensis Franch. The antiviral
properties of Coptis chinensis have been reported [18], but the bioactive components and
pharmacological mechanism need further exploration. We first confirmed the anti-influenza
virus activity of coptisine in vitro through a CPE reduction experiment and plaque exper-
iment. Next, we speculated that coptisine could resist influenza infection by activating
host immunity and then designed a time addition experiment to confirm our hypothesis.
Finally, we elucidated the signaling pathways activated by coptisine at the molecular level
through RNA sequencing and a series of biochemical experiments. Our results indicate
that coptisine could be used as a MELK inhibitor to manage influenza virus infection.

Molecules 2023, 28, x FOR PEER REVIEW 2 of 9 
 

 

the host cells [13–15]. Therefore, we screened the effective ingredients of some Chinese 
herbs that could activate human immunity [16,17], hoping to obtain some phytochemicals 
with anti-influenza virus activity from them. 

In this study, we first identified the anti-IAV activity of coptisine in vitro and eluci-
dated its potential mechanism of action for inhibiting IAV infection. Coptisine (Figure 1A) 
is a bioactive isoquinoline alkaloid derived from Coptis chinensis Franch. The antiviral 
properties of Coptis chinensis have been reported [18], but the bioactive components and 
pharmacological mechanism need further exploration. We first confirmed the anti-influ-
enza virus activity of coptisine in vitro through a CPE reduction experiment and plaque 
experiment. Next, we speculated that coptisine could resist influenza infection by activat-
ing host immunity and then designed a time addition experiment to confirm our hypoth-
esis. Finally, we elucidated the signaling pathways activated by coptisine at the molecular 
level through RNA sequencing and a series of biochemical experiments. Our results indi-
cate that coptisine could be used as a MELK inhibitor to manage influenza virus infection. 

 
Figure 1. In vitro inhibitory activity of coptisine against H1N1 influenza virus infection. (A) Chem-
ical structure of coptisine. (B) For the cytopathic effect assay, the H1N1 virus was incubated with 
coptisine at 4 °C for 30 min before infecting MDCK cells at 37 °C for 2 h. Subsequently, the viral 
inoculum was removed and replaced by adding coptisine. CPE was observed at 24 h post−incuba-
tion by microscopy. For the cytotoxicity test, coptisine was applied to MDCK cells and incubated 
for 24 h at the indicated concentrations. Then, cell viability was measured by the CCK−8 reagent. 
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p < 0.005, compared with H1N1−treated) (D) Representative images of viral plaques in each histo-
gram are shown in (C). 
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Figure 1. In vitro inhibitory activity of coptisine against H1N1 influenza virus infection. (A) Chemical
structure of coptisine. (B) For the cytopathic effect assay, the H1N1 virus was incubated with coptisine
at 4 ◦C for 30 min before infecting MDCK cells at 37 ◦C for 2 h. Subsequently, the viral inoculum
was removed and replaced by adding coptisine. CPE was observed at 24 h post−incubation by
microscopy. For the cytotoxicity test, coptisine was applied to MDCK cells and incubated for 24 h at
the indicated concentrations. Then, cell viability was measured by the CCK−8 reagent. The EC50

and CC50 values were calculated using the inhibitor dose−response function in Prism 5. (C) After
treating the cells as described in B, the viral titer was detected by a plaque assay and shown as a log
value. Bars represent the mean and SD of three biological replicates, with dots representing the values
of the replicates. Statistical significance was analyzed with Dunnett’s test (** p < 0.01; *** p < 0.005,
compared with H1N1−treated) (D) Representative images of viral plaques in each histogram are
shown in (C).

2. Results
2.1. Antiviral Activity of Coptisine against H1N1 In Vitro

The influenza virus infection could cause typical cell cytopathic effects (CPE) [1]. To
determine the antiviral activity of Coptisine, a combination of Coptisine and the H1N1 virus
was inoculated into MDCK cells. After the virus was removed, Coptisine was supplemented
for 24 h. The results show that Coptisine significantly reduced CPE formation on MDCK
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cells induced by an H1N1 virus in a dose-dependent manner, with an EC50 of 12.04 µM
(Figure 1B).

To further evaluate the anti-influenza virus efficacy of Coptisine, we assessed the
effect of Coptisine on the virus titer in the cell supernatant using a plaque reduction
assay 48 h after administration. The results showed that the plaque of each group treated
with different concentrations of Coptisine was significantly reduced compared to the
control group, indicating that Coptisine could reduce H1N1 replication in the MDCK
cell (Figure 1C,D). These in vitro experiments demonstrate that Coptisine has significant
antiviral efficacy against the H1N1 influenza virus.

2.2. Administering Coptisine before Infection Is More Effective in Exerting Its Antiviral Effects

Drawing on the traditional Chinese medical science theory and previous research on
TCM’s antiviral mechanisms [19], we postulated that coptisine’s antiviral action involved
directly activating the innate antiviral immunity of host cells. We conducted a time-of-
addition assay (Figure 2A) using a concentration of 5× EC50 coptisine and designed various
medication modes, including pre-treatment, co-treatment, and post-treatment. Our findings
demonstrate that coptisine treatment improved the cell viability reduction caused by viral
infections at 24-, 48-, and 72 h post-infection (hpi). A microscopic observation (Figure 2B)
reveals that the morphology and cell density of coptisine-treated cells were superior to
those of the H1N1 infection group at different time points post-infection. The histogram
of cell viability (Figure 2C) indicated no significant differences among the three groups at
24 and 48 hpi. However, at 72 h post-infection, the pre-treatment group’s cell viability was
significantly higher than the other groups, suggesting that administering coptisine before
infection was more effective when exerting its antiviral effects. Taken together, our results
suggest that coptisine, when added 24 h before infection, could alleviate the influenza virus
infection’s damage and suppress IAV infection, indicating that coptisine might activate the
innate antiviral immunity of host cells.
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were inoculated with H1N1 and treated with ~10 times the EC50 of coptisine or oseltamivir. Cell 
viability was measured at 24, 48, and 72 hpi. (B) MDCK cells were infected with H1N1, and oselta-
mivir or coptisine was added at different time points, as shown in (A). Microscopic images of cells 
were observed at 24, 48, and 72 hpi. (C) Measuring cell viability at different time points after treating 
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Figure 2. Time−of−addition assay used to identify the steps of the H1N1 virus life cycle, which
could be inhibited by coptisine. (A) Schematic outline of the time−of−addition assay. MDCK
cells were inoculated with H1N1 and treated with ~10 times the EC50 of coptisine or oseltamivir.
Cell viability was measured at 24, 48, and 72 hpi. (B) MDCK cells were infected with H1N1, and
oseltamivir or coptisine was added at different time points, as shown in (A). Microscopic images of
cells were observed at 24, 48, and 72 hpi. (C) Measuring cell viability at different time points after
treating MDCK cells with different protocols, and the results are presented as histograms. Each bar
represents the mean ± SD of three independent experiments. Statistical significance was analyzed
with Dunnett’s test (* p < 0.05; ** p < 0.01; *** p < 0.005, compared with blank).
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2.3. Coptisine Upregulates the Expression of CDKNI1A and FOXO1

After confirming that coptisine could resist influenza viruses by activating the host’s
innate immune response, we aimed to further explore the relevant genes and signaling
pathways involved in the innate immune response against viruses activated by coptisine.
Therefore, we performed bulk RNA sequencing to identify the critical genes regulated
by coptisine. The volcano plot in Figure 3A displays the distribution of differential gene
expressions between the two samples. Among the genes significantly upregulated by
coptisine, CDKN1A could be associated with host immunity. The protein p21 encoded by
CDKN1A plays a crucial role in maintaining the balance of innate immune activity [20,21].
The study of Ma C et al. also showed that p21 is influenza limiting factor [22]. Figure 3B
summarizes the enriched pathways, highlighting pathways related to CDKN1A in red,
including the cell cycle, FoxO signaling pathway, Epstein–Barr virus infection, and some
cancers. It is worth noting that the FoxO signaling pathway could regulate cellular antiviral
response [23]. The heatmap displays that the expression levels of upstream and downstream
genes of CDKN1A could be upregulated by coptisine in MDCK cells (Figure 3C). The
RNA-Seq data were deposited in GEO (GSE232189). To further demonstrate the above
conclusions, we validated the expression of CDKN1A and its upstream regulator, FOXO1,
at the mRNA and protein levels. The RT-qPCR results (Figure 3D) show that coptisine
significantly upregulated the mRNA expression of CDKN1A at lower concentrations
(2.5 µM), but only when the concentration reached 10 µM increased the expression of
FOXO1 significantly. The following Western blot (Figure 3E) showed consistent results
with RT-qPCR.
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Figure 3. The key genes and signaling pathways modulated by coptisine were explored by bulk
RNA sequencing. (A) Volcano plot displaying differentially expressed genes between coptisine
and control groups (n = 3 biological replicates). Significant genes were called via Cuffdiff. The
red dots represent the up−regulated expressed transcripts between coptisine and control; the blue
dots represent the transcripts whose expression was down−regulated. (B) Significantly enriched
modulated KEGG pathways. The depth of the color represents the adjusted p-value, while the area of
the circle represents gene counts. The pathway marked in red font is related to CDKN1A. (C) Heat
map of differential expression of genes associated with CDKN1A between the control and coptisine
groups (n = 3 biologically independent cell samples; FDR < 0.001). Statistical tests were embedded in
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Cuffdiff. Each row represents a gene; red means an increased gene expression, blue means decreased
gene expression, and the darker the color, the more obvious the trend is. Heatmap analysis shows that
coptisine could significantly upregulate or downregulate the expression of certain genes compared to
the controls. The RNA-Seq data were deposited in GEO (GSE232189) (D,E) MDCK was cultured for
24 h in the presence of different concentrations of coptisine. The total RNA was isolated to detect the
expression level of CDKN1A and FOXO1 by quantitative PCR (D). The total protein was collected for
Western blot to quantify p21 and FOXO1 (E). Each error bar represents the mean ± SD of triplicate
wells assayed for each sample. Statistical significance was analyzed with Dunnett’s test (** p < 0.01;
**** p < 0.001, compared with 0 µM).

2.4. Coptisine Might Target against MELK to Inhibit Influenza Virus

MELK (maternal embryonic leucine zipper kinase), a cell cycle-dependent protein
kinase belonging to the KIN1/PAR-1/MARK family, is a crucial target of coptisine to inhibit
the influenza virus [24]. Previous research has shown that MELK could induce p21 protein
expression through the novel substrate FOXO1 after its inhibition [25]. We conducted
experiments to determine whether coptisine inhibited MELK expression and found that it
did not decrease MELK at the gene and protein levels in MDCK cells treated with coptisine
(50 µM) for 24 h (Supplementary Figure S1A,B). However, molecular docking revealed
that coptisine could form hydrogen bonds with specific amino acid residues, including
ASP-150 and GLU-87, in the catalytic pocket of MELK, indicating coptisine’s interaction
with MELK (Supplementary Figure S1C). Therefore, we proposed that coptisine potently
inhibited MELK activity, inducing FOXO1 and its downstream p21 expression, which could
regulate the host’s immune system to resist the influenza virus infection (Supplementary
Figure S1D).

3. Discussion

This study aimed to identify active compounds from traditional Chinese medicines
that could activate the autoimmune system for antiviral drug development. Our results
showed that coptisine exhibited strong anti-influenza virus (H1N1) activities in vitro, as
confirmed by CPE reduction and plaque assays. The time of the addition assay revealed that
coptisine exerted antiviral activity by activating the host’s innate antiviral immunity. RNA
sequencing analysis indicated that coptisine upregulated the expression of CDKN1A: a gene
related to the host’s immune system. RT-qPCR and Western blot assays further confirmed
that coptisine upregulated the expression of CDKN1A and its upstream regulator, FOXO1.
Molecular docking results showed that coptisine inhibited MELK activity, an upstream
regulator of FOXO1, leading to the upregulation of FOXO1 and p21, and thereby, exerting
antiviral activity. In conclusion, our study demonstrated that coptisine, an isoquinoline
alkaloid derived from the traditional Chinese herbal medicine Coptis chinensis Franch, could
effectively improve the host’s antiviral ability by regulating the p21 signaling pathway.
According to The Plant List (http://www.theplantlist.org/, accessed on 26 June 2023),
there are a total of 13 species in the genus Coptis, including Coptis asplenifolia Salisb., Coptis
chinensis Franch., Coptis deltoidea C.Y.Cheng and P.K.Hsiao, Coptis japonica (Thunb.) Makino,
Coptis laciniata A.Gray, Coptis minamitaniana Kadota, Coptis occidentalis (Nutt.) Torr. and
A.Gray, Coptis omeiensis (C.Chen) C.Y.Cheng, Coptis quinquefolia Miq., Coptis quinquesecta
W.T.Wang, Coptis teeta Wall., Coptis trifolia (L.) Salisb., and Coptis trifoliolata (Makino) Makino.
If coptisine can be found in these species, these plants have a good chance of exhibiting
antiviral activity through the upregulation of p21 in the host cell.

4. Materials and Methods
4.1. Cells and Viruses

Madin-Darby canine kidney (MDCK) cells obtained from ATCC were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco: C11995500BT) and supplemented with
10% inactivated fetal bovine serum (FBS) (Gibco: 10270106) and 1% penicillin/streptomycin
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(Gibco: 15140-122) at 37 ◦C and 5% CO2. Coptisine was obtained from Alfa Biotechnology
Co., Ltd. (Chengdu, China; Lot. AF21091551, purity, >99.5%). The influenza A virus strain
A/PR/8/34 was propagated in MDCK cells, and its titer was determined as previously
described [16]. The viruses were stored at −80 ◦C until further use.

4.2. Cytotoxicity Assay

MDCK cells were seeded in 96-well culture plates at a density of 1.0 × 104 cells/well
and were cultured at 37 ◦C with 5% CO2 overnight. The cells were then treated with
different concentrations of coptisine obtained from the National Institutes for Food and
Drug Control (Beijing, China) for 24 h. After that, 10 µL of the CCK-8 reagent (Dojindo,
Rockville, MD, USA, CK04) was added to each well, followed by 2 h of incubation. The
absorbance was measured at 450 nm using a microplate reader (Rayto, Shenzhen, China).

4.3. Cytopathic Effect Assay

MDCK cells were seeded in 12-well plates at a density of 2.0 × 105 cells/well and
incubated at 37 ◦C with 5% CO2 overnight. The next day, different concentrations of
coptisine and A/PR/8/34 (H1N1) (MOI = 0.5) were mixed at 4 ◦C for 30 min before being
added to the MDCK cells at 37 ◦C for 2 h. After that, the supernatant was removed,
and the cells were washed twice with PBS (Solarbio, P1010, Beijing, China). Different
concentrations of chrysin were added to the cells, which were then cultured for 24 h at
37 ◦C. The cytopathic effect was observed under a microscope.

4.4. Plaque Reduction Assay

Confluent MDCK cells in 12-well plates were washed with PBS and inoculated with a
gradient dilution of the virus solution (MOI = 0.5) [Opti-MEM (Thermo Fisher Scientific,
Catalog number: 31985070, Waltham, MA, USA) with 0.3% BSA and 2.5 µg/mL TPCK-
treated trypsin (Sigma–Aldrich, Catalog number: T1426, St. Louis, MO, USA)] for 2 h.
After removing the virus inoculum, cell monolayers were overlaid with 1.5 mL of the
semisolid medium (1.5% CMCNa:DMEM = 1:1, with 0.3% BSA and 2.5 µg/mL TPCK-
treated trypsin) and incubated at 37 ◦C for 30 h. The cell monolayers were then fixed with
4% paraformaldehyde and stained with 0.2% (w/v) crystal violet (Sigma, C0775). The size
of the plaques was counted and measured using Image J software 1.50 version.

4.5. RNA Sequencing

To perform RNA sequencing, MDCK cells were initially seeded in a 6-well plate
and allowed to incubate for 24 h prior to drug treatment. Subsequently, the cells were
collected and sent to the BGI Genomics institution for RNA extraction and bulk mRNA
sequencing. Libraries were constructed according to the manufacturer’s instructions (Illu-
mina, San Diego, CA, USA), and paired-end sequencing was conducted using the Illumina
Hiseq2000 sequencer (Illumina, USA). Both library construction and RNA-seq were con-
ducted at BGI. The raw sequencing reads (fastq) quality was checked using SOAPnuke
(v1.5.2), and alignment was performed by Bowtie2 (v2.2.5). The expression level of genes
was calculated using RSEM (v1.2.12), while DESeq2 (v1.4.5) was used for differential
expression analysis with a p-value < 0.05.

4.6. Western Blot Analysis

MDCK cells were treated with drugs according to the protocol and then washed with
ice-cold PBS before being lysed with a RIPA buffer (Thermo Scientific, Catalog number:
89900, Waltham, MA, USA) for protein extraction. The extracted protein was quantified
using the BCA assay kit (Beyotime, Catalog number: P0012, Shanghai, China) and then
mixed with a 5 × protein loading buffer (Meilunbio, Catalog number: MA0003-D, Dalian,
China). The samples were boiled at 95 ◦C for 5 min, and an equivalent quantity of protein
samples was loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gel (Beyotime, Catalog number: P0012A, Shanghai, China). The protein was subsequently
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transferred to a polyvinylidene fluoride (PVDF) membrane (Merck Millipore, Catalog
number: IPVH15150, Billerica, MA, USA). This nonspecific binding was blocked with a
3% BSA solution, and the membrane was incubated with a primary antibody overnight at
4 ◦C. The primary antibodies are listed here: Rabbit Anti-MELK antibody (Bioss, Catalog
number: bs-12201R, Woburn, MA, USA), Rabbit Anti-p21 antibody (Bioss, Catalog number:
bsm-60698R, Woburn, MA, USA), Rabbit Anti-FOXO1 antibody (Bioss, Catalog number:
bs-23175R, Woburn, MA, USA), Anti-GAPDH Rabbit polyclonal antibody(Sangon Biotech,
Catalog number: D110016, Shanghai, China), and the secondary antibody was the Goat
Anti-Rabbit IgG antibody (HRP) (GeneTex, Catalog number: GTX213110, Irvine, CA, USA).
After washing with a Tris-buffered solution containing 0.05% Tween 20, the membrane
was incubated with secondary antibodies for two hours at room temperature. After three
additional washes, the protein bands were visualized using an ECL reagent kit (Solarbio,
Catalog number: PE0010, Beijing, China) according to the manufacturer’s instructions.

4.7. RNA Extraction and RT-qPCR

To extract the total RNA, cells were harvested, and RNA was isolated using the
RNAiso Plus reagent (Takara Bio, Shiga, Japan) following the manufacturer’s protocol. The
concentration and purity of RNA were measured using NanoDrop 2000 (Thermo Scientific,
Wilmington, DE, USA). A total of 2 µg of RNA was reverse transcribed using a PrimeScript
RT Master Mix (Takara Bio, Japan). A real-time quantitative polymerase chain reaction
(RT-qPCR) was carried out to determine the mRNA levels on a LightCycler96 real-time
fluorescence qPCR instrument (Roche, Basle, Switzerland). The reaction mix (10 µL) con-
sisted of forward and reverse primers (0.5 µL each), 3 µL of sterile deionized distilled water,
5 µL of SYBR Green Premix (Accubate Biology, Changsha, China), and cDNA templates
(1 µL). GAPDH was used as an internal control. The primer sequences for the target
genes (CDKN1A, FOXO1, and MELK) and GAPDH were as follows: GAPDH: forward:
5′-GTCATCATCTCTGCTCCTTCTG-3′, reverse: 5′-GCTGACAATCTTGAGGGAGTT-3′;
CDKN1A: forward: 5′-ATCCCTCATGGCAGCAAG-3′, reverse: 5′-CTCGGTGACGAAGTC
AAAGT-3′; FOXO1: forward: 5′-ATTCACCCAGCCCAAACTAC-3′, reverse: 5′-GAGTCCT
GGTGCACAGTTATAC-3′; MELK: forward: 5′- GTGCTAGAGACAGCCAACAA-3′, re-
verse: 5′-AGGCGATCCTGGGAAATTATG-3′. All reactions were performed in triplicate.
The relative expression was calculated using the 2−∆∆Ct method.

4.8. Molecular Docking

The 3D structure of the MELK protein was downloaded from the PDB database
(http://www.rcsb.org/, accessed on 1 March 2023) with the PDB code 4UMQ. AutoDock
Tools (version 1.5.6) was used for protein isolation and modification. The docking analysis
of the prepared ligands and target proteins was performed using Autodock Vina (The
Scripps Research Institute, La Jolla, CA, USA). The molecular library ligands were placed
into previously identified binding sites of the target protein using a grid box, and the
docking binding energy was predicted. The docking results were visualized using Pymol
1.3 (DeLano Scientific, San Carlos, CA, USA).

4.9. Statistical Analysis

Graph Pad Software 9.0 (San Diego, CA, USA) was used to perform Dunnett’s test to
determine the statistical significance. The results were presented as the means ± SEM, and
the p-value less than 0.05 were considered significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28145398/s1, Figure S1. Coptisine inhibits H1N1 virus
infection by targeting MELK.
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Abstract: Vaccination is the most effective method of combating COVID-19 infection, but people
with a psychological fear of needles and side effects are hesitant to receive the current vaccination,
and alternative delivery methods may help. Bacillus subtilis, a harmless intestinal commensal, has
recently earned a strong reputation as a vaccine production host and delivery vector, with advantages
such as low cost, safety for human consumption, and straightforward oral administration. In this
study, we have succeeded generating “S spores” by engineering B. subtilis with spore coat proteins
resembling the spike (S) protein of the ancestral SARS-CoV-2 coronavirus. With the addition of two
immunostimulating natural products as adjuvants, namely Astragalus membranaceus (Fisch.) Bge
(AM) and Coriolus versicolor (CV), oral administration of S spores could elicit mild immune responses
against COVID-19 infection without toxicity. Mucosal IgA against the S protein was enhanced by co-
feeding with AM and CV in an S spores-inoculated mouse model. Faster and stronger IgG responses
against the S protein were observed when the mice were fed with S spores prior to vaccination with
the commercial COVID-19 vaccine CoronaVac. In vitro studies demonstrated that AM, CV, and B.
subtilis spores could dose-dependently activate both macrophages and dendritic cells by secreting
innate immunity-related IL-1β, IL-6, and TNF-α, and some other proinflammatory chemokines and
cytokines. In conclusion, the combination of S spores with AM and CV may be helpful in developing
a vaccine-like supplement against respiratory infection.

Keywords: Bacillus subtilis; cytokines; dendritic cells; macrophages; SARS-CoV-2; Astragalus
membranaceus (Fisch.) Bge (AM); Coriolus versicolor (CV)

1. Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic has been ravaging the world for
more than three years. Despite some vaccines having been developed and applied to combat
and prevent the disease, COVID-19 continues to rage and remains unpredictable due to
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the emergence of the Omicron variant and its descendant subvariants with increasing
infectivity [1–4]. The BQ and XBB subvariants of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) Omicron are now spreading rapidly, possibly due to spike
mutations that alter the antibody required by the host, resulting in immune escape [5].
Interventions are urgently needed to prevent the new emerging variant and/or to treat
the disease. Genetic engineering of the spores of Bacillus subtilis (B. subtilis) has raised
interest in vaccine development. The B. subtilis spores are desirable as a carrier for vaccines
because the FDA generally recognizes them as safe, and the spores can act as an adjuvant
to boost immune response, especially innate immunity [6,7]. B. subtilis has been studied
for decades and developed as a bioactive supplement for immunomodulation [8]. Specific
proteins with known targets for the induction of adaptive immune responses can be used as
antigens for vaccine development. The ease of administration is another major advantage
for the development of oral vaccination against infectious diseases. We have successfully
generated B. subtilis spores expressing the SARS-CoV-2 receptor binding domain (RBD) of
the spike (S) protein genetically fused to the surface-exposed spore coat proteins CotC of
the B. subtilis spores [9], and a similar B. subtilis construct has recently been produced by
another group [10].

To further enhance the immunoreactivity of B. subtilis in vaccine development, an
additional agent may be essential, and beta (β)-glucan enriched natural products may be a
good choice. In our earlier study using a murine subcutaneous immunization model with
Globo H and GD3 carbohydrates conjugated to keyhole limpet hemocyanin (KLH) as an
immunogen mixed with a panel of β-glucan-enriched natural products as immunological
adjuvants, we found that Astragalus membranaceus (Fisch.) Bge (AM) and Coriolus versicolor
(CV) are the most active immune stimulants with adjuvant activity [11–13]. We found that
the bioactive polysaccharides isolated from AM and CV exhibited significant immunomod-
ulatory effects by stimulating the proliferation of human peripheral blood mononuclear
cells (PBMC) and enhancing innate immunity-related IL-1β and TNF-α production [14–17].
The immunostimulatory properties of AM and CV polysaccharides may promote trained
immunity [18] with a long-term enhancement of innate immune responses and induce het-
erologous protection against infection. The objectives of this study were to investigate the
immunopotentiating effects of B. subtilis spores, AM and CV, by examining the (i) in vitro
innate immunity-boosting effects using human macrophages and intestinal HT-29 cells
co-culture and monocyte-derived dendritic cells (DC), (ii) the in vivo oral vaccination-like
activities using a mouse immunization model [19,20], and (iii) the use of B. subtilis spores,
S spores, AM, and CV as an oral supplement for CoronaVac vaccination.

2. Results
2.1. MTT Cytotoxicity Test

No cytotoxicity was observed in human PBMC treated with AM, CV (0.1 to 10 mg/mL),
native, and S protein B. subtilis spores (5 to 500 µg/mL) for 48 h (Figure 1).
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2.2. Co-Culture of Human Monocyte-Derived Macrophages with Intestine HT-29 Cells and
Dendritic Cells (DC)

Human intestinal epithelial HT-29 cells were cultured to confluence, then human
monocyte-derived macrophage suspensions (5 × 105/mL) were applied to HT-29 cells
in the culture plate. The epithelial cells–monocyte co-cultures were incubated with or
without native spores, S spores, AM, and CV, for a further 18 h. The concentrations of
proinflammatory cytokines (IL-1β, IL-6, IL-8, IL-12, IFN-γ, and TNF-α) of innate immunity
in the culture supernatant were quantitated (Figure 2). The production of IL-1β, IL-6, IL-8,
IL-10, IFN-γ, and TNF-α, was dose-dependently increased when cells were incubated with
AM, CV, or spores (Figure 2). The stimulatory effects of B. subtilis spores were more potent
than AM and CV. CV (100–1000 µg/mL) produced significantly higher concentrations of
IL-1β, IL-10, and TNF-α when compared to AM. Compared with macrophages and HT-29
culture separately without treatment, the cytokine production profiles were similar to the
co-culture of macrophages with HT-29 cells (Figure A5). Results can, therefore, exclude the
possibility of the effect of HT29 cells on macrophages in co-culture.

Molecules 2023, 28, x FOR PEER REVIEW 3 of 19 
 

 

 
Figure 1. Cellular toxicity (MTT assay) of Astragalus membranaceus (Fisch.) Bge (AM), Coriolus versi-
color (CV), native B. subtilis spores (Native spores), or genetically engineered B. subtilis (S spores) on 
human peripheral blood mononuclear cells (PBMC) (n = 4). 

2.2. Co-Culture of Human Monocyte-Derived Macrophages with Intestine HT-29 Cells and 
Dendritic Cells (DC) 

Human intestinal epithelial HT-29 cells were cultured to confluence, then human 
monocyte-derived macrophage suspensions (5 × 105/mL) were applied to HT-29 cells in 
the culture plate. The epithelial cells–monocyte co-cultures were incubated with or with-
out native spores, S spores, AM, and CV, for a further 18 h. The concentrations of proin-
flammatory cytokines (IL-1β, IL-6, IL-8, IL-12, IFN-γ, and TNF-α) of innate immunity in 
the culture supernatant were quantitated (Figure 2). The production of IL-1β, IL-6, IL-8, 
IL-10, IFN-γ, and TNF-α, was dose-dependently increased when cells were incubated 
with AM, CV, or spores (Figure 2). The stimulatory effects of B. subtilis spores were more 
potent than AM and CV. CV (100–1000 µg/mL) produced significantly higher concentra-
tions of IL-1β, IL-10, and TNF-α when compared to AM. Compared with macrophages 
and HT-29 culture separately without treatment, the cytokine production profiles were 
similar to the co-culture of macrophages with HT-29 cells (Figure A5). Results can, there-
fore, exclude the possibility of the effect of HT29 cells on macrophages in co-culture. 

 
Figure 2. The immunostimulating effects of Astragalus membranaceus (Fisch.) Bge (AM), Coriolus ver-
sicolor (CV), native B. subtilis spores (native spores) or genetically engineered B. subtilis (S spores) on 
the production of proinflammatory cytokines (IL-1β, IL-6, IL-8, IL-10, IFN-γ, and TNF-α) from hu-
man macrophages and HT-29 cells co-culture (n = 4). ** p < 0.01 comparing to AM group. 

IL-12 is one of the major cytokines secreted by activated DC. A significant and dose-
dependent increase in IL-12, IL-1β, IL-10, and TNF-α was observed when cells were incu-
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Figure 2. The immunostimulating effects of Astragalus membranaceus (Fisch.) Bge (AM), Coriolus
versicolor (CV), native B. subtilis spores (native spores) or genetically engineered B. subtilis (S spores)
on the production of proinflammatory cytokines (IL-1β, IL-6, IL-8, IL-10, IFN-γ, and TNF-α) from
human macrophages and HT-29 cells co-culture (n = 4). ** p < 0.01 comparing to AM group.

IL-12 is one of the major cytokines secreted by activated DC. A significant and dose-
dependent increase in IL-12, IL-1β, IL-10, and TNF-α was observed when cells were
incubated with AM, CV, or spores. A small increase in anti-viral IFN-γ production was
observed when a high dose of AM was used (2 mg/mL) (Figure 3). Similar to the co-culture
of macrophage and HT-29 cells, the stimulatory effects of B. subtilis spores were more potent
than AM and CV. CV (100–1000 µg/mL) produced significantly higher concentrations of
IL-1β, IL-10, IL-12, and TNF-α when compared to AM. Taken together, B. subtilis or AM/CV
could promote the immune response and has an immune-adjuvant effect on macrophages
and DC, which are the principal antigen-presenting cells to B cells for antibody production
in humoral immunity.
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Figure 3. The immunostimulating effects of Astragalus membranaceus (Fisch.) Bge (AM), Coriolus
versicolor (CV), native B. subtilis spores (native spores), or genetically engineered B. subtilis (S spores)
on proinflammatory cytokines (IL-1β, IL-10, IL-12, IFN-γ, and TNF-α) productions from human
monocyte-derived dendritic cells (DC) (n = 4). * p < 0.05 and ** p < 0.01 comparing with AM group.

2.3. Oral Vaccination of B. subtilis Spores, AM, and CV

Mice were well-tolerated to the B. subtilis or AM/CV after 3 feeding sessions. Clinical
changes (body weight, hair loss, body temperature) and eating habits (food and water
intake, diarrhea) were not significantly affected by spores and AM/CV treatment. After
the first oral treatment with spores and AM/CV, a relatively higher serum antibody IgM
titer against the SARS-CoV-2 S protein was detected in mice that received native spores
and AM/CV when compared with the mice fed with S spores with or without co-treatment
with AM/CV (Figure 4a). After oral vaccination 2 times, a small increase in serum IgG titer
against the SARS-CoV-2 S protein was observed in mice receiving S protein-engineered
B. subtilis together with AM/CV. Very small increases in IgA production (OD 0.05) against
the SARS-CoV-2 S protein were detected in the sera of mice from all groups. Adjuvant
activities on the serum antibody production were not observed in the groups receiving S
spores and co-treated with AM/CV. From the feces collected from different time points
(Figure 4b), significantly higher levels of IgA against S protein were observed from mice
fed with S protein-engineered B. subtilis alone, co-treatment with AM/CV compared with
PBS group and mice fed only with native spores or AM/CV after first oral vaccination (all
p < 0.05). For intestine lavage of the sacrificed mice (Figure 4c), a stronger IgA secretion
against spike protein was observed in the mice from the S spores treatment group when
compared with the PBS and AM/CV treatment-only groups, and one mouse produced a
strong IgA response against SARS-CoV-2 S protein (OD = 1.4). For the S spores and AM/CV
co-treatment group, an enhanced effect on IgA production was observed in all 5 mice (OD
ranged from 0.4–1.5). A small but detectable IgM response against the S protein (not
statistically significant) was observed in the mice after the first and second oral vaccination
with the native or S spores. This may be due to the cross-reactivity between the surface
antigens of the spores and the ancestral SARS-CoV-2 S protein.
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The serum cytokine profiles of the mice (IL-1β, IL6, IL-10, GM-CSF, IFN-γ, and TNF-
α) for the different treatment groups are shown in Figure 5. In the S spores group, the 
serum concentration of IL-1β in one mouse was 490 pg/mL, which was 2-fold higher than 
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Figure 4. Summary of the pilot animal study. (a) Serum IgM, IgG, and IgA against SARS-CoV-2
spike protein from mice (n = 5) orally administrated with Astragalus membranaceus (Fisch.) Bge (AM),
Coriolus versicolor (CV), native B. subtilis spores (native spores), or genetically engineered B. subtilis
(S spores) or PBS (control) for three courses (days 1–4, days 14–17, and days 28–31). The presence
of specific IgA against SARS-CoV-2 Spike protein in (b) feces and (c) intestinal lavage. * p < 0.05;
** p < 0.01 and *** p < 0.001 compared to control groups.

The serum cytokine profiles of the mice (IL-1β, IL6, IL-10, GM-CSF, IFN-γ, and TNF-α)
for the different treatment groups are shown in Figure 5. In the S spores group, the serum
concentration of IL-1β in one mouse was 490 pg/mL, which was 2-fold higher than the
PBS group. Overall, a significant increase in IL-1β production was observed in the group
of mice treated with S spores only compared to the control group. The increase in cytokine
secretion was not observed in the mice treated with S spores and AM/CV.
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Figure 5. Serum cytokine profile of mice (n = 5) orally treated with Astragalus membranaceus (Fisch.)
Bge (AM), Coriolus versicolor (CV), native B. subtilis spores (native spores), or genetically engineered
B. subtilis (S spores) or PBS (control) for three courses (days 1–4, days 14–17, and days 28–31).
* p < 0.05.

2.4. Toxicity Studies

Biochemical markers (serum concentrations of the liver enzyme aspartate aminotrans-
ferase (AST)) in mice from different groups were measured to determine whether there
was any liver function impairment caused by B. subtilis spores, AM, and CV (Figure 6)
compared to the PBS group. There was no significant difference in the serum concentrations
of liver AST in all treatment groups. It was concluded that the liver functions of the mice
were not affected by oral administration of B. subtilis spores, AM, or CV.
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Figure 6. The concentrations of serum aspartate aminotransferase (AST) from mice treated with orally
administrated Astragalus membranaceus (Fisch.) Bge (AM), Coriolus versicolor (CV), native B. subtilis
spores (native spores), or genetically engineered B. subtilis (S spores) or PBS (control) for three courses
(days 1–4, days 14–17, and days 28–31). Results were interpolated from the AST standard curves
and corrected for sample dilution. The interpolated values corrected for dilution factor were plotted
(mean +/− SEM, n = 5).

The histopathological changes of (a) the small intestine, (b) the liver, and (c) the lung
at the terminal stage are summarized in Figure 7. Compared with the non-treated group,
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inflammatory cell infiltrates, epithelial changes, disrupted epithelial barrier, and alterations
in the overall mucosal architecture, presence of ulcerations, granulation tissue, irregular
crypts, or crypt loss were not observed in the small intestine of any of the treatment groups.
In the liver, hepatocellular morphology was similar in all treatment groups compared with
the untreated group. Inflammation, hemorrhage, and architectural disruption of the liver
were not observed. In lung tissue sections, the surrounding lung parenchyma was similar
in all groups. Only mild infiltration of immune cells was observed in the groups treated
with S spores and S spores + AM + CV when compared with the control group, but no
bronchial epithelial damage, tissue necrosis, hemorrhage, or lesions were observed in these
two treatment groups.
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Figure 7. Representative hematoxylin and eosin (H & E) staining of (A) small intestine, (B) liver, and
(C) lung at the terminal stage (magnification: 100×) of mice treated with native B. subtilis spores, S
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2.5. Adjuvant Effects of B. subtilis Spores, AM/CV on CoronaVac Vaccine

The antibody production (IgA, IgM, and IgG against SARS-CoV-2 spike (S) and nucle-
ocapsid (N) proteins) in the serum of all tested groups are shown in Figure 8. The antibody
levels (IgA, IgM, and IgG against SARS-CoV-2 S and N proteins) of all groups tested were
low on Day 1. After the first CoronaVac vaccination, a slight increase in IgM against both
N and S proteins was observed in all vaccinated groups with no significant difference (all
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p > 0.05). For IgG antibodies against the N protein, the activities were low compared to the
sera IgG before vaccination. A significant increase in IgG production against the S protein
was observed only in the S spores-fed group (p < 0.05), suggesting that oral administration
of S spores 14 days before CoronaVac could enhance the production of antibodies against
the S protein of SARS-CoV-2. In the mice fed with AM and CV, IgM and IgG antibody
activities against both N and S proteins were similar to those in the group that received
CoronaVac alone. Notably, one mouse in the AM/CV group produced a relatively higher
level of IgA against N protein after the first and second CoronaVac vaccinations. After
the second CoronaVac vaccination, higher concentrations of IgG against S protein were
observed in all vaccinated groups compared to the serum activities of the corresponding
groups after the first vaccination. For N protein, higher levels of IgG against N protein were
observed in both the S spores and AM/CV groups compared to the CoronaVac alone group.
The mice sera were further tested for neutralizing antibody activities against SARS-CoV-2
using a commercially available SARS-CoV-2 neutralizing antibody ELISA assay (Figure 8b).
After the first vaccination of CoronaVac, a significantly stronger neutralization activity was
observed in the S spores-fed group (% neutralization = 22.2%) (p < 0.05) when compared
with the other two groups: CoronaVac +AM/CV and CoronaVac only (4% and 6.2%). In
summary, a significantly higher concentration of neutralizing IgG against S protein could
be induced in mice with CoronaVac vaccination with prior oral administration of S spores.
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with Astragalus membranaceus (Fisch.) Bge (AM) and Coriolus versicolor (CV), genetically engineered B.
subtilis (S spores), or PBS (control) for 2 courses (days 1–4 and days 14–17). The % neutralization of
the positive control serum was 62.8 ± 0.3%. * p < 0.05.

3. Discussion

In SARS-CoV-2 infection, innate immunity-related monocytes and macrophages are
also responsible for early pathogen recognition, initiation and resolution of inflamma-
tion, and repair of tissue damage [21]. Previous findings in the field of immune memory
have shown that B and T cell-mediated adaptive immunity after infection is enhanced by
“Trained Immunity” [22]. This effect has been investigated for the tuberculosis vaccine
strain Bacillus Calmette-Guerin (BCG) [23]. Natea developed the concept of “Trained Immu-
nity” based on epidemiological observations that people who have received commonplace
vaccinations, such as BCG against Mycobacterium tuberculosis infection, tend to be more re-
sistant to other infections. Using severe combined immunodeficiency (SCID) mice infected
with Candida albicans, it was found that they could be protected against reinfection in a
monocyte-dependent manner [24]. It is suggested that this protective effect is mediated
by a BCG-induced increase in innate immune cell function with several distinct features,
including higher proinflammatory cytokine responses to unrelated secondary pathogens
and activation of the innate immune effector cells such as macrophages and DC. This
immune process is mediated by transcriptomic and epigenetic changes in myeloid cells,
such as monocytes and macrophages [25]. Monocytes can develop immunological memory,
a functional feature widely recognized as innate immune training, to distinguish it from
memory in adaptive immune cells. Upon a secondary immune challenge, either homolo-
gous or heterologous, trained monocytes/macrophages exhibit a more robust production of
proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α, than untrained monocytes [26].
The functional reprogramming of monocytes leads to increased innate immunity-related
cytokine and chemokine production that could be induced by the bioactive β-glucans of
the fungal cell wall [27].

SARS-CoV-2 infection is closely related to the innate immune system and adaptive
immune system. DCs are one of the most important cells in generating immune responses,
linking innate immunity and adaptive immunity in viral diseases [28]. DC has also been
shown to exhibit immune memory responses [29]. DCs are the most potent professional
antigen-presenting cells involved in the antibody production process. In our study, we
have shown that B. subtilis spores, AM, and CV could stimulate DCs, monocytes, and
macrophages to produce IL-1β, IL-6, TNF-α, and other cytokines and chemokines for
immunomodulation. The combination of S protein-engineered B. subtilis, AM, and CV may
produce better outcomes in developing an oral vaccine-like supplement against COVID-19
by boosting the memory response and immune activities of both monocytes and dendritic
cells in innate immunity.

Oral vaccinations with B. subtilis spores expressing immunogens/antigens for var-
ious infectious diseases have been shown to be effective in producing serum IgG and
mucosal IgA against the pathogens in pigs [30], mice, and guinea pigs [19,31,32]. Interest-
ingly, the antibody titers in these published studies were quite similar, and only relatively
weak antibody responses were elicited (OD < 1.0). The results of our animal studies with
B. subtilis spores expressing S proteins alone were similar to those published. Oral adminis-
tration of β-glucan enriched CV and AM extracts enhanced mucosal IgA production and
could not be achieved with either CV or AM alone. In our case, the antibody immune
responses elicited by oral vaccination with B. subtilis spores with or without CV/AM
extracts against COVID-19 were mild compared to the conventionally used vaccines such
as CoronaVac with intramuscular injection. When mice were fed with S spores prior to
CoronaVac vaccination, faster and stronger IgG responses to S protein were observed. The
immunogenicity of the S spores with or without AM+CV alone may not be strong enough
to induce a systemic IgG immune response against the S protein. However, the mucosal
immune response induced by S spores could produce a faster and stronger neutralizing
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IgG response against the S protein prior to vaccination with the commercial COVID-19
vaccine CoronaVac, thereby producing stronger immunogenicity and IgG response against
the ancestral SARS-CoV-2 coronavirus.

With the increasing popularity of probiotics for health promotion, oral probiotic vac-
cination should be a means to reach those groups. Probiotics have great potential to be
incorporated into oral vaccine delivery systems, which may facilitate the induction of
mucosal immunity without latent risks of pathogenicity [33]. In addition to AM/CV,
β-glucan-enriched yeasts with immunostimulatory properties have recently been tested
as a vaccine vehicle and adjuvant. An extended-release vaccine delivery system (GP-
diABZI-RBD) consisting of the original SARS-CoV-2 WA1 strain RBD as the antigen and
diABZI STING agonist in conjunction with yeast β-glucan particles (GP-diABZI) has been
tested [34]. The respiratory and gastrointestinal tracts are the main targets of COVID-19 in-
fection, with 12 to 61% of patients reported to have various gastrointestinal symptoms such
as diarrhea, direct damage to intestinal mucosal epithelial cells, malnutrition, and intestinal
flora disorders [35]. The mucosal immunity enhanced by our spores, together with β-glucan
CV and AM enriched, may provide additional protection against the gastrointestinal tract’s
infection by COVID-19.

In both in vitro and in vivo studies, we have demonstrated that B. subtilis S spores with
or without AM and CV extracts are non-cytotoxic and safe to use. Moreover, a pilot clinical
trial was conducted with 16 participants [9] who received oral B. subtilis spores expressing
the S protein RBD of SARS-CoV-2 on the spore surface or placebo for three courses on
three consecutive days. These participants were vaccinated with either BBIBP-CorV [36] or
BNT162b2 [37] prior to the clinical trial. In the placebo group, the neutralizing antibody
levels gradually declined, whereas the participants receiving the S protein spores showed
an increase in neutralizing antibody levels against SARS-CoV-2. No observable local or
systemic adverse effects were reported. Apart from the vaccine-like activities, the innate
immune-boosting effects of both B. subtilis spores and S spores together with CV and AM
may provide protection against various respiratory and intestinal infections. Bacillus-based
probiotics have been shown to strengthen the intestinal barrier and limit inflammatory
responses, which may indeed improve digestive health [38]. Recently, Bacillus species have
been shown to be a potential source of anti-SARS-CoV-2 major protease inhibitors [39].

4. Materials and Methods
4.1. Preparation of B. subtilis Spores (S Spores) Expressing the Ancestral SARS-CoV-2 RBD of
S Protein

Expression constructs containing a cascade of full-length CotC from B. subtilis, linker
region (peptide sequence: GGGEAAAKGGG) and the RBD of S protein from SARS-CoV-2
were codon optimized for B. subtilis, synthesized by Invitrogen GeneArt gene synthesis,
and further cloned into shuttle vector pHT01 for E. coli and B. subtilis. E. coli strain DH5α
(NEB) was used for the cloning and transformed into B. subtilis strain WB800N (Mo Bi Tec)
for protein expression. B. subtilis transformants were grown at 37 ◦C, 200 rpm, until OD600
reached 1.0 in 2× LB supplemented with chloramphenicol (5 µg/mL). The culture was
induced with a final concentration of 1 mM IPTG and allowed to induce for another 12 h at
37 ◦C, 200 rpm. The culture was harvested and centrifuged at 4200 rpm for 15 min. The
cell pellet was washed with 1× phosphate-buffered saline (PBS, pH 7.4) and resuspended
in a half volume of Difco Sporulation Medium (DSM) (8 g nutrient broth No. 4, 0.1% KCl,
1 mM MgSO4, and 10 µM MnCl2 in 1 L of distilled water supplemented with 0.5 mM CaCl2
and 1 µM FeSO4). Cells were grown for 24 h at 37 ◦C, 200 rpm. Vegetative cells were lysed
with lysozyme (0.1 mg/mL) at 37 ◦C for an hour and harvested with centrifugation at
10,000 rpm for 15 min, followed by washing three times with PBS.

To validate the surface expression of the S protein on the spores (S spores), immunoflu-
orescence staining and flow cytometry analysis were performed (Figure A1). The spore
was blocked with 5% normal goat serum in PBS for 1 h at room temperature and then
stained with rabbit-anti-SARS-CoV-2 Spike RBD antibody (1:500 dilution) (Sino Biological,
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Beijing, China, Cat. No. 40592-T62) followed by AF488 conjugated donkey anti-rabbit
IgG (Invitrogen, Cat. No. R37118, 1:1000). The amount of S protein in the spores was
semi-quantified by Western blotting. The spores were lysed with SDS-PAGE buffer and
then denatured for 10 min at 100 ◦C. After centrifugation at 14,800× g for 15 min, spore
lysate was analyzed in SDS-PAGE and then blotted with monoclonal antibodies against
the RBD of S protein. The S protein RBD standard with known concentrations (0.4, 2,
and 10 ng/mL) was used for semi-quantitation (Sino Biological, Beijing, China, Cat. No.
40592-V08B). Native spores of non-transformed B. subtilis were used as the negative control.

4.2. Preparation of the Extract of AM and CV

The dry herbs of AM and CV were purchased from a herbal supplier in Hong Kong
(Figure A2). The extraction of AM and CV was performed according to the traditional
custom of Chinese medicine preparation. Each of the individual herbs was extracted
twice by heating under reflux at 100 ◦C using 10× distilled water for each extraction. The
aqueous extracts for each of the individual herbs were then combined individually and
filtered using cotton wool. The filtrates were concentrated under reduced pressure at
60 ◦C. The concentrated extracts were lyophilized. AM was authenticated using thin-layer
chromatography and compared with corresponding chemical markers in accordance with
the Chinese Pharmacopoeia [40] (Figure A3). CV was authenticated by quantification of
polysaccharides using the phenol-sulfuric acid colorimetric method. The polysaccharide
content in CV water extract was 8.02 ± 0.21% (w/w). The chemical composition of CV
was further analyzed with UPLC-QTOF analysis (Figure A4). A total of 7 compounds
were tentatively identified in the CV extracts by UPLC-MS. A total of 3 hydroxybenzoic
acids, 2 hydroxycinnamic acids, esculetin, and quinic acid were found. The number of
endotoxins present in herbal extracts was quantified with a HEK-Blue™ LPS Detection
Kit 2, InvivoGen, Toulouse, France). The endotoxin levels of AM and CV were 20.1 and
19.2 EU/mL, respectively. As a small amount of endotoxins was present in the herbal
extracts, the antibiotic polymyxin B sulfate (10 µg/µL) [41] was used in the in vitro studies
to neutralize the effect of endotoxins in the herbal extracts.

4.3. 2.3 3-[4,5-Dimethylthiazol-2-yl]-2,5 Diphenyl Tetrazolium Bromide (MTT) Assay

An in vitro cell toxicity test of the tested compounds on primary human PBMC,
purified from human buffy coat, was performed using the MTT assay. Cells were treated
with AM, CV (0.1 to 10 mg/mL), native, or S spores (5 to 500 µg/mL) for 48 h. MTT
(5 µg/mL) in phosphate-buffered saline (PBS) was then added to each well, and the plates
were further incubated for 2 h at 37 ◦C. The supernatant was removed, and 100 µL of
dimethyl sulfoxide (DMSO) was added to each well to dissolve the purple formazan
crystals. Absorbance at a wavelength of 540 nm was measured using a microplate reader.
Results were expressed as the percentage of untreated cells.

4.4. Co-Culture of Human Monocyte Derived Macrophages with Intestinal HT-29 Cells and
Monocyte Derived Dendritic Cells (DC) Culture

The innate immunity-boosting effects of native and S spores (0.2–20 µg/mL), AM,
and CV water extracts (20–2000 µg/mL) were evaluated. For the development of the oral
vaccine-like supplement, an in vitro co-culture system of human monocytes and intestine
HT-29 cells was employed to mimic the mucosal area of the intestine. Human monocytes
were prepared from fresh human buffy coat obtained from healthy volunteers at the Hong
Kong Red Cross Blood Transfusion Service. Peripheral blood mononuclear cells (PBMC)
were isolated with Ficoll density (1.082 g/mL) centrifugation for 25 min at 1800 rpm. After
RBC lysis, CD14-specific MACS beads (Miltenyi Biotec, Gaithersburg, MD, USA) were used
for the enrichment of CD14+ monocytes. To induce macrophage differentiation, CD14+
monocytes were cultured in tissue-culture plates for 6 days in RPMI 1640 medium supple-
mented with L-glutamine, 10% FCS, 1% Penicillin-Streptomycin, 1% Sodium pyruvate, and
1% Glutamax (GIBCO) and granulocyte macrophage-colony stimulating factor (GM-CSF)
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(25 ng/mL) at a density of 1.5 × 105/cm2. Human intestinal epithelial HT-29 cells were
grown to confluence in a 24-well culture plate and then rinsed with PBS at 37 ◦C to prevent
cell detachment. Macrophages (5 × 105/mL) with different treatments were then applied to
HT-29 cells in the culture plate. The epithelial cell-macrophage co-cultures were incubated
with or without the tested agents for a further 18 h. The concentrations of proinflammatory
cytokines/chemokines (IL-1β, IL-6, IL-8, IL-12, IFN-γ, and TNF-α) in the culture super-
natant or mouse serum were quantitated with the Bio-plex human cytokine/chemokine
multiplex assay using the Bio-plex 200 system (Bio-Rad, Hercules, CA, USA).

For monocyte-derived DC, monocytes were plated at 2 × 106 per mL per well in a
24-well plate and allowed to adhere for 45 min at 37 ◦C and 5% CO2. Non-adherent cells
were removed by washing the wells two to three times with a gentle stream of medium.
Monocytes were then cultured in the presence of two cytokines: GM-CSF (50 ng/mL) and
IL-4 (40 ng/mL) at 37 ◦C under 5% CO2. On day 3, 50% of the medium was replaced
with fresh medium and cytokines. The DCs were harvested and washed on day 6. Cell
maturation was induced by the tested agents for 48 h. Supernatants from DC cultures were
collected after cell harvest and stored at −80 ◦C until assayed for cytokines. The levels of
IL-1β, IL-12, IL-10, TNF-α, and IFN-γ were measured using a multiplex assay.

4.5. Immunization Regimens

The experimental procedures were reviewed and approved by the Animal Experimen-
tation Ethics Committee of the Chinese University of Hong Kong (Ref. no. 20-280-ITF).
Pathogen-free BALB/c mice (aged 6–8 weeks, 15–20 g body weight) were obtained from
the Laboratory Animal Services Centre, the Chinese University of Hong Kong (CUHK).
All mice in this study were maintained and handled according to the CUHK Animal Ex-
perimentation Ethics Committee Guide for the Care and Use of Laboratory Animals. A
total of 25 female mice were divided into 5 groups and orally administered with (1) PBS,
(2) 1.0 × 109 S spores, (3) 1.0 × 109 S spores + CV (1.38 g/kg), and AM (0.74 g/kg), (4) AM
(0.74 g/kg) and CV (1.38 g/kg) only, and (5) 1.0 × 109 native spore. Suspensions (0.5 mL
aliquots) containing approximately 1 × 109 spores were administrated with a stainless-steel
round-tip gavage cannula on days 1–4, 14–17, and 28–31 (Figure 9). Blood and fecal samples
were collected 3 days before the immunization regimen and on days 8, 22, and 38. At
the terminal stage, sera and tissues from the mice, including liver, lung, small and large
intestine, were collected. The tissues were perfused with 1 mL of 10% neutral-buffered
formalin. The tissues were dehydrated and embedded in paraffin, sectioned, and stained
with hematoxylin and eosin. The stained sections were examined with light microscopy
to assess the histopathological changes. To check for any toxic effect on the liver function,
the sera of the mice were used to measure concentrations of the liver enzyme aspartate
aminotransferase (AST) using an AST Activity Assay Kit from Abcam. Individual sera and
fecal samples from each group of mice were tested for antibody response. The collected
fecal materials were first lyophilized and stored at −20 ◦C until use. Four fecal pellets per
mouse were homogenized in 200 µL of PBS containing 1% BSA and protease inhibitors. The
suspensions were centrifuged (16,000× g, 10 min, 4 ◦C), and supernatants were collected.
The activities of IgM, IgA, and IgG against the spike protein were measured using ELISA
coated with the recombinant SARS-CoV-2 Spike RBD-His Tag protein (Sino Biological,
Beijing, China, catalog number: 40592-V08B).
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4.6. Adjuvant Effects of B. subtilis Spores, AM, and CV on CoronaVac Vaccine

CoronaVac (Sinovac Life Sciences, Beijing, China) was obtained from the Centre for
Health Protection, Department of Health, Hong Kong Special Administrative Region. It is
an inactivated vaccine containing inactivated SARS-CoV-2 [42–44]. Whole viral proteins
of SARS-CoV-2 were used for the vaccine, and antibodies against different regions of
the viral particle (e.g., nucleocapsid (N) and spike (S) proteins) can be induced by the
CoronaVac vaccination. To study the adjuvant effects of B. subtilis spores, AM, and CV on
the CoronaVac vaccine, sixteen 6-week-old female BALB/c mice were divided into 4 groups:
(1) orally fed with S spores (4-day course) 14 days prior to CoronaVac vaccination (50 µL)
on day 1 and 15; (2) intramuscularly immunized with CoronaVac only; (3) intramuscularly
immunized with CoronaVac (50 µL) and fed with AM (0.74 g/kg) and CV (1.38 g/kg),
(days 1–4 and days 14–17); and (4) immunized intramuscularly with PBS (Figure 10).
Individual sera and samples of each mice group were tested for antibody response such as
IgM, IgA, and IgG against N and S proteins, as described in Section 2.5.
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4.7. Neutralization Assay

The sera from the CoronaVac vaccinated mice were further tested on the neutralizing
antibodies activities against ancestral SARS-CoV-2 using a commercially available SARS-
CoV-2 surrogate Neutralizing Antibody ELISA Kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The 96-well plate was coated with a SARS-CoV-2 Receptor Binding Domain
(RBD) antigen. Samples with neutralizing antibodies competed with excessive amounts of
biotinylated angiotensin-converting enzyme 2 (ACE2). ACE2 that binds to the RBD would
produce signals which were inversely proportional to the level of neutralizing antibodies.
The neutralizing antibody control standard included in the kit was used as a positive
control. Neutralization (%) for unknown samples ≥20% was counted as positive and <20%
was negative. The neutralization (%) for unknown samples was calculated by the following
formula:

Neutralization (%) = [1 − (Absorbance of unknown sample at 450 nm/
Absorbance of negative control at 450 nm)] × 100

(1)

4.8. Statistical Analyses

Statistical analyses and significance, as measured by the Student’s t-test for paired
samples or one-way analysis of variance (ANOVA), were performed using GraphPad
PRISM software version 5.0 (GraphPad Software, San Diego, CA, USA). In all comparisons,
p < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, the combination of B. subtilis S spores with CV and AM may be useful
as a vaccine-like supplement in COVID-19 vaccination. As with other vaccines, prolonged
use of oral vaccine-like supplements may induce oral tolerance, and it is not easy to control
the immune period [33,45]. Further studies, such as the in vivo functional activities of the
macrophages and DC, are needed to clarify these issues before practical use. To enhance the
immune response of S spores, increasing the expressions of S proteins in B. subtilis spores
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or adding multivalent SARS-CoV-2 variants S proteins [46,47] to the spores may further
enhance the efficacy of the supplement against the current COVID-19 pandemic.

6. Patents

The findings from this project have been filed with Chinese (patent no. 202111143384.9)
and Hong Kong (patent no. 32021042343.2) patents.
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Figure A1. (a) Immunofluorescence staining of spike protein on recombinant B. subtilis spores
visualized by fluorescence microscope. sRBD expression of the ancestral SARS-CoV-2 constructs
linked to the coating proteins CotC were cloned and transformed into B. subtilis WB800N strain for
protein expression. (b) Flow cytometry of recombinant B. subtilis spores transformed with empty
vector pHT-01 and CotC-linked sRBD expression construct. The CotC-linked sRBD-expressing
B. subtilis spores were immunoreactive against anti-sRBD (indicated by a red arrow). SARS-CoV-2
viral S protein (sRBD) on recombinant B. subtilis spores (S spores) from native B. subtilis spores (native
spores). Immunofluorescence staining and flow cytometry analysis showed that the S protein (sRBD)
is expressed on the outer surface of spores. (c) The spores were lysed with protein extraction buffer,
and the levels of spike protein expressed on the spores were semi-quantitatively quantified by Western
blot in comparison with spike protein standards of known concentrations. S proteins from 2 batches
were detected (Lane 1 and 2). The amounts of S proteins were 1.7 and 2.4 ng/100 µg, respectively.
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Figure A2. The sample authentication of Astragalus membranaceus (Fisch.) Bge (AM) and Coriolus
versicolor (CV) was performed morphologically and chemically according to the guidelines of the
Chinese Pharmacopoeia [40]. The medicinal mushroom CV belongs to the group of Basidiomycetes,
in which the fruiting bodies are characterized by hymenium (fertile layer) in vertical pores on the
underside of the caps. The upper surface of the cap of CV shows typical concentric zones of different
colors, such as brown, white, and grey, with overlapping clusters on dead wood. The cap flat is
often triangular or round, with zones of fine hairs. The pore surface is whitish or light brown, with
round and twisted pores (a). AM was derived from the dried root of Astragalus membranaceus (Fisch.)
Bge. of the family Fabaceae (Leguminosae). The outer surface was pale brownish-yellow or pale
brown with irregular, longitudinal wrinkles or furrows. The texture was hard, tenacious, and uneasily
broken. The central part of the old root was occasionally rotten-wood-shaped, blackish-brown, or
hollow (b). The extraction of AM and CV was performed according to the traditional practice of
Chinese medicine preparation. Each of the individual herbs was extracted twice by heating under
reflux at 100 ◦C using 10× distilled water for each extraction. The aqueous extracts for each of the
individual herbs were then combined individually and filtered using cotton wool. The filtrates were
concentrated under reduced pressure at 60 ◦C. The concentrated extracts were lyophilized. All the
extracts (c,d) were stored in desiccators at room temperature before use. The extraction efficiency of
herbs refers to the number of water extracts extracted from Chinese medicine relative to the number
of extracts in the herbs. The yield of extract (extractable components) expressed on a dry weight
basis was calculated using the following equation: Yield (g/100 g) = (W1 × 100)/W2 where W1 is the
weight of the extract residue obtained after water extraction. W2 is the total weight of the original
plant. The extraction efficiencies of CV and AM were 9.85% and 39.27%, respectively.
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were 0.0749% ± 0.0074% and 0.0050% ± 0.0004%, respectively.
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Abstract: Scutellaria barbata D. Don (SB, Chinese: Ban Zhi Lian), a well-known medicinal plant used
in traditional Chinese medicine, is rich in flavonoids. It possesses antitumor, anti-inflammatory, and
antiviral activities. In this study, we evaluated the inhibitory activities of SB extracts and its active
components against HIV-1 protease (HIV-1 PR) and SARS-CoV2 viral cathepsin L protease (Cat L
PR). UPLC/HRMS was used to identify and quantify the major active flavonoids in different SB
extracts, and fluorescence resonance energy transfer (FRET) assays were used to determine HIV-1 PR
and Cat L PR inhibitions and identify structure–activity relationships. Molecular docking was also
performed, to explore the diversification in bonding patterns of the active flavonoids upon binding to
the two PRs. Three SB extracts (SBW, SB30, and SB60) and nine flavonoids inhibited HIV-1 PR with
an IC50 range from 0.006 to 0.83 mg/mL. Six of the flavonoids showed 10~37.6% inhibition of Cat L
PR at a concentration of 0.1 mg/mL. The results showed that the introduction of the 4′-hydroxyl and
6-hydroxyl/methoxy groups was essential in the 5,6,7-trihydroxyl and 5,7,4′-trihydroxyl flavones,
respectively, to enhance their dual anti-PR activities. Hence, the 5,6,7,4′-tetrahydroxyl flavone
scutellarein (HIV-1 PR, IC50 = 0.068 mg/mL; Cat L PR, IC50 = 0.43 mg/mL) may serve as a lead
compound to develop more effective dual protease inhibitors. The 5,7,3′,4′-tetrahydroxyl flavone
luteolin also showed a potent and selective inhibition of HIV-1 PR (IC50 = 0.039 mg/mL).

Keywords: Scutellaria barbata D. Don; flavonoids; HIV-1 protease; cathepsin L protease;
structure–activity relationships

1. Introduction

Globally, 766 million confirmed cases of coronavirus disease 2019 (COVID-19), includ-
ing 6.93 million deaths, have been reported to the World Health Organization (WHO) [1].
Approximately 10–20% of people infected with severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) develop long COVID-19, with sequelae such as fatigue, shortness
of breath, persistent cough, depression and anxiety, brain fog, myocardial inflammation,
and myocardial infarction. In particular, cardiovascular health and mortality are emerging
as a new epidemic, substantially changing the lives of millions of people globally [2]. To
date, 1.33 trillion COVID-19 vaccines have been administered [1]. However, SARS-CoV-2
mutates quickly and is highly infectious, disparities in vaccinations exist, and effective
treatments for long COVID-19 are lacking. Current challenges include the development
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of more effective vaccines and drugs against COVID-19 [2,3]. During experiments of an-
tiviral drug discovery, two types of anti-SARS-CoV-2 agents, virus-protein targeted agents
(blocked virus life cycle) and host protein targeted agents (involved in the viral life cycle),
need to be developed to tackle COVID-19 and long COVID-19 [4]. Since both SARS-CoV-2
and HIV are RNA viruses relying on proteases for maturation, HIV-1 protease (HIV-1 PR),
an aspartic protease, and cathepsin L protease (Cat L PR), a cysteine protease, have been
shown to play a vital role in the lifecycle of HIV and SARS-CoV-2, and are considered key
antiviral drug targets [5,6].

In spite of SARS-CoV-2 Cat L PR being a different class of protease (cellular pro-
tease) [4], several HIV-1 PR inhibitors have exhibited potent activities towards Cat L PR [7].
Combinations with other therapeutics are currently under clinical trial for the treatment
of COVID-19 [7]. Furthermore, the US Food and Drug Administration (FDA) advisory
committee has recommended full approval of Paxlovid (Nirmatrelvir/Ritonavir) for treat-
ment of COVID-19 [8]. Although Nirmatrelvir is a substrate of cytochrome P450 (CYP)
3A4, co-administration of Ritonavir can significantly reduce the CYP3A4 metabolism of
Nirmatrelvir and result in a high serum level [8]. Other promising drug combinations
including Nelfinavir/Cepharanthine and Lopinavir/Ritonavir have also been investigated
for COVID-19 treatment [9,10].

Over the past decade, seven Cat L inhibitors have been developed as anti-coronavirus
agents, with K111777 and oxocarbazate being the most promising candidates [6]. Further-
more, recent studies have shown that ten FDA-approved drugs exhibited Cat L inhibitory
activity [6]. These drugs could be repositioned for COVID-19 treatment, especially for
patients in the early stages of infection or who are asymptomatic. Cat L inhibitors can block
viral entry on the surface of host cells, without affecting the adaptive immunity [6]. How-
ever, some serious adverse reactions may arise from drug–drug interactions [9]. Owing to
these drug–drug interactions and rapid development of viral resistance, a continued search
for HIV-1 PR or/and Cat L PRs inhibitors is critical for the prevention and treatment of
SARS-CoV-2 and other viral infections [6,8].

Plant-derived natural products remain a rich source of therapeutic agents for human
illnesses [11]. Some natural products and their derivatives have exhibited antiviral ac-
tivities and are under clinical trial as potential therapeutic agents [12]. Scutellaria barbata
D. Don (SB, Chinese: Ban Zhi Lian) is a well-known traditional medicinal plant widely
distributed in Japan, Korea, and China. It has been used in a wide range of applications in
folk medicine, including treatment of snakebites, tumors, hepatitis, sore throat, pulmonary
abscess, and hemoptysis. In the 2020 edition of the Chinese Pharmacopoeia (volume one),
SB (tablet or extract) is listed for medicinal use in treating pneumonia, bronchitis, pharyngi-
tis, and pulmonary abscess [13,14]. More than 200 components, predominately flavonoids
and neoclerodane diterpenoids, have been isolated and characterized from methanol or
ethanol extracts of SB whole grass or aerial parts [15]. The potential therapeutic effects of
SB extracts and major components have been extensively studied. Huang et al. reported
that SB aqueous extracts and six major flavonoids prevented SARS-CoV-2 infection via
inhibition of Mpro and TMPRSS2 proteases [16]. Zhou et al. screened nine flavonoids
obtained from SB for their anti-HBV activity [17]. Some flavones in SB were shown to pre-
vent parainfluenza viral infection [18]. Moreover, anti-cardiovascular disease activity was
observed for SB extracts and some flavones during both in vivo and in vitro studies [19].
However, the inhibitory effects of SB extracts and its flavonoids against HIV-1 and Cat L
PRs have not been investigated. Thus, in the current study, we evaluated the anti-HIV-1 PR
and anti-Cat L PR activities of four extracts and nine flavonoids from SB.

2. Results and Discussion
2.1. Inhibition of HIV-1, Cat L, and Renin PRs by SB Extracts

SB extract was prepared from the whole plant according to a previously described
method [20]. Using a high-throughput screening approach [20,21], the safety of four SB
extracts (SBW, SB30, SB60, and SB85: prepared from water or MeOH-H2O) was initially
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evaluated using renin protease (Table 1) (Please refer to the Supplementary Materials for
details). SBW and SB30 had anti-human renin PR activities with IC50 values of 0.59 and
0.70 mg/mL, respectively, suggesting that these two extracts may present minor toxicity
to humans. Three SB extracts (SBW, SB30, and SB60) showed potent activities against
HIV-1 PR, with respective IC50 of 0.006, 0.028 and 0.03 mg/mL. However, no inhibition was
observed for any SB extract against Cat L PR. SB85 did not show any activity towards the
three PRs. These results indicated that polar SB extracts could potently inhibit HIV-1 PR.

Table 1. The IC50 values of SG extracts against HIV-1, Cat L, and renin PR (n = 3).

Name IC50 ± SD (mg/mL)

Cat L PR HIV-1 PR Renin PR

SGW >100 0.006 ± 2.79 0.59 ± 4.76
SG30 >100 0.028 ± 6.72 0.70 ± 0.87
SG60 >100 0.03 ± 1.71 >100
SG85 >100 >100 >100
PC1 - 1.7 × 10−4 ± 1.91 -
PC2 6.8 × 10−7 ± 0.99 - -
PC3 - - 9.0 × 10−4 ± 0.80

-: no test. PC1: pepstatin A, positive control for HIV-1 protease. PC2: cathepsin L inhibitor, positive control for
cathepsin L protease. PC3: positive control for renin protease.

2.2. Identification and Quantitation of Ingredients in SB Extracts Using UPLC-HRMS

In this study, we identified nine compounds inhibiting HIV-1 PR and six compounds
inhibiting Cat L PR from SB. The five strongest inhibitors (scutellarin, scutellarein, luteolin,
hispidulin, and apigenin) were quantitated (Figures 1 and 2 and Table 2). Calibration curves
of the five compounds followed a linear regression (R2 = 0.9994–0.9998) (Please refer to the
Supplementary Materials for details). Scutellarin was the most abundant flavonoid in the
SB extracts, with contents of 25.18 µg/mg, 23.53 µg/mg, 30.35 µg/mg, and 22.49 µg/mg
in SBW, SB30, SB60, and SB85, respectively. The contents of hispidulin and scutellarein
ranged from 1.04 to 1.97 µg/mg, except for scutellarein in SB60 (0.74 µg/mg). The contents
of luteolin and apigenin were less than 0.3 µg/mg in the SB extracts.
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Figure 2. Bioactive flavonoids in SB extracts analyzed by UPLC-MS (negative).

Table 2. Contents of the five strongest inhibitors in SB extracts.

No. Rt (min) Name
SBW SB30 SB60 SB85 Regression Equation

Content (µg/mg)

1 5.86 Scutellarin 25.18 23.53 30.35 22.49 Y = 5.76 × 103 X − 8.353 × 104; R2 = 0.9996
2 6.73 Scutellarein 1.17 1.97 0.74 1.04 Y = 5.05 × 103 X − 6.36 × 105; R2 = 0.9994
3 7.28 Luteolin 0.04 0.12 0.09 0.14 Y = 9.496 × 103 X + 3.015 × 105; R2 = 0.9977
4 8.23 Apigenin 0.10 0.15 0.16 0.29 Y = 9.979 × 103 X + 1.689 × 105; R2 = 0.9998
5 8.32 Hispidulin 1.04 1.72 1.71 1.78 Y = 8.976 × 102 X − 1.397 × 105; R2 = 0.9996

2.3. Inhibitory Activity of Nine Flavonoids Obtained from SB against Cat L and HIV-1 PRs, and
Their Respective Structure–Activity Relationships

The anti-Cat L and anti-HIV-1 PR activities of the nine flavonoids isolated from SB
were screened using SensoLyte® 520 Cathepsin L and HIV-1 Assay Kits *Fluorimetric*,
respectively, according to a previously reported procedure [20,21]. The nine flavonoid
compounds were scutellarin, baicalin, scutellarein, hispidulin, apigenin, luteolin, nari-
genin, eriodictyol, and wogonin. As shown in Table 3 (Please refer to the Supplementary
Materials for details), all nine flavonoids exhibited inhibitory activities against HIV-1 PR
(IC50 = 0.039–0.83 mg/mL), with luteolin as the most potent inhibitor. Towards Cat L PR,
apigenin, hispidulin, scutellarin, scutellarein, eriodictyol, narigenin, and baicalin gave an
inhibition of 4.95–37.6% at a concentration of 0.1 mg/mL. However, only the IC50 for Scutel-
larein was able to be determined, at 0.43 mg/mL. We are developing other experimental
protocols to confirm the current results and figure out whether there are any behavioral
differences between Scutellarein and the other flavonoids in the experimental system. Nev-
ertheless, these flavonoids had a preference for HIV-1 PR and were much weaker inhibitors
than the positive controls.
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Table 3. The inhibition of nine flavonoids from SB extracts against Cat L and HIV-1 PRs (n = 3).

Name Structures

Cat L PR HIV-1 PR

% Inhibition ± SD
at Concentration 0.1 (mg/mL)

IC50 ± SD
(mg/mL)

% Inhibition ± SD
at Concentration 1.0 (mg/mL)

IC50 ± SD
(mg/mL)

5,6,7-Trihydroxyl flavonoid glycoside (A type)

Scutellarin
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We further evaluated the flavonoids and activities in their respective categories (Table 3
and Figure 3). For the 5,6,7-trihydroxyl flavone glycosides (A type), scutellarin exhibited a
slightly higher activity against HIV-1 PR than baicalin. However, towards Cat L PR, the
inhibitory activity of scutellarin was about three-fold stronger than that of baicalin. This
implies that 4′-hydroxyl is critical for inhibition of Cat L PR.
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Figure 3. Structure–activity relationships of flavonoids from SB against HIV-1 and Cat L PRs.

Within the 5,7,4′-trihydroxyl flavone (type B) family, all three compounds, scutellarein,
hispidulin, and apigenin, showed potent activities against HIV-1 PR. The stronger activities
for scutellarein and hispidulin suggests that C6-subsitution potentiates the inhibitory
function. Towards Cat L PR, a moderate inhibition was observed for the compounds. The
higher activity of Apigenin implies that C6-substitution is unfavorable for inhibition of Cat
L PR. This also illustrates the structural variance and requirements between HIV-1 PR and
Cat L PR for binding their respective substrates and inhibitors. Further analysis between
type A and type B flavonoids indicated that C7-glycosylation is detrimental to HIV-1 PR
inhibition but may be beneficial for Cat L PR inhibition.

For the 5,7,3′,4′-tetrahydroxyl flavones (type C) and 5,7-dihydroxyl-8-methoxy flavones
(type E), only one compound was examined in each category. The type C compound Lute-
olin and type E compound Wogonin showed good inhibition of HIV-1 PR but no inhibition
on Cat L PR. Comparison of these two compounds implied that hydroxylation of the C-ring
provides better inhibition of HIV-1 PR; however, further studies are needed to evaluate the
contribution of C8-methoxylation to HIV-1 PR inhibition. Further comparison of Luteolin
with Apigenin suggested that C3′-hydroxylation provides better inhibition of HIV-1 PR for
flavone compounds.

In the 5,7,4′-trihydroxyl flavanones (type D), both compounds, Eriodictyol and Nari-
genin, exhibited comparable effects towards both HIV-1 PR and Cat L PR, although their
inhibitions of HIV-1 PR were much stronger. This implies that C3′-hydroxylation has
limited effects on PR inhibition for flavanones. Upon comparing these two flavanone com-
pounds with structurally corresponding flavone compounds, Luteolin and Apigenein, we
could conclude that the flavone structure with flat conformation of the B-ring is favorable
for HIV-1 PR inhibition. However, we could not reach a conclusion about which type of
flavonoid (flavones vs. flavanones) is more potent for Cat L PR inhibition.

2.4. Molecular Docking Results

Molecular docking was performed for the top four inhibitors (Scutellarein, Hispidulin,
Apigenin, and Luteolin) against both HIV-1 PR and Cat L PR [21]. As shown in Table 4,
the binding energies of Scutellarein, Hispidulin, Apigenin, and Luteolin were −46.959 to
−38.811 kcal/mol towards Cat L PR, and −56.377 to −51.378 kcal/mol towards HIV-1 PR.
The docking scores were −8.887 to −6.722 towards HIV-1 PR; however, only Scutellarein
showed good docking to Cat L PR (−7.332). These docking results were consistent with the
experimental results that the four compounds were potent inhibitors of HIV-1 PR but not
Cat L PR.
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Table 4. The docking scores of active flavonoids from SB against Cat L and HIV-1 PRs.

Name

Cat L PR (PDB ID:3OF9) HIV-1 PR (PDB ID: 1QBS)

Docking Score Glide Gscore Glide Emodel
(kcal/mol) Docking Score Glide Gscore Glide Emodel

(kcal/mol)

Scutellarein −7.332 −7.380 −41.662 −6.722 −6.770 −52.931
Luteolin −3.565 −3.437 −38.811 −8.887 −8.927 −54.263

Hispidulin −4.172 −4.212 −46.959 −7.543 −7.583 −56.377
Apigenin −4.919 −4.959 −41.526 −7.220 −7.260 −51.378

Cat L inhibitor −7.822 −7.823 −93.170 - - -
Pepstatin A - - - −10.940 −10.941 −131.591

“-”: not tested.

Docking conformations of the three compounds (Scutellarein, Apigenin, and Hispidulin)
to Cat L PR are shown in Figure 4. Three H-bonds and one salt bridge were formed between
Scutellarein and Cat L PR (Figure 4a). The H-bonds were formed between 7-OH and Met162
(1.99 Å), the ketonic functional group at position 4 and Met71 (2.06 Å), and 4′-OH and
Asp115 (2.10 Å). For Apigenin (Figure 4b), two H-bonds were formed between 7-OH
and Gly21 (2.03 Å) and between 4′-OH and Asp163 (1.86 Å). Three π-π interactions were
also formed between A and C rings of Apigenin and Trp190 of Cat L PR. For Hispidulin
(Figure 4c), two H-bonds were formed between 7-OH and Asp163 (1.91 Å) and between
4′-OH and Glu160 (2.18 Å).
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Docking conformations of three compounds (Scutellarein, Luteolin, and Hispidulin)
to HIIV-1 PR are shown in Figure 5. For Scutellarein (Figure 5a), 6,7-di-OH formed two
H-bonds with Asp29(B) (1.66 Å and 1.92 Å). For Luteolin (Figure 5b); 7-OH formed one
H-bond with Gly27(B) (2.07 Å); the 4-ketonic functional group formed two H-bonds with
Ile50(A) (1.94 Å) and Ile50 (B) (2.28 Å), respectively; and 3′-OH formed one H-bond with
Gly48(A) (2.02 Å). For Hispidulin (Figure 5c), the 4-ketonic functional group formed two
H-bonds with the Ile50(A) (1.94 Å) and Ile50(B) (2.19 Å), respectively. Taken together,
the present docking analysis supports the studies of enzyme inhibition and structure–
activity relationships, and may provide modification guidance for the development of more
effective PR inhibitors.
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3. Conclusions 
In this study, we determined the inhibitory activities of nine flavonoids and four SB 

extracts against HIV-1 PR and Cat L PR. Three SB extracts (SBW, SB30, and SB60) and all 
nine flavonoids (Luteolin, Hispidulin, Scutellarein, Apigenin, Narigenin, Eriodictyol, 
Scutellarin, Baicalin, and Wogonin) inhibited HIV-1 PR, with IC50 in the range of 0.006 to 
0.83 mg/mL. Six flavonoids (Scutellarein, Apigenin, Hispidulin, Narigenin, Eriodictyol 
and Scutellarin) showed 10–37.6% inhibition of Cat L PR at a concentration of 0.1 mg/mL. 

As the most abundant flavonoid in the SB extracts, scutellarin exhibited only 
moderate inhibition of both PRs. Interestingly, as an aglycone and one of the metabolites 
of scutellarin [22], scutellarein showed potent inhibition of HIV-1 and Cat L PRs. This 
indicates that free 5,6,7-hydroxyl groups are likely critical for the inhibitions and provide 
better bonding affinity within the active sites of both PRs. The introduction of 4′-hydroxyl 
and 6-hydroxyl/methoxy groups was shown to be essential in 5,6,7-trihydroxyl and 5,7,4′-
trihydroxyl flavones, respectively, to enhance dual anti-PR activities. Hence, among the 
5,6,7,4′-tetrahydroxyl flavones, scutellarein may serve as a leading molecule for 
developing more effective dual PR inhibitors. The 5,7,3′,4′-tetrahydroxyl flavone luteolin 
was a selective and potent inhibitor of HIV-1 PR. Quite a few flavonoids, such as quercetin 
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3. Conclusions

In this study, we determined the inhibitory activities of nine flavonoids and four SB
extracts against HIV-1 PR and Cat L PR. Three SB extracts (SBW, SB30, and SB60) and
all nine flavonoids (Luteolin, Hispidulin, Scutellarein, Apigenin, Narigenin, Eriodictyol,
Scutellarin, Baicalin, and Wogonin) inhibited HIV-1 PR, with IC50 in the range of 0.006 to
0.83 mg/mL. Six flavonoids (Scutellarein, Apigenin, Hispidulin, Narigenin, Eriodictyol
and Scutellarin) showed 10–37.6% inhibition of Cat L PR at a concentration of 0.1 mg/mL.

As the most abundant flavonoid in the SB extracts, scutellarin exhibited only moderate
inhibition of both PRs. Interestingly, as an aglycone and one of the metabolites of scutel-
larin [22], scutellarein showed potent inhibition of HIV-1 and Cat L PRs. This indicates
that free 5,6,7-hydroxyl groups are likely critical for the inhibitions and provide better
bonding affinity within the active sites of both PRs. The introduction of 4′-hydroxyl and
6-hydroxyl/methoxy groups was shown to be essential in 5,6,7-trihydroxyl and 5,7,4′-
trihydroxyl flavones, respectively, to enhance dual anti-PR activities. Hence, among the
5,6,7,4′-tetrahydroxyl flavones, scutellarein may serve as a leading molecule for develop-
ing more effective dual PR inhibitors. The 5,7,3′,4′-tetrahydroxyl flavone luteolin was a
selective and potent inhibitor of HIV-1 PR. Quite a few flavonoids, such as quercetin and
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kaempferol, demonstrated potent inhibitions of HIV-1 PR and deserve further studies to
develop more potent PR inhibitors [23,24]. Our current study also revealed that three SB
extracts (SBW, SB30, and SB60) and their respective active components, including luteolin
and scutellarein, exhibited potent inhibitory activities against HIV-1 PR. However, the
selected phytochemical samples are poorly soluble in a neutral assay buffer, and this may
lower the bio-availability towards Cat L PR. To develop more dual- and even pan-viral pro-
tease inhibitors from medicinal plants, further studies are warranted, to explore potential
protease inhibitors based on these active components, for the prevention and/or treatment
of COVID-19.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules28114476/s1, 1. The chemical profile of SB extracts analyzed by UPLC-MS
(positive). 2. Predicted binding models of Cat L PR with scutellarein (4a), apigenin (4b), and
hispidulin (4c). 3. Predicted binding models of HIV-1 PR with scutellarein (5a), luteolin (5b), and
hispidulin (5c). 4. The quantitative curves and maps of scutellarin, scutellarein, apigenin, luteolin, and
hispidulin. 5. Four extracts and the main ingredients of anti-HIV and cathepsin L protease inhibition.
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Abstract: Fungal microbes are important in the creation of new drugs, given their unique genetic and
metabolic diversity. As one of the most commonly found fungi in nature, Fusarium spp. has been well
regarded as a prolific source of secondary metabolites (SMs) with diverse chemical structures and a
broad spectrum of biological properties. However, little information is available concerning their
derived SMs with antimicrobial effects. By extensive literature search and data analysis, as many as
185 antimicrobial natural products as SMs had been discovered from Fusarium strains by the end of
2022. This review first provides a comprehensive analysis of these substances in terms of various
antimicrobial effects, including antibacterial, antifungal, antiviral, and antiparasitic. Future prospects
for the efficient discovery of new bioactive SMs from Fusarium strains are also proposed.

Keywords: Fusarium; secondary metabolite; antimicrobial effect; antibacterial; antifungal; antiviral;
antiparasitic

1. Introduction

Antimicrobial agents play a significant role in the treatment of infectious diseases caused
by pathogenic microorganisms with various modes of action. Since the fortuitous discovery
of penicillin in 1928, hundreds of antibiotics have been approved for clinical use. However,
some of these drugs have become less efficacy or unavailability simultaneously owing to the
development of antimicrobial resistance (AMR), in which a pathogenic microbe evolves a sur-
vival mechanism that protects the drug target by modification or replacement, or degradation
or modification of the antibiotic to render it harmless, such as MRSA (methicillin-resistant
Staphylococcus aureus), multidrug-resistant S. aureus (MDRS), VREF (vancomycin-resistant
Enterococcus faecium), CRKP (cephalosporin-resistant Klebsiella pneumoniae) [1]. Antimicrobial
resistance has become an increasing threat to human health and is widely considered to be the
next global pandemic [2]. Therefore, it is an urgent need for the discovery of new antimicrobial
drugs with novel structural scaffolds and new modes of action.

Microorganisms are well recognized as a prolific source of biomolecules with diverse
chemical structures and various biological properties. Microbial natural products have
been, to date, our most successful defense against infectious disease. As one of the most
commonly isolated filamentous fungi in terrestrial and marine environments, Fusarium spp.
possess the potential capability to biosynthesize structurally diverse secondary metabolites
(SMs), including alkaloids, peptides, amides, terpenoids, quinones, pyranones, and miscel-
laneous compounds [3]. Up to now, however, no document highlighting Fusarium-derived
SMs with antimicrobial effects has been reported. With the aim to enrich our knowledge,
this review comprehensively summarizes the occurrence of these antimicrobial substances,
including antibacterials, antifungals, antivirals, and antiparasitics.

As of December 2022, the Dictionary of Natural Products (DNP) database listed
783 Fusarium-derived SMs, many of them also occurring in other microbial genera. By
extensive literature search, as many as 185 antimicrobial SMs (1–185) had been discovered
from Fusarium strains and are, respectively, introduced in terms of various antimicrobial
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activities, including antibacterial, antifungal, antiviral, and antiparasitic. Their detailed
information is supplied in the Supplementary Materials.

2. Antibacterial Secondary Metabolites

Bacterial infection is a common clinical disease that can affect a variety of organs and
tissues. Fusarium-derived antibacterial SMs have a wide array of structural motifs, most of
which are polyketides, followed by alkaloids, terpenoids, and cyclopeptides. According to
antibacterial properties, these chemicals are divided into three groups, including anti-Gram-
positive bacterial SMs (1–50, Figure 1), anti-Gram-negative bacterial SMs (51–64, Figure 2)
and both anti-Gram-positive and anti-Gram-negative bacterial SMs (65–81, Figure 3).
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Figure 1. Fusarium-derived anti-Gram-positive bacterial SMs (1–50).
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Figure 2. Fusarium-derived anti-Gram-negative bacterial SMs (51–64).
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Figure 3. Fusarium-derived anti-Gram-positive and anti-Gram-negative bacterial SMs (65–81).

2.1. Anti-Gram-Positive Bacterial SMs

Fifty Fusarium-derived SMs (1–50, Figure 1) had been characterized and displayed var-
ious bactericidal effects on Gram-positive strains, such as Staphylococcus aureus, methicillin-
resistant Staphylococcus aureus, multidrug-resistant S. aureus, Mycobacterium tuberculosis,
Bacillus subtilis, etc. Fusariumins C (1) and D (2) are two new polyketides produced by
an endophytic strain F. oxysporum ZZP-R1 from coastal plant Rumex midair Makino dis-
played medium effect on S. aureus with MIC (minimum inhibitory concentration) values
of 6.25 and 25.0 µM, respectively [4]. Two triterpene sulfates (3 and 4) isolated from F.
compactum exhibited weak activity toward S. aureus and Streptococcus strains in the range of
6–50 µg/mL [5]. Enniatins (5–10), a group of antibiotics commonly synthesized by various
Fusarium strains, are six-membered cyclic depsipeptides formed by the union of three
molecules of D-α-hydroxyisovaleric acid and three N-methyl-L-amino acids [6]. Three
enniatins (8–10), beauvericin A (11) and trichosetin (12) were obtained from an endophytic
fungus, Fusarium sp. TP-G1 and showed moderate anti-S. aureus and anti-methicillin-
resistant S. aureus effects with MIC values in the range of 2–16 µg/mL [7]. Two enantiomers
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(12 and 13) were separated from the culture broth of F. oxysporum FKI-4553 and found to
have an inhibitory effect on the undecaprenyl pyrophosphate synthase activity of S. aureus
with IC50 values of 83 and 30 µM, respectively [8].

Lateritin (14) derived from Fusarium sp. 2TnP1–2 showed anti-S. aureus activity at
2 µg per disc with 7 mm of inhibition zone [9]. A new polycyclic quinazoline alkaloid
(15) displayed moderate antibacterial activity against methicillin-resistant S. aureus and
multidrug-resistant S. aureus, with the same MIC value of 6.25 µg/mL [10]. Three pyranopy-
ranones (16–18) showed weak inhibitory activities against S. aureus, methicillin-resistant
S. aureus, and multidrug-resistant S. aureus [11]. Compound 19 was a new pyran-2-one
with weak activity against methicillin-resistant S. aureus and was shown to be the inhibitor
of the quorum-sensing mechanism of S. aureus and Pseudomonas aeruginosa [12]. Trans-
dihydrofusarubin (20) and seven analogs (21–27) had significant antibiotic activity against
S. aureus (MIC values < 4 µg/mL), and compounds 26 and 27 exhibited potent activity
against S. pyogenes [13]. Five naphthoquinones 28–32 showed anti-Mycobacterium tuberculo-
sis activity with MICs ranging from 25 to 50 µg/mL [14]. Compounds 32 and 33 displayed
moderate antibacterial activity against S. aureus and potent activities against B. cereus and
S. pyogenes with MIC values of <1 µg/mL as compared to ciprofloxacin, whose MIC value
was 0.15 and 10 µg/mL, respectively [15].

Linoleic acid (34) and epi-equisetin (35) had certain inhibitory activity against S. aureus
and multidrug-resistant S. aureus [16]. (−)-4,6′-anhydrooxysporidinone (36) was obtained
from F. oxysporum and showed weak anti-multidrug-resistant S. aureus and moderate anti-B.
subtilis effects [17]. Fusaroxazin (37), a novel antimicrobial xanthone derivative from F.
oxysporum, possessed significant antibacterial activity towards S. aureus and B. cereus, with
MIC values of 5.3 and 3.7 µg/mL, respectively [18]. Neomangicol B (38) isolated from the
mycelial extract of a marine Fusarium strain was found to inhibit B. subtilis growth with a
potency similar to that of the antibiotic gentamycin [19]. Three aromatic polyketides (39–41)
were produced by strain F. proliferatum ZS07 and possessed potent antibacterial activity
against B. subtilis with the same MIC values of 6.25 µg/mL [20]. Two sesterterpenes (42
and 43) produced by F. avenaceum SF-1502 displayed stronger antibacterial activity against
B. megaterium than positive controls (ampicillin, erythromycin, and streptomycin) [21]. 4,5-
Dihydroascochlorin (44) had strong antibacterial activity towards Bacillus megaterium [22].
Fusariumnols A (45) and B (46) were two novel anti-S. epidermidis aliphatic unsaturated
alcohols isolated from F. proliferatum 13,294 [23]. Fungerin (47) displayed weak antibacterial
activity against S. aureus and S. pneumoniae [24]. Compounds 48–50 were purified from
F. oxysporum YP9B and showed a potent inhibitory effect on S. aureus, E.faecalis, S. mutans,
B. cereus, and M. smegmatis with MICs of less than 4.5 µg/mL [25].

2.2. Anti-Gram-Negative Bacterial SMs

Butenolide (51) was a fusarium mycotoxin from unknown origin strain Fusaium sp. and
showed selective inhibitory activity against E. coli [26]. Extensive chemical investigation
of the endophytic fungus F. solani JK10 afforded nine 2-pyrrolidone derivatives (52–60),
which displayed antibacterial activity against E. coli with MIC values of 5–10 µg/mL.
Particularly, three lucilactaene analogs (52–54) had strong inhibitory effects on Acinetobacter
sp., comparable to the positive control streptomycin [27]. One new aromatic polyketide,
karimunones B (61), together with compounds 62 and 63, was obtained from sponge-
associated Fusarium sp. KJMT.FP.4.3 and exhibited anti-multidrug resistant Salmonella
enterica ser. Typhi activity with a MIC of 125 µg/mL [28]. Fusapyridon A (64) is produced
by an endophytic strain, Fusarium sp. YG-45 demonstrated moderate antibacterial activity
against Pseudomonas aeruginosa with a MIC value of 6.25 µg/mL [29].

2.3. Both Anti-Gram-Positive and Anti-Gram-Negative Bacterial SMs

Seventeen Fusarium-derived SMs (65–81, Figure 3) were shown to have both anti-Gram-
positive and anti-Gram-negative activity. Seven naphthoquinones (65–71) demonstrated
moderate activities against an array of Gram-positive and Gram-negative bacteria, such as
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B. megaterium, B. subtilis, C. perfringens, E. coli, methicillin-resistant S. aureus, P. aeruginosa, S.
aureus, and S. pyogenes [13,21,30,31]. The mechanism of action (MoA) study indicated that
compounds 66 and 71 could stimulate the oxygen consumption of bacterial cells and induce
cyanide-insensitive oxygen consumption, which results in the generation of superoxide anion
and hydrogen peroxide [32]. Compounds 72–75 were polycyclic terpenoids, respectively,
produced by three Fusarium strains [33–35]. Compound 72 had significant activity against S.
aureus and P. aeruginosa with a MIC value of 6.3 µg/mL, and 73 showed moderate activities
against Salmonella enteritidis and Micrococcus luteus with MIC values of 6.3 and 25.2 µg/mL,
respectively, while 74 showed a broad spectrum of antibacterial activity and 75 exhibited
moderate antibacterial activities against S. aureus and E. coli with the same MIC value of
16 µg/mL. Two xanthine oxidase inhibitory cerebrosides (76 and 77) were identified and
purified from the culture broth of Fusarium sp. IFB-121 and showed strong antibacterial
activities against B. subtilis, E. coli, and P. fluorescens with MICs of less than 7.8 µg/mL [36].
Enniatins J1 (78) and J3 (79) were two hexadepsipeptides with an array of antibacterial activity
toward C. perfringens, E. faecium, E. coli, S. dysenteriae, S. aureus, Y. enterocolitica, and lactic acid
bacteria except for B. adolescentis [37]. Halymecin A (80) was produced by a marine-derived
Fusarium sp. FE-71-1 and exhibited a moderate inhibitory effect on E. faecium, K. pneumoniae,
and P. vulgaris with the MIC value of 10 µg/mL [38]. Fusaequisin A (81) was isolated from
rice cultures of F. equiseti SF-3-17 and found to have moderate antimicrobial activity against
S. aureus NBRC 13,276 and P. aeruginosa ATCC 15,442 [39].

3. Antifungal Secondary Metabolites

Invasive fungal infections are very common in immunocompromised patients (such
as acquired immune deficiency syndrome and organ transplantation) and have become
a global problem resulting in 1.7 million deaths every year [40–42]. Furthermore, the
overuse of antifungal agents increases opportunistic pathogen resistance, which had been
listed as one of the dominant threats by the World Health Organization in 2019. Therefore,
the urgent need for new antimycotics with novel targets is undeniable. Till the end of
2022, twenty-seven antifungal SMs (82–108, Figure 4) had been discovered from Fusarium
strains. Compounds 82–84 are three anti-C. albicans glycosides belong to the papulacandin
class [43,44]. The MoA study suggested that compound 82 is an inhibitor of glutamine syn-
thetase (GS) enzyme for (l,3)-β-glucan biosynthesis [43]. CR377 (85) was a new α-furanone
derivative from an endophytic Fusarium sp. CR377 and showed a similar antifungal effect
on C. albicans with nystatin [45]. Compounds 86 and 87 were two zearalenone analogs and
exhibited weak activity against Cryptococcus neoformans [46]. Neofusapyrone (88) produced
by a marine-derived Fusarium sp. FH-146 displayed moderate activity against A. clavatus
F318a with a MIC value of 6.25 µg/mL [47]. Six cyclic depsipeptides 89–94 had been
isolated from several Fusarium strains and found to have significant inhibitory activities
against pathogenic fungi, such as C. albicans [48], C. glabrata, C. krusei, V. ceratosperma, and
A. fumigates [49]. Cyclosporin A (91) has long been recognized as an immunosuppres-
sant agent and could inhibit the growth of sensitive fungi after their germination [50,51].
Parnafungins A-D (95–98) were isoxazolidinone-containing natural products and demon-
strated broad-spectrum antifungal activity with no observed activity against bacteria. The
targeted pathway of these alkaloids was determined to be the mRNA 3‘-cleavage and
polyadenylation process [52,53]. One N-hydroxypyridine derivative (99) showed antifun-
gal activity against C. albicans and Penicillium chrysogenum with MICs of 16 and 8 µg/mL,
respectively [54]. Indole acetic acid (100) exhibited activity against the fluconazole-resistant
C. albicans (MIC = 125 µg/mL) [55].
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Figure 4. Fusarium-derived antifungal SMs (82–108).

Fusaribenzamide A (101) possessed a significant anti-C. albicans activity with MIC
of 11.9 µg/disc compared to nystatin (MIC = 4.9 µg/disc) [56]. Three pyridone deriva-
tives (102–104) displayed significant activities against multidrug-sensitive S. cerevisiae
12gene∆0HSR-iERG6, and the MoA study indicated that these substances have a potent
inhibitory effect on NADH-cytochrome C oxidoreductase [57]. Compounds 105–107 were
derived from strain F. oxysporum N17B, and the former (105 and 106) showed selective
fungistatic activity against Aspergillus fumigatus, and the latter (107) had selective potent ac-
tivity against C. albicans through inhibition of phosphatidylinositol 3-kinase [58]. Culmorin
(108) displayed remarkable antifungal activity against both marine (S. marina, M. pelagica)
and medically relevant fungi (A. fumigatus, A. niger, C. albicans, T. mentagrophytes) [59,60].

4. Both Antibacterial and Antifungal Secondary Metabolites

Till the end of 2022, forty-one SMs (109–149, Figure 5) with both antibacterial and
antifungal effects had been discovered from Fusarium spp. Among these Fusarium-derived
1,4-naphthoquinone analogs (109–115), compound 109 showed potent anti-Gram-positive
bacteria activity against B. cereus and S. pyogenes with MIC of <1 µg/mL and anti-C. al-
bicans activity with IC50 (the half maximal inhibitory concentration) of 6.16 µg/mL [14],
and 110–115 demonstrated moderate inhibitory effects on S. aureus, C. albicans, and B.
subtilis [61]. Bikaverin (116) was found to have anti-E. coli and antifungal (P. notatum,
Alternaria humicola, and A. flavus) activity [48,62,63]. Lateropyrone (117) was the same SM
as F. acuminatum, F. lateritium, and F. tricinctum and displayed good antibacterial activity
against B. subtilis, S. aureus, S. pneumoniae, methicillin-resistant S. aureus, Mycobacterium tu-
berculosis, and vancomycin-resistant of E. faecalis and significant inhibitory activity towards
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the growth of C. albicans [64–67]. BE-29,602 (118) was a novel antibiotic of the papula-
candin family, showing good activity against C. albicans, S. cerevisiae, S. pombe with MIC
values < 1 µg/mL and moderate activity against B. subtilis and P. chrysogenum with the
MIC values < 8 µg/mL [44,68]. Fusarielin A (119) was a meroterpenoid with moderate
antifungal activities against A. fumigatus and F. nivale and weak antibacterial effect on
S. aureus, methicillin-resistant S. aureus, and multidrug-resistant S. aureus [11,69]. Three
helvolic acid derivatives (120–122) displayed potent antifungal and antibacterial activities
against B. subtilis, S. aureus, E. coli, B. cinerea, F. Graminearum, and P. capsica [70]. Fusartricin
(123) had moderate antimicrobial activity against E. aerogenes, M. tetragenu, and C. albicans
with the same MIC value of 19 µM [34].Molecules 2023, 28, x FOR PEER REVIEW 9 of 17 

 

 

 
Figure 5. Fusarium-derived antibacterial and antifungal SMs (109–149). 

5. Antiviral Secondary Metabolites 
The infections by viruses in humans resulted in millions of deaths globally and are 

accountable for viral diseases, including HIV/AIDS, hepatitis, influenza, herpes simplex, 
common cold, etc. [90]. The emergence of new viruses like Ebola and coronaviruses 

     
109 110 R=H 

112 R=CH3 
113 R=CH2CH3 

111 R1=H, R2=α-H 
114 R1=CH3, R2=β-H 
115 R1=CH2CH3, R2=β-H 

116 117 

  
 

120 R1=CH3, R2=  
121 R1=H, R2=  

122 R1=H, R2=  118 119 

     
123 124 R=H 

125 R=OH 
126 127 R=OH 

128 R=H 
129 

     
130 131 132 133 134 R1=sec-butyl, R2=sec-butyl, R3=sec-butyl 

135 R1=iso-propyl, R2=sec-butyl, R3=sec-butyl 
136 R1=iso-propyl, R2=iso-propyl, R3=iso-
propyl 
137 R1=iso-propyl, R2=iso-propyl, R3=sec-butyl 

    
138 139 140 141 R=C17H33 (∆11, Z) 

142 R=C17H31 (∆9, 12, E, E) 

      
143 R1=H, R2=CH3 
144 R1=OH, R2=CH2OH 

145 146 147 148 149 

 
Figure 5. Fusarium-derived antibacterial and antifungal SMs (109–149).

Compounds 124–128 are pyrone family members and showed antimicrobial activ-
ity against bacteria (such as B. subtilis, S. aureus, Vibrio parahaemolyticus, C. kefyr, and P.
aeruginosa) and fungi (such as A. clavatus, Geotrichum candidum, C. albicans, M. albican,
and S. cerevisiae) [47,71–74]. Fusaric acid (129), one of the most significant mycotoxins
from Fusarium strains, displayed a broad spectrum of moderate antimicrobial activity
against Bacillus species, Acinetobacter baumannii, Phytophthora infestans, etc. [75–77]. Equi-
setin (130) was shown to be active against several strains of Gram-positive bacteria (B.
subtilis, Mycobacterium phlei, S. aureus, methicillin-resistant S. aureus, and S. erythraea) and
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the Gram-negative bacteria Neisseria perflava at concentrations of 0.5–4.0 µg/mL, as well
as antifungal activity toward P. syringae and R. cerealis [78,79]. Fusarithioamides A (131)
and B (132) demonstrated antibacterial potential towards B. cereus, S. aureus, and E. coli
compared to ciprofloxacin and selective antifungal activity towards C. albicans compared to
clotrimazole [80,81]. Beauvericin (133) and enniatins A, A1, B and B1 (134–137) are cyclic
hexadepsipeptides with a wide array of highly antimicrobial activities against bacteria
(such as B. subtilis, S. aureus, methicillin-resistant S. aureus, etc.) and fungi (such as C. albicans,
B. bassiana, T. harzianum, etc.) [82–86]. Unlike most antibiotics, cell organelles or enzyme
systems are the targets of the antibiotic 133 [87]. As a drug efflux pump modulator, further-
more, compound 133 had the capability to reverse the multi-drug resistant phenotype of C.
albicans by blocking the ATP-binding cassette transporters and to repress the expression
of many filament-specific genes, including the transcription factor BRG1, global regulator
TORC1 kinase [88]. Fusaramin (138) displayed anti-Gram-positive and anti-Gram-negative
bacterial activity and could inhibit the growth of S. cerevisiae 12gene∆0HSR-iERG6 [57].
Compounds 139–142 were isolated from F. oxysporum YP9B and exhibited a significant
antimicrobial effect against bacterial and fungi at concentrations of 0.8–6.3 µg/mL [25].
Seven SMs (143–149) were separated from an endophytic fungus F. equiseti, and showed
antibacterial (such as B. subtilis, S. aureus, B. megaterium) and anti-C. albicans activities [89].

5. Antiviral Secondary Metabolites

The infections by viruses in humans resulted in millions of deaths globally and are
accountable for viral diseases, including HIV/AIDS, hepatitis, influenza, herpes simplex,
common cold, etc. [90]. The emergence of new viruses like Ebola and coronaviruses (SARS-
CoV, SARS-CoV-2) emphasizes the need for more innovative strategies to develop better
antiviral drugs. Twenty-three Fusarium-derived SMs (64, 99, 105, 135–137, 140–142, 144–147,
149–158, Figure 6) had been shown to have antiviral effects. The isolation of fusaricide (99) was
guided by the Rev (regulation of virion expression) binding assay [54]. Fusapyridon A (64)
and oxysporidinone (105) displayed antiviral activity against the coronavirus (HCoV-OC43)
with IC50 values of 13.33 and 6.65 µM, respectively [91]. Their enniatins (135–137) were found
to protect human lymphoblastoid cells from HIV-1 infection with an in vitro “therapeutic
index” of approximately 200 (IC50 = 1.9, EC50 = 0.01 µg/ mL, respectively) [92]. The antiviral
activity against HSV type-1 was determined to be 0.312 µM for compound 140 and 1.25 µM
for 141 and 142 [25]. Three indole alkaloids (150–152) were obtained from a marine-derived
Fusarium sp. L1 and exhibited inhibitory activity against the Zika virus (ZIKV) with EC50
values of 7.5, 4.2, and 5.0 µM, respectively [93]. A chemical study of an endophytic fungus F.
equiseti led to the isolation of compounds 144–147 and 153–157, of which 149 and 157 showed
good potency against hepatitis C virus NS3/4A protease, while 144 and 155 were the most
potent hepatitis C virus NS3/4A protease inhibitors [89]. Coculnol (158) was a penicillic acid
from a coculture of F. solani FKI-6853 and Talaromyces sp. FKA-65 displayed an inhibitory
effect on A/PR/8/34 (H1N1) with an IC50 value of 283 µg/mL [94].
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6. Antiparasitic Secondary Metabolites

Parasitic diseases caused by protozoa, helminths and ectoparasites affect millions of
people each year and result in substantial morbidity and mortality, particularly in tropical
regions [95]. Therefore, new antiparasitic agents are urgently needed to treat and control these
diseases. A total of 39 antiparasitic SMs (23, 28, 29, 59, 108, 93, 116, 133–137, 159–185, Figure 7)
had been isolated and characterized from Fusarium strains. Five naphthoquinones (23, 29,
30, 109, and 159) and one anthraquinone (160) showed weak inhibitory activity toward the
most deadly malaria parasite Plasmodium falciparum K1 with IC50 values in the range 9.8–26.1
µM [96]. However, compound 93 displayed significant antiplasmodial activity toward P. falci-
parum (D6 clone) with an IC50 value of 0.34 µM [49]. Bikaverin (116) was specifically effective
against Leishmania brasiliensis, which is one of the main causes of cutaneous leishmaniasis in the
Americas [97]. Beauvericin (133) was reported to inhibit Trypanosoma cruzi with an IC50 value
of 2.43 µM and L. braziliensis with an EC50 value of 1.86 µM [98,99]. In addition to antibacterial
and antifungal effects, enniatins (134–137) exhibited mild anti-leishmanial activity by inhibi-
tion of the activity of thioredoxin reductase enzyme of P. falciparum [6]. Integracides F, G, H,
and J (161–164) were also shown to have stronger anti-leishmanial activity towards L. donovani
than the positive control pentamidine (IC50 = 6.35 µM) [100]. Among twelve lucilactaene
derivatives (165–176), compounds 166–168 showed very potent antimalarial activity toward
P. falciparum (IC50 = 0.0015, 0.15, and 0.68 µM, respectively) [101–103]. Structure−activity
relationship study suggested that epoxide is extremely detrimental, and demethylation of the
lucilactaene methyl ester and formation of the free carboxylic acid group resulted in a 300-fold
decrease in activity. Nine cyclic tetrapeptides (177–185) are apicomplexan histone deacetylase
(HDA) inhibitors [104–106]. Particularly, compound 177 was an excellent inhibitory agent
(IC50 < 2 nM) and showed in vivo high efficacy against P. berghei malaria in mice at less than
10 mg/kg.
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7. Conclusions

In summary, the genus Fusarium is one of the excellent producers of antimicrobial
SMs, some of which have great potential in new drug development, such as anti-Gram-
positive bacterial terpenes 38, 42 and 43, anti-Gram-negative lucilactaenes 52–54, antifungal
papulacandin 82 and pyridones 102–104, antiviral enniatins 135–137, and antiparasitic
integracides 161–164, etc. In the past two decades, however, the rate of discovery of
novel SMs from Fusarium has constantly been decreasing [3]. Fortunately, a growing
number of evidence suggest that the potential of Fusarium spp. to make novel SMs is
still immense since most of their SM biosynthetic gene clusters (BGCs) are inactive or
un-awakened under traditional fermentation and culture conditions [107]. More and
more cryptic BGCs responsible for the biosynthesis of novel SMs have been disclosed
by various bio-informative tools and approaches and efficiently activated using genome
mining strategies, such as BGC heterogeneous expression [108], promoter engineering [109]
and gene transcriptional regulation [110]. In addition, more efforts should be made to
analyze and interpret the action mechanisms of Fusarium-derived leading compounds,
which have similar or more potent antimicrobial effects compared to positive controls.
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Abstract: Due to the increase in multidrug-resistant microorganisms, the investigation of novel
or more efficient antimicrobial compounds is essential. The World Health Organization issued a
list of priority multidrug-resistant bacteria whose eradication will require new antibiotics. Among
them, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae are in the “critical”
(most urgent) category. As a result, major investigations are ongoing worldwide to discover new
antimicrobial compounds. Burkholderia, specifically Burkholderia sensu stricto, is recognized as an
antimicrobial-producing group of species. Highly dissimilar compounds are among the molecules
produced by this genus, such as those that are unique to a particular strain (like compound CF66I pro-
duced by Burkholderia cepacia CF-66) or antimicrobials found in a number of species, e.g., phenazines
or ornibactins. The compounds produced by Burkholderia include N-containing heterocycles, volatile
organic compounds, polyenes, polyynes, siderophores, macrolides, bacteriocins, quinolones, and
other not classified antimicrobials. Some of them might be candidates not only for antimicrobials
for both bacteria and fungi, but also as anticancer or antitumor agents. Therefore, in this review, the
wide range of antimicrobial compounds produced by Burkholderia is explored, focusing especially on
those compounds that were tested in vitro for antimicrobial activity. In addition, information was
gathered regarding novel compounds discovered by genome-guided approaches.

Keywords: Burkholderia sensu stricto; antimicrobials; non-ribosomal peptides

1. Introduction

Burkholderia sensu lato comprises more than 100 species, which were gradually discov-
ered during 30 years of research. In recent years, using comparative genomics, this large
group was divided into seven genera, namely Burkholderia sensu stricto (s.s.), Paraburkholde-
ria, Caballeronia, Robbsia, Mycetohabitans, Trinickia, and Pararobbsia [1–5]. The species con-
tained in these genera thrive in soil, water, rhizosphere, plant nodules, fungi, and in animal
and human infections. Burkholderia s.s. is formed by three groups of species: (a) the
Burkholderia pseudomallei group (composed of 8 species), (b) the Burkholderia species that
are mostly plant pathogenic bacteria (containing 4 species), and (c) the Burkholderia cepa-
cia complex (Bcc) (composed of 25 species). The B. pseudomallei group is of worldwide
importance because the species B. pseudomallei and Burkholderia mallei cause the mortal
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(if not treated) melioidosis diseases in humans and animals, and glanders, specifically in
equines, respectively [6,7]. Recently, “Burkholderia mayonis” and “Burkholderia savannae”
were described within the B. pseudomallei group [8]. Although some species from the Bcc
are plant pathogens, there is a small group where Burkholderia plantarii, Burkholderia gladioli,
and Burkholderia glumae are included; however, they are not part of the Bcc. Recently,
“Burkholderia perseverans” was added to this group; this species produces volatile com-
pounds that inhibit plant pathogens but has not been described as a pathogen per se [9].
The Bcc species are best known as opportunistic pathogens, mainly in cystic fibrosis (CF)
and immunocompromised patients [10]. Within the Bcc, the last species described was
Burkholderia orbicola [11]. Another important feature within the Bcc is their resistance to
many antibiotics [12], which especially endangers the lives of CF and immunocompro-
mised patients.

Bcc is also known for their phenotypic and genotypic diversity [13], which includes fea-
tures/functions for biotechnological uses. This functional ability has been shown through
biopesticidal activity in the rhizosphere [14] and by the bioremediation of xenobiotics
compounds [15,16]. The Bcc are also able to produce a large array of compounds involved
in the inhibition of pathogenic bacteria, fungi, and yeasts, which is important for tackling
multidrug-resistant microorganisms [17]. Interestingly, the B. pseudomallei group encodes
the largest capacity for secondary metabolite biosynthesis (>11% of their genomes) [18].
Moreover, the Bcc account for significant antibiotic biosynthetic capacity, e.g., Burkholderia
ambifaria involves 9% of its genome in secondary metabolism, and B. gladioli and B. glumae
dedicate 10% or more of their genome to antibiotic biosynthesis. Therefore, this review
aims to enumerate in detail all antimicrobial compounds produced by Burkholderia s.s.,
detailing activities demonstrated in vitro and reviewing the novel compounds discovered
by genome-guided approaches. The compounds are grouped and discussed according to
common chemical features and shown as a list in Supplementary Table S1 with the numbers
given in bold.

2. N-Containing Heterocycles

The analogs of nitrogen-based heterocycles occupy an exclusive position as a valuable
source of therapeutic agents in medicinal chemistry [19]. Many of these compounds are
volatile organic compounds (VOCs) or volatile nitrogen compounds [20]. Pyrazine-derived
compounds (VOC) produced by Burkholderia seminalis JRBHU6 have been named PPDH and
identified as (pyrrolo (1,2-a) pyrazine-1,4-dione, hexahydro) (1) and PPDHMP identified as
C11H18N2O2 (pyrrolo (1,2-a) pyrazine-1,4-dione, hexahydro-3(2-methyl-propyl)) (2) [21].
The pyrrolo [1,2-a] pyrazine core occurs in nature and is frequently used in drug design.
Pyrrole has therapeutic significance as an anticancer, antimicrobial, and antiviral agent [22].
Compounds 1 and 2 produced by B. seminalis JRBHU6 inhibit the fungi genera Fusarium,
Aspergillus, Microsporum, Trichophyton, and Trichoderma, and the bacterial genera Staphyloc-
cous, Pseudomonas, Escherichia, Shigella, and Klebsiella [21]. Molecular docking with bioactive
compounds 1 and 2 was carried out to identify protein targets. According to the analysis, 2
showed full fitness to human proteins cell division protein kinase 7 and mitogen-activated
protein kinase 8, suggesting a putative role in the inhibition of protein kinase activity in
sensitive microorganisms. Good binding affinity and full fitness were also found with
bacterial proteins such as choloylglycine hydrolase, camphor t-monooxygenase, chitinase
B, and tyrosine phenol-lyase, while 1 showed good strong full fitness only with chitinase
B. Other N-containing antimicrobial compounds are iminopyrrolidines produced by B.
plantarii 9424. These compounds are 2-imino-3-methylene-5-L(carboxy-L-valyl)-pyrrolidine
(3) and 2-imino-3-methylene-5-L(carboxy-L-threoninyl)-pyrrolidine (4). These are amino
acid conjugates and have high in vitro inhibitory activity against the bacteria Erwinia
amylovora, a pathogen causing fire blight disease in apple and pear trees [23]. A pyrazole
molecule that consisted of a substituted pyrazole, linked to the aspartate-b-carboxyl of the
tripeptide L-alanyl-L-homoserinyl-L-aspartate, resulted in a deduced structure 3-[L-alanyl-
L-homoserinyl-L-aspartyl-b-carboxy]-4-hydroxy-5-oxopyrazole (5). This compound was
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produced by B. glumae and was found to inhibit bacterial pathogens such as different species
of Erwinia, Pectobacterium, Pseudomonas, and Xanthomonas [24]. Pyrrolnitrin (6), 3-chloro-4-
(2-nitro-3-chlorophenyl)pyrrole, is a microbial halometabolite (containing a halogen moiety)
with a large antimicrobial significance in agricultural, pharmaceutical, and industrial impli-
cations [25]. This compound is produced by rhizospheric fluorescent and non-fluorescent
pseudomonads, Serratia and Burkholderia. Pyrrolnitrin was first discovered in Pseudomonas
(now Burkholderia) pyrrocinia in 1960 [26,27]; other species such as Burkholderia cepacia and
Burkholderia ambifaria are able to synthesize it as well [28–31]. A number of phytopathogens
are inhibited by 6, e.g., Penicillium, Phytophthora, Fusarium, Rhizoctonia, Colletotrichum, and
Sclerotinia, yeast such as Candida, Hansenula, and Saccharomyces, and bacteria such as Bacillus
and Streptomyces. Interestingly, the production of pyrrolnitrin was induced when chloram-
phenicol was added to the culture medium of B. ambifaria AMMDT [31]. Phenazines are
a large group of nitrogen-containing heterocycles with diverse chemical structures and
pharmacological activity such as antimicrobial, antiparasitic, neuroprotective, insecticidal,
anti-inflammatory, and anticancer [32]. There are more than 100 phenazine derivatives
produced by bacteria and archaea. Burkholderia cepacia 5.5B produces the phenazine 4,9-
dihydroxyphenazine-1,6-dicarboxylic acid dimethyl ester (7), which inhibits Rhizoctonia
solani [33]. The production of phenazines in B. lata was strongly affected by the growth
conditions, the best production being observed in culture grown in King’s B medium [34].
Moreover, the involvement of phenazine in the formation of biofilm by B. lata was analyzed
using a phenazine-overproducing strain, a phenazine-deficient mutant, and the wild type
of the strain. The results showed that both the wild type and the overproducing strain
formed thicker biofilms and attached more quickly than the mutant, suggesting a role
of phenazine in biofilm formation by B. lata and, therefore, a role in the pathogenicity of
this member of Bcc. Burkholderia glumae 411gr-6 was found to synthesize phencomycin
(8) (a phenazine with two substituents, a carboxyl and a carbomethoxy group) and two
new derivatives, 4-hydroxyphencomycin (9) and 5,10-dihydro-4,9-dihydroxyphencomycin
methyl ester (10) [35]. The three compounds inhibit several plant pathogenic fungi, yeasts,
and bacteria. Burkholderia sp. HQB-1, closely related to Burkholderia stagnalis, produces
PCA, phenazine-1-carboxilic acid (11), which has been proposed to protect banana against
Fusarium oxysporum wilt. Compound 11 produced by strain HQB-1 also inhibits the genera
Colletotrichum, Botrytis, and Curvularia [36]. Indole compounds and derivatives are N-
containing heterocycles; among this kind of compounds the VOC indole (12) produced by
Burkholderia cenocepacia ETR-B22 inhibited the fungi Alternaria, Aspergillus, Bipolaris, Bacillus,
Fusarium, Helminthosporium, Mycosphaerella, Magnaporthe, Phyllosticta, and Rhizoctonia [37].
The pityriacitrin (13), a b-carboline alkaloid with an indole ring attached with a carbonyl
group on C-1 position and the derivative pityriacitrin B (14) isolated and identified in
Burkholderia sp. NBF227, was tested for cytotoxic activity against cancer cell lines, but
chemically synthesized derivatives from the previous compounds were more effective [38].
Other synthesized pityriacitrin derivatives from Burkholderia sp. NBF227 were investigated
for antifungal activity [39]. The fungicidal activity was tested with four taxonomically
different plant pathogens (oomycetes, ascomycetes, deuteromycetes, and basidiomycetes),
showing that pityriacitrin displayed broad-spectrum antifungal activity and protected
pepper leaves and grapefruits against infection by P. capsici and B. cinerea, respectively.
Some N-containing heterocycles are shown in Figure 1.
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Figure 1. N-containing heterocycles. (1) pyrrolo (1,2-a) pyrazine-1,4-dione, hexahydro. (2) pyrrolo
(1,2-a) pyrazine-1,4-dione, hexahydro-3(2-methyl-propyl). (3) 2-imino-3-methylene-5-L(carboxy-L-
valyl)-pyrrolidine. (4) 2-imino-3-methylene-5-L(carboxy-L-threoninyl)-pyrrolidine. (5) 3-[L-alanyl-L-
homoserinyl-L-aspartyl-b-carboxy]-4-hydroxy-5-oxopyrazole. (6) pyrrolnitrin, 3-chloro-4-(2-nitro-3-
chlorophenyl)pyrrole. (7) phenazine, 4,9-dihydroxyphenazine-1,6-dicarboxylic acid dimethyl ester.
(8) phencomycin. (9) 4-hydroxyphencomycin. (10) 5,10-dihydro-4,9-dihydroxyphencomycin methyl
ester. (11) phenazine-1-carboxilic acid. (12) índole. (13) pityriacitrin. (14) pityriacitrin B.

3. Volatile Organic Compounds

Besides the VOCs mentioned in the N-containing heterocycles section, B. cenocepacia
ETR-B22 also synthetizes other VOCs that lack nitrogen in their ring structure (Figure 2).
These compounds are the benzyl derivatives methyl anthranilate (15), methyl salicy-
late (16), methyl benzoate (17), benzyl propionate (18), benzyl acetate (19), 3,5-Di-tert-
butylphenol (20), allyl benzyl ether (21), and benzyl benzoate (22) (Figure 2), which
inhibit an important number of fungal plant pathogens [37]. The VOCs dimethyl trisulfide
(23), nonanoic acid (24), 2-pentadecanone (25), and 3-hexen-1-ol, benzoate, (Z)- (26) pro-
duced by the strain ETR-B22 also have antifungal activity. Burkholderia gladioli strain BBB-01,
isolated from rice shoots, emits the VOCs dimethyl disulfide (27) and 2,5-dimethylfuran
(28) with inhibitory activity against the phytopathogenic fungi M. oryzae, Gibberella fujikuroi,
Sarocladium oryzae, Phellinus noxius, and Colletotrichum fructicola and human pathogen C.
albicans [40].
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Figure 2. Volatile organic compounds. (15) methyl anthranilate. (16) methyl salicylate. (17) methyl
benzoate. (18) benzyl propionate. (19) benzyl acetate. (20) 3,5-Di-tert-butylphenol. (21) allyl benzyl
ether. (22) benzyl benzoate. (23) dimethyl trisulfide. (24) nonaoic acid. (25) 2-pentadecanone. (26)
3-hexen-1-ol, benzoate, (Z)-. (27) dimethyl disulfoxide. (28) 2,5-dimethylfuran.

4. Polyenes

Polyenes are poly-unsaturated organic compounds that contain at least three alter-
nating double and single carbon–carbon bonds. Hunter and Manter [41] reported the
isolation and purification of a compound with oxidizing and antibiotic properties from B.
cenocepacia P525. The structure of this compound has not been reported but the preliminary
chemical study showed that the compound could be a polyene with six conjugated double
bonds and bacteriostatic activity against Enterobacter soli and Enterobacter aerogenes.
Burkholderia thailandensis is a close relative of B. pseudomallei and therefore used as a model
to study B. pseudomallei pathogenicity and biosynthetic pathways because B. thailanden-
sis is not a pathogen. This species produces the polyene polyketide thailandamide A
(29) (Figure 3) inhibiting notably bacteria such as Bacillus subtilis, S. aureus, and Neisseria
gonorrhoeae [42]. Genetic analysis showed that 29 inhibits acetyl-CoA carboxylase (ACC),
an essential enzyme responsible for the first step in fatty acid biosynthesis. Moreover,
B. thailandensis synthetizes thailandenes A (30), B (31) and C (32) (Figure 3), which are
linear formylated or acidic polyenes containing a combination of cis and trans double
bonds [43]. Compounds 30 and 31 exhibited potent antimicrobial activity against S. aureus
and S. cerevisiae. A polyketide (PK) enacyloxin IIa (33) (Figure 3) and its stereoisomer,
designated iso-enacyloxin IIa (34), produced by B. ambifaria AMMDT, has activity against
Burkholderia multivorans, Burkholderia dolosa, and Acinetobacter baumannii [44]. Expression
analysis showed that enzymes-encoding genes for enacyloxin biosynthesis were among the
most highly upregulated when strain AMMDT was grown to stationary phase on glycerol.
Moreover, enacyloxin targets protein biosynthesis by inhibition of the ribosomal elongation
factor Tu [45]. Burkholderia gladioli pv. cocovenenans ATCC 33664T produces 33 and enacy-
loxin IIIa (35), and both were found to display equally potent activity against Escherichia
coli and P. aeruginosa [46]. Moreover, traditionally used in food fermentations (tempe and
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sufu), Rhizopus microspores is accompanied by B. gladioli pv. cocovenenans. Thus, a
coculture of both microorganisms showed that enacyloxins were found in high titers, with
an increased production of the lethal toxin bongkrekic acid, showing the significance to
food safety of this common microbial co-existence.

Figure 3. Polyenes. (29) thailandamide A. (30) thailandene A. (31) thailandene B. (32) thailandene C.
(33) enacyloxin IIa. (34) iso-enacyloxin IIa. (35) enacyloxin IIIa.

5. Polyynes

Polyynes are organic compounds with alternating single and triple bonds, a series
of consecutive alkynes. Cepacin A (36) and cepacin B (37) (Figure 4) are two acetylenic
antibiotics produced by B. cepacia SC 11,783 with a strong activity against staphylococci [47]
(Parker et al. 1984). Burkholderia ambifaria BCC0191 also synthetizes the metabolite cepacin
A, which mediates protection of germinating crops against Pythium damping-off dis-
ease [48]. The activity was demonstrated when no biological control was observed with
the inoculation of a cepacin mutant of strain BCC0191. Burkholderia caryophylli, a plant
pathogen, produces the triple-bond compounds caryoynecin A (38), B (39), and C (40)
(Figure 4). Although they are unstable, they can inhibit E. coli, K. pneumoniae, and S. au-
reus [49]. Caryoynecin analogues synthesized chemically were found more stable and
demonstrated activity against S. aureus, B. subtilis, Enterococcus faecalis, E. coli, Salmonella en-
teritidis, K. pneumoniae, Serratia marcescens, Proteus vulgaris, Shigella flexneri, Enterobacter cloa-
cae, P. aeruginosa, T. mentagrophytes, Trichophyton interdigitale, and Trichophyton rubrum [50].
Burkholderia gladioli also produces caryoynencin, which has activity against Purpureocil-
lium lilacinum and has a role in the transition of the plant pathogen to an insect-defensive
mutualism [51].

121



Molecules 2023, 28, 1646

Figure 4. Polyynes. (36) Cepacin. (37) Cepacin B. (38) Caryoynecin A. (39) Caryoynecin B. (40) Cary-
oynencin C.

6. Siderophores

Siderophores are low-molecular-weight organic compounds with high affinity to
chelate iron (Fe). These compounds are produced by microorganisms and higher plants [52].
The typical siderophores ligands are cathecholate, a-hydrocycarboxylate, hydroxypheny-
loxazolone, hydroxamate, a-aminocarboxylate, and a-hydroxyimidazole. Many bacterial
siderophores are synthesized through non-ribosomal peptide synthetases (NRPS). NRPS
are a large family of biosynthetic enzymes that generate relevant natural compounds from
amino acid precursors [53,54]. NRPSs are frequently categorized as type I and II [55]. Type
I NRPSs are large modular complexes containing all the enzymes necessary to generate a
peptide product in an assembly line fashion analogous to type I fatty acid synthases (FASs)
and polyketide synthases (PKSs). Type II NRPS proteins are commonly standalone enzymes
or didomains that coordinate to form unique amino acid derivatives. Unlike type II FAS
and PKS, the type II NRPS proteins are linear, noniterative pathways that contain special-
ized tailoring enzymes and combine with other pathways to generate a final product [55].
Pyochelin (41) (Figure 5), a non-ribosomal peptide (NRP) purified from P. aeruginosa PAO1,
was first found to display antibiotic activity against S. aureus and moderately against
several species of Xanthomonas [56]. Pyochelin produced by “Burkholderia paludis”, a non-
validated species within the Bcc, inhibits three multidrug-resistant E. faecalis and four S.
aureus strains but was not able to inhibit Bacillus subtilis ATCC 8188, Bacillus cereus ATCC
14579, Aeromonas hydrophila ATCC 49140, E. coli ATCC 25922, Klebsiella pneumoniae ATCC
10031, Proteus mirabilis ATCC 49140, P. vulgaris IMR, P. aeruginosa ATCC 10145 and ATCC
BAA-47, Salmonella Typhimurium ATCC 14028, or Shigella flexneri ATCC 12022 [57]. This
compound enhanced the production of intracellular reactive oxygen species (ROS), leading
to cell death by disrupting the integrity of the bacterial membrane [58]. Pyochelin syn-
thesized by B. seminalis TC3.4.2R3 inhibits F. oxysporum, which was demonstrated when
a cepacin mutant was unable to inhibit the fungi [59]. Cepabactin (42) (Figure 5) is a
1-hydroxy-5-methoxy-6-methyl-2(1H)-pyridinone, a cyclic hydroxamate but also a hetero-
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cyclic analogue of catechol [60]. This compound produced by B. cepacia ATCC 25416T has
antimicrobial activity against S. aureus, Staphylococcus epidermidis, Streptococcus faecalis, B.
subtilis, Bacillus anthracis, E. coli, Salmonella Typhi, Salmonella Typhimurium, K. pneumoniae,
P. vulgaris, P. mirabilis, and Proteus rettgeri [60–62]. The production of 42 was present in
only 12% of 65 B. cepacia strains, lower than other siderophores such as ornibactin (87%) or
pyochelin (60%), showing that this siderophore is not largely produced in the species [63].
Ornibactin (43) (Figure 5), a NRP produced by most Burkholderia species [64], is a tetrapep-
tide siderophore with an l-ornithine-d-hydroxyaspartate-l-serine-l-ornithine backbone. A
study with Burkholderia contaminans MS14, isolated from soil in Mississippi, USA, using
transposon mutagenesis, resulted in two strains with insertional mutations in orbI gene
(mutant MT577) and a luxR family transcriptional regulatory gene (mutant MT357) [65].
Both mutants lost bactericidal activity, relating the activity to siderophore ornibactin. This
compound successfully inhibited Xanthomonas citri pv. malvacearum, P. carotovorum supsp.
carotovorum, Ralstonia solanacearum, P. syringae pv. syringae, E. amylovora, E. coli, Clavibac-
ter michiganensis subsp. Michiganensis, and Bacillus megaterium. The ornibactin mutant
retained antifungal activity, showing that the antibacterial and antifungal action is indepen-
dent, with the antifungal activity a result of occidiofungin. Similarly, ornibactin derivatives
produced by Burkholderia catarinensis 89T presented no activity against fungi [17]. Pyochelin
and ornibactin are siderophores found in the genome of Burkholderia orbicola TAtl-371T,
and this bacterium produces siderophores in culture medium [66]. A test removing iron
from the culture medium showed that the bacteria was able to inhibit Paraburkholderia
phenazinium and Candida glabrata, suggesting the involvement of these siderophores in
antagonism.

Figure 5. Siderophores. (41) Pyochelin. (42) Cepabactin. (43) Ornibactin.

7. Macrolides

Macrolides are various types of hydrophobic compounds containing a macrocyclic
lactone ring and various side chains/groups [67]. Burkholderia gladioli BCC0238 isolated
from a CF patient synthesize the PK, macrolide antibiotic gladiolin (44) (Figure 6), which
has a strong activity against M. tuberculosis H37Rv and several other M. tuberculosis strains,
K. pneumoniae, A. baumannii, P. aeruginosa, E. clocae, Serratia plymuthica, “Ralstonia manni-
tolilytica”, B. multivorans, E. coli, Enterococcus faecium, S. aureus, B. subtilis, and C. albicans,
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and was found to exhibit low toxicity toward an ovarian cancer cell line [68]. The mode of
action of gladiolin is the inhibition of the RNA polymerase. Another PK macrolide lagriene
(45) (Figure 6), produced by B. gladioli Lv-StA, has activity against B. thuringiensis, M. vaccae,
vancomycin-resistant E. faecalis and S. aureus [51].

Figure 6. Macrolides. (44) Gladiolin. (45) Lagriene.

8. Bacteriocins

Bacteriocins are a varied class of bactericidal peptides or proteins produced by bacteria
and archaea with bactericidal activity and specific immunity mechanisms toward strains
closely related to the producer bacteria [69]. There are two central differences between
bacteriocins and antibiotics: bacteriocins are ribosomally synthesized but antibiotics are
not, and bacteriocins have a somewhat narrow killing spectrum while antibiotics have
an extensive killing range. Bacteriocins vary in size, microbial target, mode of action,
release, and immunity mechanism, and can be divided into two groups, the ones produced
by Gram-negative bacteria and those by Gram-positive bacteria. Gram-negative bacteri-
ocins are further classified according to their size into three main groups, namely colicins,
phage-tail-like bacteriocins, and microcins [70]. Microcins are low-molecular-weight com-
pounds grouped into class I (<5 kDa) or class II (5–10 kDa). Class I is now designated as
ribosomally synthesized and post-translationally modified peptides (RiPP). Burkholderia
cenocepacia BC0425 synthesizes the bacteriocin tailocin, a phage tail-like compound, named
BceTMilo [71]. Unlike phages, tailocin injects through the cell membrane and disrupts
the proton motive force [72]. Strains belonging to Bcc are sensitive to BceTMilo, and other
non-Bcc such as B. gladioli and B. glumae are also sensitive to tailocin. Lectin-like bacteri-
ocins (LlpAs) contain two monocot mannose-binding lectin (MMBL) domains, a module
predominantly and abundantly found in lectins from monocot plants. Burkholderia strains
can synthesize these bacteriocins. B. cenocepacia AU1054 (now B. orbicola) [11] produces
an LlpA bacteriocin that inhibits B. ambifaria, Burkholderia anthina, B. cenocepacia, B. con-
taminans and Burkholderia metallica [73]. The homologue LlpA88 from B. orbicola TAtl-371T

inhibited the same species as strain AU1054 [66]. Burkhocins M1 and M2, colicin M-like
bacteriocins called ColM in E. coli, from B. ambifaria MEX-5 and AMMDT were produced
recombinantly, showing antagonistic activity against a number of Bcc strains [74]. Three
strains from Burkholderia ubonensis inhibited B. pseudomallei; the antagonism from a repre-
sentative strain (A21) was characterized, and a pepsin-sensitive moiety consistent with a
bacteriocin-like compound was found, suggesting the antagonism is due to the production
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of a bacteriocin or bacteriocin-like inhibitory substance (BLIS) [75]. Lasso peptides are a
structurally unique class of bioactive peptides characterized by a knotted arrangement
where the C-terminus threads through an N-terminal macrolactam ring [76]. Lasso pep-
tides are divided depending on the presence (class I) or absence (class II) of four conserved
cysteine residues involved in the formation of two intramolecular disulfide bonds [77].
Burkholderia thailandensis produces the lasso peptide capistruin, a 19-amino-acid class II
lasso peptide comprising an isopeptide bond between Gly1 and Asp9 resulting in a nine-
residue macrolactam ring [78], which exhibits antimicrobial activity against Burkholderia
(now Paraburkholderia) caledonica, E. coli, and P. aeruginosa [76]. Ubonodin, another lasso
peptide produced by B. ubonensis MSMB2207, was heterologous expressed in E. coli BL21,
displaying inhibition of B. cepacia, B. multivorans and B. mallei; it has a weak effect against
B. thailandensis and had no effect on B. gladioli and B. pseudomallei [79]. This compound
inhibits RNA polymerase in vitro and the narrow effect might allow therapeutic usage.

9. Quinolones

Quinolones were discovered as a by-product in the search for improved synthesis
of the anti-malarial chloroquine; thus, they are fully synthetic molecules [80]. Today, it
is known that molecules in the quinolone family are also present as natural products of
plants and bacteria, although their potency has been tested only at the experimental level.
The basic structure is a 3-carboxyquinolone and the first quinolone described was nalidixic
acid. Burkholderia thailandensis contains a biosynthetic gene cluster (BGCs), which is a
quorum-sensing-regulated hmq cluster that produces a diverse set of hydroxyalkylquino-
lines (HAQs). These compounds exist mainly in the 4(1H) quinolone type at neutral pH
and are known as bioactive metabolites [81]. Two HAQ analogues, HMNQ (4-hydroxy-3-
methyl-2-(2-nonenyl)-quinoline) (46) and HQNO (2-heptyl-4(1H)-quinolone N-oxide) (47)
(Figure 7), synthesized by B. thailandensis E264T, when challenged with antibiotics inhibit
B. subtilis 168 but display weak activity against E. coli K12 [82]. It was found, as well, that
both quinolones act synergistically to inhibit bacterial growth. Moreover, B. thailandensis
produces 46 and rhamnolipids in outer membrane vesicles (OMV), which have antimi-
crobial and antibiofilm properties against methyl-resistant S. aureus [83]. Bacterial OMVs
contain proteins, lipids, polysaccharides, and small molecules and serve numerous and
versatile roles in intra- and interspecies interactions. Burkholderia cepacia RB425, isolated
from lettuce root, makes the quinolone antibiotics 2-(2-heptenyl)-3-methyl-4-quinolinol
(48) and (46) (Figure 7) with high activity against fungal pathogen Verticillium dahlia,
moderate inhibition of Pyricularia oryzae and Cochliobolus myyabeanus, and weak growth
inhibition of R. solani, F. oxysporum, and Gaeumannomyces graminis [84]. A range of hydroxy-
methyl-alkylquinolines (HMAQ) produced by B. cepacia PC-II antagonizes P. capsici, which
is responsible for Phytophthora blight in red peppers and many vegetables; in particular,
48 was the most potent against the oomycetes P. capsica and Pythium ultimum and the
fungi F. oxysporum and R. solanc [85]. Burkholderia sp. QN15488 produces burkholone (49)
(Figure 7), a (E)-3-methyl-2-(octenyl)-4-quinolone, this compound induces cell death in
32D/GR15 cells in IGF-I-containing medium [86]. Insulin-like growth factors (IGFs) play
a key role in human cancer progression and IGF signals through the IGF-1 receptor are
known to be significant for tumor cell growth and survival [87].
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Figure 7. Quinolones. (46) HMNQ (4-hydroxy-3-methyl-2-(2-nonenyl)-quinoline). (47) HQNO (2-
heptyl-4(1H)-quinolone N-oxide). (48) 2-(2-heptenyl)-3-methyl-4-quinolinol (C7∆2). (49) Burkholone.

10. Other NPR-PK Compounds

Gladiofungin A (50) (Figure 8) is a novel antifungal PK that is highly unusual because
it harbors a butanolide moiety. This compound is produced by the insect-associated bacte-
ria B. gladioli HKI0739, which displays activity against Penicillium notatum, Sprobolomyces
salmonicolor, and P. lilacinum [88]. The strains BCC0238 and BCC1622, belonging to B. gladi-
oli, produce a PK antibiotic named gladiostatin, which has the same structure as (50) [89].
This molecule has promising activity against several cancer cell lines such as ovarian,
pancreatic, and colon cancer, and inhibits tumor cell migration. Moreover, it was found
to be inactive against a lung cell line, which indicates that it may exhibit some selectivity.
Gladiostatin contains an unusual 2-acyl-4-hydroxy-3-methylbutenolide in addition to the
glutarimide pharmacophore that also inhibits S. cerevisiae. Glidobactins A (51), B (52),
and C (53) have a common cyclized tripeptide nucleus composed of L-threonine, 4(S)-
amino-2(E)-pentoic acid, and erythro-4hydroxy-L-lysine but differ from each other in the
unsaturated fatty acid moiety attached to the peptide [90]. These compounds were isolated
from strain K481-B101, whose 16S rRNA sequence (Accession No. AM410613) analyzed
in the EzBioCloud server (https://www.ezbiocloud.net/, accessed on 1 June 2022) was
identified as Schlegelella brevitalea, a member of the Burkholderiales order and Comamon-
adaceae family. These glidobactins compounds have antifungal and antitumor activity [91].
Later, cepafunings I, II (54), and III (55) acylpeptides produced by B. cepacia CB-3 were
described by Shoji et al. [92]. The mixture of cepafungins has moderate inhibitory activity
against pathogenic yeast and fungi such as C. albicans, Candida krusei, Aspergillus fumigatus,
Microsporum canis, and T. mentagrophytes. It showed no curative effect in mice infected
with C. albicans, and there was no activity against bacteria, but it had a moderate effect on
prolonging the survival period of mice in which murine lymphatic leukemia P388 cells
were implanted [92]. The elucidation of cepafungin structures showed that compound I is
identical to 51 (Figure 8) [93]. Later, Schellenberg et al. [94] named the group of cepafungins
as glidobactins and, while studying the genes for the synthesis of 51 in S. brevitalea K481-
B101, found homologous gene clusters in B. pseudomallei and B. mallei. The production but
not the antimicrobial activity of 53 synthesized by B. pseudomallei was reported by Biggins
et al. [95]. Moreover, a 53 variant was described as deoxyglidobactin C, which contains
a lysine instead of a 4-hydroxylisine within the structure. Occidiofungin A-D (56–59)
(Figure 8), synthesized by B. contaminans MS14, are glycopeptides with antifungal activity
inhibiting a large spectrum of fungal pathogens, among them Alternaria, Aspergillus, Fusar-
ium, Geotrichum, Macrophomina, Microsporum, Penicillum, Pythium, Rhizoctonia, Trichophyton,
and several Candida species [96–98]. Occidiofungin disrupts fungal membrane morphology
and induces apoptosis [96,99]. A recent study identified actin filaments as the primary
cellular target of occidiofungin in fungi [98]. It also has antiparasitic activity, damaging the
parasite Cryptosporidium parvum [100]. Occidiofungin is also produced by B. pyrrocinia
Lyc2, having antifungal activity, attacking Aspergillus, Cladosporium, Cochilobolus heterostro-
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phus, Colletotrichum acutatum, Gaeumannomyces graminis, Geotrichum candidum, Glomerella
cingulate and Thieloviopsis basicola [101]. Moreover, occidofungin was tested in toxicological
evaluations and it was found to have minimal toxicity in human fibroblasts and has potent
anticancer activity [102]. Cepacidine A1 (60) and A2 (61) (Figure 8) are glycopeptides pro-
duced by B. cepacia AF 2001. They are highly similar, with molecular weights of 1199 and
1219 Da, respectively [103]. Cepacidine A2 contains asparagine, and A1 includes b-hydroxy
aspargine, which combined have potent antifungal but no antibacterial activity [104]. The
cepacidine mixture inhibits C. albicans, C. glabrata, Cryptococcus neoformans, S. cerevisiae,
A. niger, Microsporum gypseum, Epidermophyton floccosum, T. mentagrophyte, Trichophyton
rubrum, F. oxysporum, and Rhizopus stolonifera. Moreover, cepacidine A has immunosup-
pressive action involving in vitro inhibition of the proliferation of murine lymphocytes [105].
Cepacidine A has moderate anthelmintic in vitro but not in vivo activity [106]. AFC-BC11
is a lipopeptide produced by B. cepacia BC11 [107]. This compound is involved in the
biological control of R. solani damping-off in cotton. Icosalide A1 (62) (Figure 8) is an
unusual two-tailed lipocyclopeptide antibiotic produced by B. gladioli HKI0739, which is
active against entomopathogenic bacteria B. thuringiensis and Paenibacillus larvae and is
involved in swarming inhibition [108]. Burkholderia gladioli BCC0238 was also found to
synthesize (62), but its antimicrobial activity was not tested [109]. This compound was
first reported from Aureobasidium and showed activity against Streptococcus pyogenes and
E. faecalis [110]. Burkholderia thailandensis produces bactobolins A-D (63–66) (Figure 8), a
group of polyketide-peptide molecules, some of which are potent antimicrobials [111]. The
production of these compounds is temperature dependent with better results of production
at 30 than 37 ◦C. The purification of the three most abundant bactobolins showed that
63 and 65 have strong activity against bacteria (Bacillus cereus, B. subtilis, B. cenocepacia,
Paraburkholderia kururiensis, Burkholderia vietnamiensis, Chromobacterium violaceum, E. coli,
Flavobacterium johnsoniae, K. pneumoniae, Mycobacterium marinum, P. aeruginosa, Pseudomonas
fluorescens, Ralstonia pickettii, S. Typhimurium, S. aureus, and Streptococcus pyogenes) and
fibroblasts. Xylocandins A1, A2, B1, B2, C1, C2, D1, and D2 were isolated from B. cepacia
ATCC 3927 [112]. Xylocandins are cyclic peptides containing glycine, serine, asparagine,
β-hydroxytyrosine, and an unusual amino acid with the formula C18H37NO5. The mixture
of each compound showed that xylocandin A1 and A2 have a potent antifungal activity
inhibiting several Candida species and dermatophytes such as T. mentagrophytes, T. rubrum,
Epidermophyton floccosum, and M. canis, but does not inhibit Gram-negative and -positive
bacteria, nor vaginitis in a rat model [113]. Burkholderia cenocepacia H111 was detected to
produce a diazeniumdiolate metalophore compound called fragin (67) (Figure 8) [114].
When iron was added to the medium, the antifungal activity of strain H111 diminishes,
suggesting that the metal chelation is the molecular basis for antifungal activity. Fragin
enantiomers inhibit F. solani, B. cereus, B. subtilis, B. thuringiensis, S. aureus, and S. cerevisiae,
but no Gram-negative bacteria such as C. violaceum, E. coli, Klebsiella oxytoca, and P. syringae.
Besides fragin, strain H111 synthesizes a signal molecule called valdiazen, which shares
a high degree of structural homology with fragin, but their function is different since val-
diazen has no antimicrobial activity. Valdiazen is a diffusible signal that regulates both itself
and fragin and the expression of more than 100 genes, representing a novel quorum-sensing
signal. Betulinans are produced by B. pseudomallei K96243 [115]. During the screening
of agonists for eukaryotic phosphodiesterase (PDE), the betulinan BTH-II0204-207:A (68)
(Figure 8) compound produced by B. pseudomallei K96243 was found. PDE are divided into
11 families. PDE4 has been implicated in inflammation responses across multiple immune
cell types; therefore, PDE4 inhibitors have been extensively investigated as potential ther-
apeutic molecules for a number of inflammatory diseases. Bioactivity assays indicated
that 68 is a PDE4 inhibitor. Microbial symbionts are often a source of chemicals that can
contribute to host defense against antagonists. Lagria beetles live in symbiosis with multiple
strains of Burkholderia that protect their offspring against pathogens. Among them, B. gladi-
oli Lv-StB was found to produce the PK lagriamide (69) (Figure 8), which inhibits A. niger
and P. lilacinum [116]. Isosulfazecin (70) (Figure 8) is a NRP b-lactam antibiotic produced
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by Pseudomonas mesoacidophila SB-72310 (now B. ubonensis) [117,118]. Compound 70 inhibits
S. Typhimurium and moderately inhibits E. coli, P. vulgaris, P. mirabilis, S. marcescens, E. fae-
calis, and B. subtilis. Burkholderia ubonensis SB-72310 also produces bulgecins, glycopeptides
that induce bulge formation in cooperation with b-lactams and enhance the lytic activity
of b-lactam-antibiotics, but bulgecins show no antimicrobial activity [119]. Burkholderia
cepacia CF-66 displays strong antifungal activity against R. solani; a compound named
CF66I was purified and showed inhibition of F. oxysporum, Fusarium sambucinum, Rosselinia
necatrix, Aspergillus flavus, A. niger, Cochilobus carbonum, B. cinerea, Mucor hiemolis, Penicillum
chrysogenum, Rhizopus oryzae, C. albicans, C. neoformens, Pichia membranae, and S. cerevisiae
but not E. coli, B. subtilis, or S. aureus [120]. Pseudomonas aeruginosa, causing nosocomial
and wound infections, possess a signal molecule that integrates quorum sensing (QS) and
stress response [121]. This integrated QS molecule (IQS) is identical to aeruginaldehyde
from P. fluorescens [122]. IQS is effectively captured by the NRP siderophore malleobactin
produced by B. thailandensis, which results in the formation of a rare nitrone bioconjugate
called malleonitrone (71) (Figure 8) that is active against the IQS producer and therefore has
significance from a pharmaceutical perspective [123]. Spliceostatins are spliceosome in-
hibitors, synthesized by a hybrid NRPS-PKS system of the trans-acyl transferase (AT) type,
that show promising anticancer activity. Burkholderia sp. FERM BP-3421, identified by 16S
sequence (KJ364655) as a member of the Bcc, produces the hemiketal spliceostatins, as well
as analogs containing a terminal carboxylic acid [124]. Some spliceostatin analogues (72–73)
and their semisynthetic analogues were evaluated in cell proliferation assays against a
panel of solid tumor cell lines, showing potent cytotoxicity [125]. Diketopiperazines (DKP)
are NRP-cyclized molecules comprising amino acid bounded by two peptide bonds [126].
Burkholderia cepacia CF-66 synthesizes the molecules diketopiperazines cyclo(Pro-Phe),
cyclo(Pro-Tyr), cyclo(Ala-Val), cyclo(Pro-Leu), and cyclo(Pro-Val); all of these compounds
are both D- and L-type [127]. These DKP showed a negative effect on the candidacidal
activity of the culture supernatant extracts. Burkholderia cepacia CF-66 lacks the gen cepI
that encodes for an acyl homoserine lactone (AHL), which is involved in QS; however, a
study with B. cenocepacia J2315T showed that new DKP molecules can inhibit CepI in vitro,
impairing the ability of B. cenocepacia to produce proteases and siderophores and to form
biofilms [128].
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Figure 8. Other NPR-PK compounds. (50) Gladiofungin A. (51) Glidobactin A. (52) Glidobactin
B. (53) Glidobactn C. (54) Cepafungin I, II (55) Cepafungin III. (56–59) Occidiofungins A–D. (60)
Cepacidine A1. (61) Cepacidine A2. (62) Icosalide A1. (63–66) Bactobolins A–D. (67) Fragin. (68) BTH-
II0204-207:A. (69) Lagriamide. (70) Isosulfazecin (iSZ). (71) Malleonitrone. (72–73) Spliceostatins.

11. Other Antimicrobial Compounds

Sinapigladioside (74) (Figure 9), an aromatic glycoside, contains an isothiocyanate
moiety, a rare structural feature among bacterial metabolites [51]. This compound pro-
duced by B. gladioli displays antifungal activity against P. lilacinum, which is an egg en-
tomopathogen, A. fumigatus, and Penicillum notatum. A not fully characterized molecule
referred to as “Compound 1”, an antimicrobial compound with an unknown structure but
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with an ion at m/z 391.2845 and produced by B. orbicola TAtl-371T, was found to inhibit
only Tatumella terrea SHS 2008T [129]. Cepaciamide A (75) (Figure 9) is a (3R, 3′R, 2′′R, 5′′S,
6′′R)-3-N-[3′-(2”-hydroxy-5′′, 6′′-methylenoctadecanoyl)-hexadecamido]-2-piperidinone
isolated from B. cepacia D-202 [130]. This compound has toxicity activity against B. cinerea,
which causes beet root rot in Japan. The bacterial type III secretion system (T3SS) acts as a
complex multiunit nanomachine to translocate effector proteins across the bacterial mem-
brane to deliver them directly into eukaryotic host cells [131]. B. gladioli NGJ1 produces a
prophage tail-like protein (Bg_9562), which is a potential effector secreted by a T3SS and
is essential for mycophagy in R. solani [132]. Bg_9562 protein showed antifungal activity
against S. cerevisiae, C. albicans, Alternaria brassicae, M. oryzae, Venturia inaequalis, F. oxyspo-
rum 7063, Alternaria sp., Dedymella sp., Phytophthora sp., Colletotrichum sp., Ascochyta
rabiei, and Neofusicoccum sp. Moreover, Bg_9562 protein showed no inhibition of E. coli,
Pantoea ananatis, or B. glaidoli NGJ1. The compound 2-hydroxymethyl-chroman-4-one
(76), designated as MSSP2 (Figure 9), is produced by Burkholderia sp. MSSP [133], whose
16S gene sequence (AY551271) indicates that it belongs to the Bcc. The compound MSSP2
displays an inhibitory effect against P. ultimum, P. capsica, and S. sclerotiorum. Altericidins
A, B, and C produced by B. cepacia KB-1 can inhibit a wide range of fungi and yeasts,
such as Alteraria kikuchiana and Ustilago maydis, but has no effect on bacteria [134]. Rham-
nolipids (Rha) are glycolipidic biosurfactants consisting of rhamnose molecules linked
through a β-glycosidic bond to 3-hydroxyfatty acids with various chain lengths produced
by bacterial species with several functions such as antimicrobial activity [135]. The non-
pathogenic B. thailandensis E264T synthesize di-rhamnolipids C14-C14 (77) and C12-C14 (78)
(Figure 9), which have antibacterial and antibiofilm activity against Streptococcus sanguinis,
Streptococcus oralis, Neisseria mucosa, and Actinomyces naeslundii [136]. Other non-pathogenic
Burkholderia synthesize Rha, such as B. glumae and B. plantarii; however, their antagonistic
activity was not tested [137,138]. Additionally, B. pseudomallei produce Rha-Rha C14-C14,
which showed cytotoxic and hemolytic activities [139,140].

Figure 9. Other antimicrobial compounds. (74) Sinapigladioside. (75) Cepaciamide A. (76) 2-
hydroxymethyl-chroman-4-one. (77) Di-rhamnolipid C14-C14. (78) Di-rhamnolipids C12-C14.
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12. Compounds with Dual Effect

Many compounds are beneficial for humans since they are antifungal, antibacterial, or
anticancer molecules. However, some of these compounds have a dual effect, both beneficial
and toxic. For instance, burkholdines (Figure 10) are NRP-cyclic lipopeptides produced
by B. ambifaria 2.2N with potent antifungal activity [141]. Many burkholdines have been
described and the analysis of five representatives (79–83) showed antifungal activity on
S. cerevisiae, C. albicans, and A. niger. However, they also exhibit hemolytic activity [142].
The latter results indicate that these compounds are important for Burkholderia virulence.
Tropolone (84) (Figure 10) is a troponoid containing a seven-membered aromatic ring with
various substitutions, produced by B. plantarii [143]. Tropolone shows broad-spectrum
antimicrobial activity against bacteria and fungi, but it is the phytotoxin responsible for
rice seedling blight [144,145]. Cepalycin I and cepalycin II were isolated from B. cepacia
JN106 [146], but their structure was not reported. These compounds have both hemolytic
and antifungal activity, inhibiting S. cerevisiae, C. neoformans, and C. albicans.

Figure 10. Compounds with dual effect. (79–83) Burkholdines. (84) Tropolone.

13. Metabolism as Control

Fusaric acid (85) (Figure 11) is a fungal metabolite produced by several Fusarium
species, which is responsible for wilts and root rot diseases in a number of plants. Burkholde-
ria ambifaria T16 can grow with 85 as a sole carbon, nitrogen, and energy source, and
showed the ability to detoxify 85 in barley seedlings, suggesting that the strain might serve
as a new source of metabolites or genes for the development of novel 85-detoxification
systems [147].

Figure 11. Metabolism as control. (85) Fusaric acid.

14. Data Mining

Genome mining is a promising tool in the search for new bioactive compounds pro-
duced by microorganisms. This strategy has been used in several bacterial genomes to
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analyze their potential as sources of new compounds with pharmacological potential.
Phenazines are structurally diverse, but all share a conserved seven-gene operon, phz-
ABCDEFG, termed the “core phenazine biosynthesis genes” [148]. A genome screening of
Burkholderia genomes showed that phenazine gene clusters were identified in 20 strains
belonging to B. cepacia, Burkholderia lata, B. glumae, B. singularis, B. ubonensis, and some
Burkholderia sp. strains [34]. A genome mining of 64 B. ambifaria strains revealed an armory
of known and unknown pathways within this species, among them the biosynthetic gene
cluster to produce cepacin, which was the mode of action for the biopesticidal activity of
B. ambifaria [48]. In this study [48], other compounds were found in B. ambifaria genomes,
such as pyrrolnitrin, burkholdines, hydroxyquinolines, bactobolins, and enacyloxina
IIa. Moreover, Mullins and Mahenthiralingam [149] analyzed 4000 genomes representing
the genera of Burkholderia s.l.; among them, the Burkholderia species harbored more biosyn-
thetic gene clusters and the more diverse clusters per species compared to the remaining
genera from Burkholderia s.l. These clusters include genes involved in the production of bac-
teriocins, phosphonates, lassopeptides, NRPS, betalactones, transAT-PKS, and terpenes.
Chitinases are glycosyl hydrolases that catalyze the hydrolytic degradation of chitin, one
of the major constituents of cell walls of fungi. The genome analysis of B. orbicola TAtl-371T

showed the presence of the gene BCAL1722 that encodes a chitinase belonging to family 18
of the glycosyl hydrolases, as well as a gene that encodes a predicted chitinase [129]. The
authors also found that several B. cenocepacia strains contain homologues; however, the ac-
tivity of chitinase was not present in strain TAtl-371T. Moreover, Rojas-Rojas et al. [129] also
found that the genome of strain TAtl-371T contains 30 genes reported for the biosynthesis
of the bacteriocin BceTMilo. A genomic search for LlpAs in Burkholderia genomes and phy-
logenetic analysis showed two distinct clusters; one of them belongs to the B. pseudomallei
group, including Burkholderia oklahomensis, B. pseudomallei, B. mallei, and B. thailandensis [73].
Another bacteriocin studied was ColM in Burkholderia. The colM-like bacteriocin gene was
found mainly in Bcc and B. oklahomensis [74]. Ubonodin was found in the genome of 16
out of 306 B. ubonensis strains, which might be in relation to the intriguingly large size of 28
aa of the core peptides, longer than any previously characterized example [79]. HMAQ
produced by the biosynthetic operon named hmqABCDEFG was searched for in the genome
of Bcc strains [150]. The analysis showed that one-third of Bcc species carry a homolog of
the hmqABCDEFG, and not all sequenced strains in each species possess this operon.

15. Conclusions

The ability of Burkholderia to produce antimicrobial compounds is remarkable, not
just for the variety of molecules synthesized but also for the diversity of targets they at-
tack, namely bacteria, fungi, cancer cells, tumor cells, or inflammatory processes. The
compounds produced belong to a variety of chemical natures, such as N-containing het-
erocycles, volatile organic compounds, polyenes, polyynes, siderophores, macrolides,
bacteriocins, quinolones, non-ribosomal peptides, polyketides, and other unclassified com-
pounds such as sinapigladiosides, cepaciamide A, altericidins, and rhamnolipids, among
others. Moreover, there are compounds that have both beneficial and toxic effects, such as
burkholdines, tropolone, and others. The mining of genomes is another important method
of finding new molecules. Certainly, Burkholderia is still a group of bacteria with as-yet
unexplored compounds waiting to be discovered. Several papers about new Burkholderia
strains are published daily, which may contain information about the new antimicrobial
compounds they produce that have the potential to be used against multidrug-resistant
microorganisms.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules28041646/s1: Table S1: Antimicrobial compounds
produced by Burkholderia sensu stricto. References [151,152] are cited in the Supplementary Materials.
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Abstract: The monkeypox outbreak has become a global public health emergency. The lack of valid
and safe medicine is a crucial obstacle hindering the extermination of orthopoxvirus infections. The
identification of potential inhibitors from natural products, including Traditional Chinese Medicine
(TCM), by molecular modeling could expand the arsenal of antiviral chemotherapeutic agents.
Monkeypox DNA topoisomerase I (TOP1) is a highly conserved viral DNA repair enzyme with
a small size and low homology to human proteins. The protein model of viral DNA TOP1 was
obtained by homology modeling. The reliability of the TOP1 model was validated by analyzing
its Ramachandran plot and by determining the compatibility of the 3D model with its sequence
using the Verify 3D and PROCHECK services. In order to identify potential inhibitors of TOP1,
an integrated library of 4103 natural products was screened via Glide docking. Surface Plasmon
Resonance (SPR) was further implemented to assay the complex binding affinity. Molecular dynamics
simulations (100 ns) were combined with molecular mechanics Poisson–Boltzmann surface area
(MM/PBSA) computations to reveal the binding mechanisms of the complex. As a result, three
natural compounds were highlighted as potential inhibitors via docking-based virtual screening.
Rosmarinic acid, myricitrin, quercitrin, and ofloxacin can bind TOP1 with KD values of 2.16 µM,
3.54 µM, 4.77 µM, and 5.46 µM, respectively, indicating a good inhibitory effect against MPXV.
The MM/PBSA calculations revealed that rosmarinic acid had the lowest binding free energy at
−16.18 kcal/mol. Myricitrin had a binding free energy of −13.87 kcal/mol, quercitrin had a binding
free energy of −9.40 kcal/mol, and ofloxacin had a binding free energy of −9.64 kcal/mol. The
outputs (RMSD/RMSF/Rg/SASA) also indicated that the systems were well-behaved towards
the complex. The selected compounds formed several key hydrogen bonds with TOP1 residues
(TYR274, LYS167, GLY132, LYS133, etc.) via the binding mode analysis. TYR274 was predicted to
be a pivotal residue for compound interactions in the binding pocket of TOP1. The results of the
enrichment analyses illustrated the potential pharmacological networks of rosmarinic acid. The
molecular modeling approach may be acceptable for the identification and design of novel poxvirus
inhibitors; however, further studies are warranted to evaluate their therapeutic potential.

Keywords: monkeypox virus; DNA topoisomerase I (TOP1); natural products; rosmarinic acid;
molecular dynamics simulation; Surface Plasmon Resonance (SPR); enrichment analyses

1. Introduction

Monkeypox virus (MPXV) is an emergent human pathogen, and the endemic was
sporadically reported in Africa. However, it has posed as a new global outbreak since
May 2022. MPXV is a double-stranded DNA virus, and it belongs to the Poxviridae or-
thopoxvirus family. The orthopoxviruses, including monkeypox virus, smallpox virus,
vaccinia virus, cowpox virus, and buffalopox virus, infect various mammals and cause
zoonosis [1]. Although MPXV is less lethal than smallpox, it is considered to be a danger-
ous virus, because it causes many challenges, including high prevalence, disability, and
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disfiguration [2]. In the past, there have been occasional outbreaks of the MPXV infection,
which were mainly caused by people contacting infected rodents. Most infected cases
experience fever, body aches, chills, and tiredness [3]. Patients with severe symptoms may
develop a rash and cuts towards the face and hands that can spread the infection to other
parts of the body. MPXV has a fatality rate of up to 10% and is thought to be more severe
among children [1]. Previously, MPXV infection was mainly endemic in Western Africa [2].
However, with the number of cases outside Africa increasing rapidly in 2022, MPXV infec-
tion has led to high levels of concern. The World Health Organization (WHO) announced
that the multi-country MPXV outbreak has become a global public health emergency at
a conference of the International Health Regulations Emergency Committee (EC) on 23
July 2022.

More than 40 years have passed since the WHO declared the extinction of smallpox
disease worldwide. The vaccination and immunization programs against smallpox have
been halted since 1980. It is estimated that half of the general population is currently
unvaccinated against smallpox [3]. Therefore, the general population is highly susceptible
to outbreaks caused by the release of the smallpox virus. Moreover, the progressive move
of zoonotic viruses from endemic reservoirs or the potential diffusion of variola virus
due to bioterrorism behavior places animal poxviruses in the range of high epidemic risk
pathogens. In this context, renewed interest in the discovery and exploitation of novel
antiviral medicine can be applied to help mitigate the influence of future outbreaks [4].

The most effective choice for preventing orthopoxvirus infections is vaccination. How-
ever, the variability and mutation of viruses shorten the efficacious window of postexposure
vaccination (from only 4 to 7 days) [5]. Moreover, complications upon vaccination, such
as encephalitis, fetal vaccinia, progressive vaccinia, and eczema vaccinatum, often occur
among individuals with acquired or congenital immunodeficiency [6]. Although vaccina-
tion remains critical to controlling outbreaks, the validity of antiviral medical treatment
would be meaningful for individuals with vaccine contraindications and those who are
infected [7].

Generally, the lack of valid and safe medicine hinders the eradication of orthopoxvirus
infections. No specific treatment for MPXV has been demonstrated to date. The existing
MPXV treatments mainly include nursing, symptomatic, and supportive treatment. Most
existing drugs are nucleoside analogs, such as cidofovir, which inhibit virus replication.
Other nucleoside analogs, such as adenozine N1-oxide (ANO) and its derivatives; N-
methanocarbothymidine; or derivatives of aciklovir, peninclovir, and brivudin, have also
been reported to be effective in inhibiting infection by limiting the release of progeny
virions [8]. However, side effects and drug resistance limit the therapeutic potential of
nucleoside analogs in response to new outbreaks of the orthopoxvirus.

Importantly, the transmission and mutation of MPXV are a high concern and priority.
DNA topoisomerase I (TOP1) is a highly conserved DNA repair enzyme with a small size
and low homology to human proteins, making it an attractive target for antiviral virtual
screening [9]. Additionally, many enzymes are encapsidated in the orthopoxvirus. TOP1
is a crucial enzyme required for an early phase of viral transcription. Therefore, TOP1 is
considered a potential antiviral target [10]. It functions by liberating the supercoiled and
torsional tension towards the DNA duplex. It also introduces single-stranded breaks via
transesterification at the specific site of 5′-[CT]CCTTp in the DNA duplex [9]. The scissile
phosphodiesters are attacked through the catalytic tyrosine of the enzyme, providing the
constitution of a DNA–(3’-phosphotyrosyl)–enzyme intermediate and the exclusion of a
5′-OH DNA strand [9,10].

Natural products including TCM have been an underexploited reservoir of novel
compound candidates to combat a variety of illnesses. Numerous natural products have
antiviral properties and have been tested [11]. Traditional Chinese Medicine (TCM) is
rich in biological diversity and can be further developed to discover fresh compound
candidates. Those therapeutic compounds are primarily prepared from heat-clearing and
detoxifying herbs, which are rich in different kinds of alkaloids, terpenes, flavonoids,

141



Molecules 2023, 28, 1444

saponins, and carboxylic acids [11,12]. Computer-aided drug design (CADD) has become
more advantageous as compared with the traditional approach of screening in reducing
the dissipation of resources in terms of cost, time, and effort through markedly diminishing
the quantity of compounds and filtering out hits for further HTS [12]. Here, the homology
model of TOP1 of MPXV was obtained using SWISS-MODEL, and we identified potential
natural product-derived MPXV inhibitory compounds via docking-based virtual screen-
ing. Molecular dynamics simulations (100 ns) were combined with molecular mechanics
Poisson–Boltzmann surface area (MM/PBSA) computations to reveal the binding mecha-
nisms of the complex. The natural product-derived compounds from Traditional Chinese
Medicine (TCM) with limited side effects or complications will undoubtedly enlarge the
arsenal of antiviral agents.

2. Results
2.1. Modeling the Structure of TOP1

We chose the protein sequence TOP1 (F1DIV3) from the UniProt database correspond-
ing to the available experimental MPXV TOP1 model. The MPXV TOP1 sequences show
only 28% were identical to the human P11387 when analyzed with the protein blast align-
ment tool (NCBI). Then, the amino acid sequences were submitted into SWISS-MODEL,
which implemented a Basic Local Alignment Search Tool (BLAST) search to obtain reason-
able templates that were identical to the target sequence. The TOP1 structures, from the
variola virus or vaccinia virus (PDB ID: 3IGC, 2H7F, and 1A41) ranked top, with identical
scores of 96.15%, 98.08%, 96.94%, respectively. Indeed, the sequence identity score between
the template and the query exceeded 35%, indicating the model was created with high
quality. Thus, the three structures were then chosen as the structural template to model
MPXV TOP1 (Figure 1). Subsequently, MPXV TOP1 was verified as the best with the
structure assessment (GMQE 0.93, QMEAND 0.85 ± 0.05). Therefore, MPXV TOP1 was
successfully used for studies of structure-based molecular modeling.
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2.2. Quality Evaluation of MPXV TOP1 Models 
The model was evaluated using SAVES v6.0. SWISS-MODEL had a good ERRAT. 

The Ramachandran plot was also procured utilizing PROCHECK, which assessed the 
stereochemistry of TOP1 by identifying residue-by-residue geometry and 

Figure 1. (a) Cartoon views of predicted 3D structures of the TOP1 from the SWISS-MODEL; (b) the
structural alignment between the modeled TOP1 and template TOP1 (PDB ID 3IGC) from the variola
virus (green—modeled TOP1; cyan—template TOP1).

2.2. Quality Evaluation of MPXV TOP1 Models

The model was evaluated using SAVES v6.0. SWISS-MODEL had a good ERRAT.
The Ramachandran plot was also procured utilizing PROCHECK, which assessed the
stereochemistry of TOP1 by identifying residue-by-residue geometry and whole-structure
geometry (Figure 2a) [12]. Due to the percentage of residues in the most favored (core),
additionally allowed, generously allowed, and disallowed regions, the TOP1 structure was
considered high quality [13,14]. The protein structure of TOP1 had 95.5%, 4.5%, 0.0%, and
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0.0% towards the residues in the most favored, additionally allowed, generously allowed,
and disallowed regions, respectively. Verify 3D was applied to determine the matched
degree of the TOP1 model according to its amino acid sequence (Figure 2b) and a PROVE
score of 95.082%. It was also forecasted by PROCHECK to have 0 faults and three passes,
indicating that neither misfolded nor erroneous regions were identified.
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2.3. Docking-Based Virtual Screening

The integrated library from the Traditional Chinese Medicine Library (L8300) and the
Natural Product Library (L1400) and the classical inhibitor ofloxacin docked with the energy
minimized TOP1 at a grid pocket size of 28.32 × −10.89 × 29.89 Å. Centered at (10, 12, 14),
Å was set as the binding domain of TOP1. Ofloxacin is one kind of fluoroquinolone. It acts
on DNA gyrase and topoisomerase IV, enzymes which, similar to human topoisomerase,
prevent the excessive supercoiling of DNA during replication or transcription. By inhibiting
their function, the drug inhibits normal cell division. It was demonstrated that ofloxacin
and levofloxacin inhibited the viral topoisomerase activity of the vaccinia virus but not
of the herpes simplex virus and influenza virus [15]. A previous report also showed
that fluoroquinolone enrofloxacin inhibits DNA relaxation by Vaccinia topoisomerase
I [16]. Therefore, we chose ofloxacin as a positive inhibitor compared with other natural
compounds, looking at the amount of 4103 compounds that were successfully sifted against
TOP1. A stringent docking score standard of−7 kcal/mol was set to choose the compounds
after the virtual screening. A total of three compounds were highlighted with docking
scores of less than −7 kcal/mol. A negative approach was utilized to rank the export in the
order of the diminishing binding affinity. As a result, the higher the negativity, the more
reasonably the candidate performed as a feasible supreme compound [17].

Rosmarinic acid was proven to have the lowest binding energy to TOP1, with a docking
score of −8.207 kcal/mol. Myricitrin, quercitrin, and ofloxacin also demonstrated low
docking scores of −7.599 kcal/mol, −7.322 kcal/mol, and −6.046 kcal/mol, respectively.
The other compounds demonstrated a weaker binding affinity to TOP1 than the classical
inhibitor ofloxacin and are excluded in the following Table 1. As a classical inhibitor,
ofloxacin was demonstrated to have a docking score of −6.246 kcal/mol to TOP1 in this
study. Ofloxacin with ~2 mM was reported to induce ~30% inhibition of TOP I, which was
purified from vaccinia [16]. This implies that compounds with a lower docking score than
ofloxacin can feasibly demonstrate significant prohibitive activities towards MPXV.
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Table 1. The chemical features and docking scores between TOP1 and selected compounds.

Molecule Name Molecule Structure Molecular Weight Docking Score
(kcal/mol)

Rosmarinic acid
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2.4. Characterization of TOP1–Ligand Interactions

Rosmarinic acid was docked into the TOP1 pocket and shaped into two hydrogen
bonds with TYR274 of lengths 2.67 and 2.71 Å. Other hydrogen bonds were also found,
including LYS167, GLY132, LYS133, and ASP168. It also interacted with ARG223, LYS220,
ARG130, PHE131, TYR136, and THR142 via hydrophobic bonds (Figure 3A, Table 2).
The interaction between myricitrin and TOP1 was created through one hydrogen bond
with TYR274 (2.94 Å), as well as with TYR209, LYS167, GLY132, and LYS133. It also
formed hydrophobic contacts with ARG218, ILE219, LYS220, ARG223, ARG130, PHE131,
TYR136, and THR142 (Figure 3B, Table 2). Quercitrin, which docked into the TOP1 pocket,
interacted with TYR209, TYR274, LYS167, LYS133, and GLY132 via hydrogen bonding
and ILE219, LYS220, ARG223, ARG130, PHE131, TYR136, and THR142 via hydrophobic
bonding (Figure 3C, Table 2). Quercitrin’s situation is quite close to that of myricitrin due
to the similar structural types of the flavonoids. The interactions between the selected
compounds and the residues may explain their high MPXV suppression. Ofloxacin targeted
TOP1 via hydrogen bonds with TYR136 with bond lengths of 3.40 Å (Figure 3D, Table 2).
Only one hydrogen bond was observed between ofloxacin and TOP1. This may be the
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critical reason for its weaker affinity compared with the above natural products. Ofloxacin
also formed hydrophobic contacts with ARG67, ARG130, LYS133, TYR136, THR142, LYS167,
ASP168, ILE219, and LYS220.

Table 2. The MM_PBSA and hydrogen/hydrophobic bonds between the selected compounds
and TOP1.

Compounds MM_PBSA (kcal/mol) Hydrogen Bond Hydrophobic Bond

Rosmarinic acid −16.18 TYR274, LYS167, GLY132,
LYS133, ASP168

ARG223, LYS220
ARG130, PHE131
TYR136, THR142
ASN140, LYS169

Myricitrin −13.87 TYR209, TYR274, LYS167,
GLY132, LYS133

ARG218, ILE219
LYS220, ARG223
ARG130, PHE131
TYR136, THR142

Quercitrin −9.40 TYR209, TYR274, LYS167,
LYS133, GLY132

ILE219,LYS220, ARG223,ARG130,
PHE131, TYR136, THR142

Ofloxacin −9.64 PHE131, GLY132, ASN140 ARG67, ARG130, LYS133, TYR136,
THR142, LYS167, ASP168, ILE219, LYS220
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Figure 3. Cartoon on behalf of TOP1 targeted with: (A,B) rosmarinic acid; (C,D) myricitrin;
(E,F) quercitrin; (G,H) ofloxacin. The 3D combining site was revealed as a cartoon representa-
tion, as well as the compounds, shown as sticks. The 2D one was further visualized and signed in the
indicated atoms with the interaction force, including the hydrogen bond and hydrophobic contact.

2.5. Molecular Dynamics Simulations

The 100 ns MD simulations were implemented successfully on the compounds–TOP1
complexes to evaluate whether the MD simulations converged and whether they were
stable. The root mean square deviation (RMSD), the root mean square fluctuation (RMSF),
the radius of gyration (Rg), and the solvent-accessible surface area (SASA) were analyzed
for unbound protein and protein–ligand complexes (Figure 4) [18]. The outputs indicated
well-behaved systems.

TOP1 advanced to a mean of 5.7 Å until about 2 ns and then retained its balance
during a period of 100 ns simulation. The RMSD plot for the complex presented the
same tendency as the unbound TOP1 (Figure 4A). Interestingly, the TOP1–rosmarinic acid
complex performed minimum fluctuations, maintaining an average 5.5 Å value during
the period. Both the myricitrin and quercitrin complexes presented less fluctuations than
ofloxacin. The TOP1–ofloxacin complex was proven to have the highest RMSD values, with
an average of 5.8 Å, suggesting the most fluctuations.
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RMSF discloses the elasticity of diverse sites of protein–ligand complexes [19,20]. 
The stability profile analysis was utilized to assess residues dedicated to the complex 
structural undulation. Higher RMSF values mean greater fluctuations in residues. The 
RMSF plots revealed that both rosmarinic acid and myricitrin caused some fluctuations 
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Figure 4. Root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of
gyration (Rg), and solvent-accessible surface area (SASA) graphs of the TOP1–ligand complexes
produced over a 100 ns molecular dynamics simulation. (A) RMSD versus time plot of TOP1–ligand
complexes; (B) analysis of the RMSF trajectories of residues of TOP1–ligand complexes; (C) Rg versus
time plot of TOP1–ligand complexes; (D) SASA versus time plot of TOP1–ligand complexes; as
for the unbound protein, TOP1, TOP1+Ofloxacin, TOP1+Rosmarinic acid, TOP1+Myricitrin, and
TOP1+Quercitrin are represented as red, black, purple, blue, and green, respectively.

RMSF discloses the elasticity of diverse sites of protein–ligand complexes [19,20]. The
stability profile analysis was utilized to assess residues dedicated to the complex structural
undulation. Higher RMSF values mean greater fluctuations in residues. The RMSF plots
revealed that both rosmarinic acid and myricitrin caused some fluctuations in similar
regions of TOP1 (Figure 4B). Fluctuations were perceived at regions from residue indices
1–75, 100–175, and 225–300. A high fluctuation was observed between residues 1–75 and
225–300, hinting they could be involved in compound binding. The outcome is consistent
with the binding mode analysis above.

Rg was used to depict the characteristic of protein compactness and the folding mech-
anism [19]. The conformational behavior of the TOP1, TOP1+Ofloxacin, TOP1+Rosmarinic
acid, TOP1+Myricitrin, and TOP1+Quercitrin systems was calculated with average Rg
values of 3.44 nm, 3.48 nm, 3.43 nm, 3.53 nm, and 3.55 nm, respectively (Figure 4C). Rg
values show a minor decrease when the selected compounds are bound with TOP1. The
protein–ligand complexes remained stable with a stable equilibrium of Rg for 100 ns MD.
A lower Rg value was observed while rosmarinic acid interacted with TOP1, indicating a
higher compactness of TOP1. Therefore, the complex folding was less frequent.

SASA is a conducive parameter used to study the conformational dynamics of a pro-
tein in the surrounding solvent [19]. The average SASA values for TOP1, TOP1+Ofloxacin,
TOP1+Rosmarinic acid, TOP1+Myricitrin, and TOP1+Quercitrin were calculated as 217.01 nm2,
217.84 nm2, 216.70 nm2, 217.61 nm2, and 216.5 nm2, respectively (Figure 4D). A lower de-
crease in the SASA of TOP1 during targeting with rosmarinic acid occurred, possibly due
to some external residues being concealed by the protein pocket, indicating that a potential
hydrophobic force was formed within the complex.

The MM/PBSA calculations revealed that rosmarinic acid had the lowest binding free
energy at −16.18 kcal/mol. It was also observed that myricitrin has a binding free energy
of −13.87 kcal/mol, but quercitrin had −9.40 kcal/mol, and ofloxacin had −9.64 kcal/mol
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(Table 2). The MM/PBSA method was also utilized to explore free binding energies using
per-residue decomposition. The useful perception of meaningful interactions of crucial
residues in free energy contributions was performed with decomposition. The TOP1–ligand
spectra interactions presented a significant number of critical residues (PHE131, GLY132,
LYS133, THR142, LYS167, LYS169, and TYR274), which contributes favorably to the binding
of TOP1+Rosmarinic acid in comparison to TOP1+Ofloxacin (GLY132, LYS133, ASN140,
THR142, LYS167, TYR209, and ILE219) (Figure 5A,D). Residues conferring a binding free en-
ergy greater than 1.0 kcal/mol or less than−1.0 kcal/mol were identified as critical residues
for the interaction. It can further be observed from Figure 5A that TYR274 (−6.00 kcal/mol),
THR142 (−2.60 kcal/mol), LYS167 (−2.02 kcal/mol), LYS133 (−1.02 kcal/mol), PHE131
(−1.00 kcal/mol), and LYS169 (−1.01 kcal/mol) contribute significantly to the binding
between rosmarinic acid and TOP1, looking at the computations of MM/PBSA per-residue
decomposition. Regarding the TOP1+Rosmarinic acid complex, PHE131, GLY132, LYS133,
THR142, LYS167, LYS169, and TYR274 were observed to contribute individual energies
beyond the −1.0 kcal/mol threshold, respectively. As for the TOP1+Myricitrin complex
(Figure 5B), it was observed that PHE131, GLY132, THR142, LYS167, ILE219, LYS220,
and TYR274 contributed individual energies above the −1.0 kcal/mol threshold. For the
TOP1+Quercitrin complex (Figure 5C), LYS133, THR142, ILE219, and TYR274 were found to
contribute individual energies above the −1.0 kcal/mol threshold. For the TOP1+Ofloxacin
complex, GLY132, LYS133, ASN140, THR142, LYS167, TYR209, and ILE219 contributed
individual energies above −1.0 kcal/mol, respectively.
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2.6. SPR Results

SPR experiments were applied to calculate the binding affinity between compounds
and MPXV TOP1. Here, the binding affinity was measured with the equilibrium dissocia-
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tion constant (KD). A wide range of half-diluted concentrations (from 6.25 to 100 µM) was
employed to fit the KD values of four compounds (rosmarinic acid, myricitrin, quercitrin,
and ofloxacin). A single-site model was used to fit compound half-diluted concentra-
tions versus the response (RU). The KD of rosmarinic acid, myricitrin, quercitrin, and
ofloxacin were also calculated as 2.16 µM, 3.54 µM, 4.77 µM, and 5.46 µM, respectively. The
representative sensorgram of binding RU versus time is depicted in Figure 6.
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2.7. Analysis of Feasible Targets toward Rosmarinic Acid through GO and KEGG Enrichment

More than 100 target genes were yielded for rosmarinic acid using Swiss Target Predic-
tion. Three enrichment branches were formed from the GO annotation output: molecular
function (MF), cellular component (CC), and biological process (BP) (Figure 7A). Carbonate
dehydratase and hydro-lyase activity were shown to be outstanding in rosmarinic acid-
related MF. For CC, the rosmarinic acid-predicted target mostly took part in the membrane
raft and extracellular space. The one-carbon metabolic process was thought to closely
interplay with rosmarinic acid-predicted targets towards BP.

The KEGG pathway showed that nitrogen metabolism may be an important pathway
towards rosmarinic acid targets (Figure 7B). These pathways are closely linked with innate
and adaptive immune cells in the skin, indicating that the utilization of rosmarinic acid
may allow for the suppression of inflammation during MPXV infection [21].
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Figure 7. Analysis of the feasible targets toward rosmarinic acid through GO and KEGG enrichment.
(A) The forecasted targets mostly take part in carbonate dehydratase activity in terms of the molecular
function; as for the cellular component, the predicted targets mainly existed in cytosol; one-carbon
metabolic is considered the primary progress during the biological process. (B) The circle diameter
represents the number of rosmarinic acid-related genes. The deeper shield of orange shows the
greater disparity. Forecasted genes towards rosmarinic acid (CA12, CA1, CA5B, CA2, CA4, CA7,
CA6, CA9, CA14, and CA13) were allocated to the signaling pathway of nitrogen metabolism, with
notable differences.

3. Discussion

Natural products, including TCM, have shown their potential to be repurposed as
effective MPXV therapeutics. Here, we explored possible MPXV inhibitors by targeting
TOP1. TOP1 is a topoisomerase with 314 amino acids, which recognizes and trans-esterifies
at specific DNA sequences, such as 5′-(T/C) CCTT↓, where 30 phosphates of the incised
strand bind with TYR274 towards the enzyme [22]. The amino acid at position 274 is the
key amino acid towards the TOP1-binding pocket. Many enzymes are encapsidated in the
orthopoxvirus. Topoisomerase I (TOP1) is a crucial enzyme required for the early phase of
viral transcription. Therefore, TOP1 is considered a potential antiviral target [10]. However,
the lack of a TOP1 tertiary structure in the recent outbreak of MPXV seriously narrowed
the rational design of inhibitors. Therefore, a homology model was generated using the
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high-quality structural templates available from the smallpox virus, which shares 98.41%
sequence identity with MPXV.

The novel TOP1 model identified three potential bioactive compounds compris-
ing rosmarinic acid, myricitrin, and quercitrin with binding scores of −8.207 kcal/mol,
−7.599 kcal/mol, and −7.322 kcal/mol, respectively. TYR274 was predicted to be a critical
residue for those compounds anchored in the pocket of DNA TOP1 (Table 2, Figure 5).
The selected compounds were demonstrated to have higher binding affinities than the
clinical molecule (ofloxacin), with a docking score of only -6.046 kcal/mol. Furthermore, the
potential inhibition of TOP1 by the compounds was corroborated through MD simulations,
including MM/PBSA. Rosmarinic acid, myricitrin, and quercitrin demonstrated better
affinity against the TOP1 of MPXV than ofloxacin, although ofloxacin was a typical inhibitor
with defined targets in the vaccinia virus. To be more specific, a significant number of
key residues (PHE131, GLY132, LYS133, THR142, LYS167, ASP168, LYS169, and TYR274)
contribute favorably to the interaction with rosmarinic acid in comparison to ofloxacin
(PHE131, GLY132, and ASN140). TYR274 was the unique residue that conferred individual
energy that ranked top in the TOP1–compounds complexes. Thus, TYR274 means a lot for
ligand binding with TOP1, which warrants studies for further validation and to identify its
role. In this study, natural products from the TCM molecule library, which were identified
to have desired binding affinities, deserve further experimental validation.

To explore whether the selected compounds could directly interact with TOP1, SPR
experiments were administrated. The vaccinia TOP1 was chosen as the target protein
in this study, because it presented high homology with monkeypox TOP1 (99%). A low
equilibrium dissociation constant (KD) of rosmarinic acid, myricitrin, quercitrin, and
ofloxacin was also calculated as 2.16 µM, 3.54 µM, 4.77 µM, and 5.46 µM, respectively.
Figure 6 presents the binding affinity of TOP1 with rosmarinic acid, myricitrin, quercitrin,
and ofloxacin, which increased with the level of concentration, and rosmarinic acid’s affinity
to TOP1 ranked as having the optimum sensitivity compared to the other compounds
(Figure 5). Taken together, the above outcome proves that TOP1 may directly target
rosmarinic acid, myricitrin, quercitrin, and ofloxacin.

Recently, Merecz-Sadowska et al. proved that extracts from Leonotis nepetifolia,
including rosmarinic acid, had a strong impact on topoisomerase I activity, leading to cyto-
toxic potential against human melanoma cells [23]. Soluble rosmarinic acid was originally
isolated from rosmarinus officinalis and used as an active ingredient and index component
from herbs and nutraceuticals in TCM. It is widely distributed in a variety of plants of
Labiaceae, Sycamaceae, Pomeraceae, Tiliaceae, and Umbelliferaceae. A special caffeoyl
moiety confers rosmarinic acid with antiviral properties. Previous reports revealed that ros-
marinic acid inhibits several viruses, such as HPV, VSV Ebola-pseudotyped, and vaccinia
viruses [24]. In addition, heparan sulfate proteoglycans-mediating cellular attachments are
required for viruses that strongly interfere with the caffeic chelates [24]. The result from
the targeted prediction of rosmarinic acid during the cellular component also supported
the assumption that the predicted target mainly participates in the membrane raft and
extracellular space (Figure 6A).

Many flavonoids from natural products used both as medicine and food have strong
in vitro and antiviral efficacy [25]. Both myricitrin and quercetin are dietary flavonoids with
few adverse effects, which present potential anti-MPXV properties in our study. Multiple
computational and experimental studies revealed that flavonoids, especially flavonols
and their derivatives, are effective viral inhibitors, as well as possessing significant anti-
inflammatory activities [26,27].

The bioinformatics analysis was utilized to briefly discuss the feasibility of cellular
biological processes and pathways towards rosmarinic acid. Carbonic anhydrases ranked
highly as the most likely target towards rosmarinic acid (Figure 6A). A previous study
showed that carbonic anhydrases mainly regulate the pH and osmotic balance. Suri et al.
further demonstrated that carbonic anhydrase II plays a critical role in Th2-relayed and toll-
like receptor 3-caused pathways in inflammatory skin circumstances [28]. The functional
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annotation of GO and the enrichment analysis forecasted that the signaling pathways may
participate in the anti-inflammatory response with rosmarinic acid (Figure 6B). Interestingly,
nitric oxide (NO) was highlighted as a crucial molecule in series signaling pathways,
including the vascular, metabolic, immune, and antiviral pathways. The deleterious
physiological situation caused by viral infection may be partially reversed through the
restoration of normative NO levels via combined interventions, such as pharmaceutical,
dietary, or complex behavioral interventions [29]. Therefore, possible MPXV inhibitors,
such as rosmarinic acid, may be exploited by targeting TOP1 or restoring NO-associated
inflammatory responses. Nevertheless, further studies are required to clarify the role of
rosmarinic acid in mediating nitrogen metabolism during MPXV infection. Overall, we
aim to investigate whether the anti-MPXV activity of rosmarinic acid not only depends
on the inhibition of viral functional protein such as TOP1 but also the alleviation of host
inflammation caused by NO.

Multiple reports showed that both myricitrin and quercitrin are potential natural
antioxidant agents [30,31]. Recent research further revealed that rosmarinic acid, coupled
with flavonoids, conjugates with antioxidant and anti-inflammatory properties [32]. The
application of those natural antioxidant agents is expected to inhibit viral replication, as
well as alleviate the oxidative stress caused by viral hyperinflammation. TCM contains
promiscuous phytonutrients of rosmarinic acid, myricitrin, and quercitrin. However, there
is still a gap in the knowledge of its bioavailability towards rosmarinic acid, myricitrin, and
quercitrin and their clinical applications. More studies emphasizing compound metabolites
are still required. Although several vaccines and drugs against MPXV are being highlighted
for their efficacy, exploring the repurposing of natural products from TCM may provide
alternatives against MPXV. In summary, grouping some of these phytonutrients into the
right combination in the form of a food supplement not only boosts the immune system
to prevent viral spread but also further suppresses hyperinflammation, providing both
prophylactic and therapeutic support against MPXV [33].

4. Materials and Methods
4.1. Homology Modeling

The TOP1 sequences were obtained from the NCBI (https://www.ncbi.nlm.nih.gov/
protein/YP_010377093.1?report=genbank&log$=prottop&blast_rank=5&RID=J7W751W7
01R/ (accessed on 19 December 2022)) with the accession code YP_010377093.1 or were
obtained from UniProt with ID F1DIV3. The homology model of TOP1 was obtained using
SWISS-MODEL (SWISS-MODEL, https://swissmodel.expasy.org/ (accessed on 19 De-
cember 2022)) [34]. The TOP1 amino acid sequences were submitted into SWISS-MODEL,
which implemented the Basic Local Alignment Search Tool (BLAST) search to obtain rea-
sonable templates that were identical to the target sequence. The TOP1 structures from the
variola virus or vaccinia virus (PDB ID: 3IGC, 2H7F, and 1A41) ranked top, with identity
scores of 96.15, 98.08, and 96.94, respectively. The three structures were then chosen as the
structural template to model the MPXV TOP1 [35].

4.2. Structural Validation

SAVES v6.0 (UCLA-DOE LAB, (Los Angeles, CA, USA)) was applied to assess the
quality of the producing models (https://saves.mbi.ucla.edu/ (accessed on 22 December
2022)). The reliability of the model was validated by analyzing its Ramachandran plot, as
well as the measurement of the 3D model’s compatibility by the Verify 3D and PROCHECK
services (https://saves.mbi.ucla.edu/results?job=1051156&p=procheck/ (accessed on 22
December 2022)) [11,35].

4.3. Prediction of Binding Sites

MOE 2015.10 (CCG, (Ottawa, CAN)) was applied to investigate possible binding sites
of the TOP1 model protein, and the docking grid file centered on the cocrystal ligand at the
active site was generated by the Receptor Grid Generation module of Schrödinger 2021 [36].
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A total of 13 binding sites were predicted using MOE, and Hyd, which ranked top, was
selected for further study. The selected Site Finder found 50, 1.96, 72, and 132 in terms of
the sizes for PLB, Hyd, and Side, respectively. The site that ranked top was selected for
further receptor grid generation. The site residues are listed as follows: ARG67; GLN69;
VAL77; ARG80; ASN81; LYS83; ARG84; ARG86; ILE87; ARG90; PHE127; PHE128; ILE129;
ARG130; PHE131; GLY132; LYS133; TYR136; ASN140; THR142; VAL143; GLY144; PHE164;
GLY166; LYS167; ASP168; LYS169; HIS172; PHE174; TYR209; ILE212; ARG218; ILE219;
LYS220; ARG223; THR224; VAL263; GLY264; HIS265; ARG272; ALA273; TYR274;

4.4. Preparation of Protein Targets and Ligand Libraries

The compounds were acquired from the Traditional Chinese Medicine Library and
the Natural Product Library (https://www.selleck.cn/screening/natural-product-library.
html/ (accessed on 23 December 2022)). Schrödinger Maestro was utilized to generate the
necessary format of the ligands or receptor grid. A total of 4103 natural micromolecules in
the format of 2D spatial data files (sdf) were uploaded to the LigPrep module process. The
possible ionization states of the small molecules were generated in the specified PH range
(PH = 7.0± 2.0) under the condition of an OPLS4 force field; then, all possible combinations
of the chiral atoms were generated. Each ligand could generate up to 32 different confor-
mations and generate one low-energy ring conformation. Eventually, the small molecules
were transformed into 3D structures (maestro). In addition, the compound libraries were
sifted according to Lipinski’s rule of five. Ofloxacin, which presented a strong inhibition of
the vaccinia TOP1 poxvirus, was also included in this study [37].

The structure minimization step was done in the preparation of protein targets via
the Protein Preparation Wizard module in Schrödinger 2021, including the addition of
hydrogen atoms and residue sidechains, structure optimization, and energy minimization.
Water was removed from the modeled TOP1, while other impurity molecules were removed
from the model structure. The protonation state of the residues in the protein was generated
under a specific PH condition (PH = 7.0). Finally, the system was optimized under the
OPLS4 force field to prepare a more reasonable protein structure.

4.5. Receptor Grid Generation and Virtual Screening

Schrödinger was applied for the process of virtual screening. The Receptor Grid
Generation module was used to generate the docking grid file centered on the binding
site. The coordinate of the binding site was parameterized based on the MOE-binding
site prediction. The virtual screening was based on three kinds of different precision
screenings and MM/GBSA [36]: (1) high-throughput virtual screening (HTVS), (2) standard
precision screening (SP), and (3) extra-precision screening (XP). Firstly, HTVS filtered 50%
unfitted compounds; the remaining 50% matched compounds were further employed for SP.
Secondly, the top 15% fitted compounds of SP with better docking scores were performed
for XP screening. Eventually, XP highlighted the remaining 10% of the compounds with
the desired docking score. Meanwhile, MM/GBSA was utilized to calculate the binding
affinity between the compound and TOP1, respectively.

4.6. Characterisation of Binding Mechanism

The binding between TOP1 and the compounds was evaluated and analyzed via Glide
docking (Maestro).

4.7. MD Simulations of Protein–Ligand Complexes and Proteins

The mechanism of the protein–ligand interactions was clarified through energy min-
imization in a precise solvent with AMBER18. The forcefields of ff14SB and GAFF were
used for the protein and the small molecules, respectively. To be specific, the complex
of TOP1–ligands was dissolved virtually in a rectilinear box of TIP3P3 water molecules
buffering 6 Å from the macromolecular system, with a total amount of 17,990 immersed
water molecules used for solvation. Energy minimization was implemented in the fol-
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lowing two consecutive steps with the default parameters. Canonical ensemble (NVT)
and isothermal-isobaric ensemble (NPT) were used for equilibrium system, and a MD
simulation of 100 ns was performed at a normal temperature and pressure. The RMSD,
RMSF, Rg, and SASA were employed to test the complicated stability after the project was
completed [38]. The computation of the complexes was implemented using MM/GBSA,
where the binding energy was calculated, and the individual energy contributions of the
residues were found [38].

4.8. Surface Plasmon Resonance (SPR) Analysis

Four selected compounds, including rosmarinic acid, myricitrin, quercitrin, and
ofloxacin, as well as the vaccinia DNA Topoisomerase I, were procured from Selleck
(Shanghai, China) and Beyotime (Beijing, China), respectively. The SPR experiments were
implemented on the system of the ProteOn XPR36TM SPR instrument (Bio-Rad, Hercules,
CA, USA) [39]. Firstly, the vaccinia TOP1 was immobilized with standard amine coupling
on the EDC/NHS and activated the GLH biosensor chip surface (Bio-Rad). A TOP1 solution
of 1 mg/mL PBST (5 mM, 7.4 pH) was diluted to 30 µg/mL (pH 4.5). Then, TOP1 (5 µL/min
for 400 s) was charged and covalently fixed. The final immobilization level for TOP1 was
around 18,000 RU. The selected compounds were provided in PBS with 0.005% Tween-20
(pH 7.4) and injected at 20 mL/min for 150 s at concentrations of 6.25–100 µM (doubling
dilution). The related phases with 5 concentrations towards 150 s were simultaneously
injected at a flow rate of 30 mL/min, and then, the phases of dissociation were injected
at 25 ◦C for 250 s. The chip surface was regenerated with 30 s pulses of running buffer
after compound injection. The collection of data was reference-subtracted via ProtedOn
ManagerTM 2.0. OriginPro 8 software was used for the data analysis.

4.9. Forecasting for Mechanism of Action towards Rosmarinic Acid

The structure of rosmarinic acid was submitted to Swiss Target Prediction (http:
//www.swisstargetprediction.ch/ (accessed on 3 December 2022)) to screen the potential
target gene [40]. The functional annotation of the Database for Annotation, Visualization
and Integrated Discovery (DAVID) v6.8 (Laboratory of Immunopathogenesis and Bioinfor-
matics, (Maryland, USA)) was implemented to annotate the target gene, and the Official
Gene Symbol was selected as the identifier in DAVID v6.8. Both Gene Ontology (GO)
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were used to analyze each
target gene [41]. The enrichment bubble plot of the KEGG pathway was formed by R
program v3.5.0.

5. Conclusions

In this study, natural products from TCM molecule library were screened via Glide
docking (Maestro). Firstly, the acceptable MPXV TOP1 structure was modeled according to
the 3D structure of variola virus TOP1 via SWISS-MODEL due to the lack of an available
structure in the Protein Data Bank. Subsequently, the virtual screening was based on
three kinds of different precision screenings (HTVS, SP, and XP) and MM/GBSA. Three
compounds (rosmarinic acid, myricitrin, and quercitrin) presenting with good docking
scores and binding affinity were highlighted and purchased for further SPR measurements.

It can be assumed that three potential antiviral compounds, comprising rosmarinic
acid, myricitrin, and quercitrin, were discovered through docking-based virtual screening.
The following study clarified TYR274 as a crucial residue for compound binding affinities.
MD simulations, including MM/PBSA, corroborated the potential inhibition of TOP1 by
the compounds. SPR was applied to evaluate the binding affinity of the vaccinia virus
TOP1 in vivo. Further experiments are needed to determine whether the compounds have
inhibitory activity against MPXV TOP1. Additionally, most of the data provided in this
paper were based on a computer-aided drug design. Therefore, the clinical application
requires further evaluation of the possible inhibitors through experimental confirmation
both in vitro and in vivo.
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