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Editorial on the Research Topic
Natural products and immune inflammation: mechanistic understanding
based on systems biology

Immune inflammatory response is the core of the body’s defense and repair, but its
imbalance is the common underlying mechanism factor for major chronic diseases such as
cancer, autoimmune diseases, neurodegenerative diseases, and metabolic syndrome. Faced
with these complex diseases, modern drug discovery and development often encounters
bottlenecks such as single target, drug resistance, and side effects. Natural products, with
their structural diversity and multi-target effects, have been empirically validated through
millennia of human use and are becoming valuable therapeutic resources for combating
immune inflammation related diseases. However, the complex composition and unclear
mechanism of action of natural products are like a “black box”, which seriously hinders their
scientific evaluation and clinical translation. The theory of systems biology can provide a
new perspective, and we have analyzed 21 excellent articles to explain this viewpoint. The
rise of systems biology provides a revolutionary key to unlocking this “black box” and
gaining a deeper understanding of the precise network of natural products regulating
immune inflammation (Zhang et al., 2019; Li and Zhang, 2013).

The traditional linear research paradigm of “one gene, one protein, one drug” is
inadequate for analyzing the typical complex system of “multi-component, multi-target,
multi-pathway” in natural products. Systems biology adopts a holistic perspective,
integrating multidimensional data such as genomics, transcriptomics, proteomics,
metabolomics, and microbiology, and employing bioinformatics and computational
models for integrated analysis (Kitano, 2002; Hopkins, 2008). It allows us to go beyond
the limitations of single molecular events and provide a holistic view of how natural
products disrupt the entire biological network, and ultimately reshape immune homeostasis
(Li and Zhang, 2013).

Research driven by systems biology has profoundly revealed the immune regulatory
mechanisms of numerous traditional Chinese medicine products and prominent natural
product compounds. In the articles included in this Research Topic, it is revealed that
ephedra sinica polysaccharides (from Ephedra sinicacan) modulate the intestinal
microbiota and anti-inflammatory immunity of bacterial metabolites in rheumatoid

6 frontiersin.org
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arthritis, increase the levels of IL-1 B and IL-6 in restored mouse
serum, and inhibit the entry of inflammatory factors from the
into the joints. The elevation of HDACI and
HDAC?2 levels induced by intestinal inflammation leads to NF-x
B phosphorylation and activation of TLR4 and MyD88 in synovial
tissue of rheumatoid arthritis, which is a key factor contributing to

intestine

immune imbalance in rheumatoid arthritis. Through integrated
genomic and metabolomic analyses, it was found that the
potential mechanism of action of ephedra sinica polysaccharides
is enriched in taurine and hypotaurine metabolism, porphyrin
metabolism, and the enrichment of short-chain fatty acid
(SCFA)-producing bacteria. At the same time, metabolites
involved in metabolic pathways may help ephedra sinica
polysaccharides inhibit intestinal and synovial inflammation to
alleviate rheumatoid arthritis. For natural product monomers,
gene transcription testing found that Tanshinone IIA’s (from
ATM/GADD45/0ORC  pathway
ischemia-reperfusion  injury,
Tanshinone ITA’s of ATM significantly increases the protein
expression levels of ATM, GADD45, and ORCI. By integrating
transcriptome and protein interaction network analysis, researchers

Salvia miltiorrhiza) of the

alleviates  myocardial while

found that curcumin not only directly inhibits the expression of pro-
inflammatory factors TNF - o and IL - 6, but also exerts broad-
spectrum anti-inflammatory effects by regulating key JAK - STAT,
NF - « B, and MAPK signaling pathways (Aggarwal and Harikumar,
2009; He et al, 2015). The polyphenol EGCG in green tea
demonstrates another advantage of systems biology - revealing
host Integrated metagenomic and
metabolomic analyses demonstrated that EGCG significantly

microbe interactions.
remodels the structure of intestinal microbiota, enrich beneficial
bacteria producing short chain fatty acids, and enhance the
expression of proteins critical for intestinal barrier integrity,
thereby reducing systemic low-grade inflammation (Yang et al,
2016). The therapeutic evolution of artemisinin (derived from
from antimalarial
agents
analysis. Research has found that its derivatives can activate the

annua)
immunomodulatory

Artemisia agents to

also benefited from systematic
transcription factor Nrf2 pathway, induce the expression of a series
of antioxidant enzymes, and inhibit the excessive activation of
NLRP3
immunomodulatory and joint-protective effects in rheumatoid
arthritis models (Wang et al., 2015; Krishna et al., 2008).
However, the journey of systems biology in natural product

inflammasomes, demonstrating significant

research still faces multiple challenges. The complexity of
Chinese herbal The
identification of active ingredients, interactions among each
component, and their contributions to

medicine is the primary obstacle.
in vivo metabolic
transformation products constitute an extremely complex
which has long hindered
interpretation and precise application (Gertsch, 2011; Efferth

network  system, scientific
and Koch, 2011). The heterogeneity and dynamics of biological
systems are equally crucial. The significant genetic background,
epigenetic status, baseline immune status, and gut microbiota
differences among individuals result in highly variable responses
to the same natural product (Bashiardes et al., 2017; Zmora et al.,
2019). The gap between system level insights and clinically
effective interventions urgently needs to be bridged. How to

transform complex network model predictions into actionable
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and precise therapeutic strategies, such as patient stratification,
dose optimization, and combination therapies, and designing a
experimental frameworks capable of capturing these network
effects, remains a major challenge in current research (Barabasi
et al., 2011; He et al., 2023).

The rise of high-throughput omics technology has provided
revolutionary tools to solve this problem (Wang et al., 2015).
Proteomics can comprehensively depict the dynamic changes in
inflammation-related protein expression profiles, post-translational
modifications, and signaling pathways following traditional Chinese
medicine intervention, accurately targeting key effector proteins and
targets (Chen et al., 2020). Combining metabolomics analysis of
small molecule metabolite disturbances can reveal the impact of
traditional Chinese medicine on inflammation related metabolic
reprogramming. Transcriptomics elucidates upstream regulatory
mechanisms at the gene expression level. The collaborative
application of these omics technologies not only enables the
systematic analysis of the mechanism of action network of
classical formulas, surpassing the limitations of single-target
research (Wu et al, 2024), but also enables the discovery of
potential specific combinations of biomarkers such as cytokines,
acute phase proteins, metabolites, etc. For efficacy evaluation and
disease classification (Chen et al., 2020). This has laid a solid
foundation for modernizing traditional Chinese medicine
formulas, guiding clinical precision medication, and developing
innovative Chinese medicine formulations based on clear targets.
In the future, the integration of multi omics data in systems biology
and artificial intelligence analysis (Wu et al.,, 2024) will further
promote the research on traditional Chinese medicine immune
inflammation regulation from a “black box” to a more
transparent and more precise stage, and accelerate its integration
into international scientific and medical practice.
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Anti-inflammation is an important
way that
Qingre-Huazhuo-Jiangsuan
recipe treats acute gouty arthritis

Yazhuo Wang?, Yang Xu?, Jingrui Tan?, Jiaxue Ye!, Weizhen Cui?,
Jie Hou?, Peiyu Liu?, Jianwei Li*, Shiyuan Wang?* and
Qingyang Zhao?*

!Institute of Traditional Chinese Medicine, Shandong University of Traditional Chinese Medicine, Jinan,
China, ?Institute of Nursing, Shandong University of Traditional Chinese Medicine, Jinan, China

Background: Acute gouty arthritis (AGA) significantly impairs patients’ quality of
life. Currently, existing therapeutic agents exhibit definite efficacy but also lead to
serious adverse reactions. Therefore, it is essential to develop highly efficient
therapeutic agents with minimal adverse reactions, especially within traditional
Chinese medicine (TCM). Additionally, food polyphenols have shown potential in
treating various inflammatory diseases. The Qingre-Huazhuo-Jiangsuan-Recipe
(QHJR), a modification of Si-Miao-San (SMS), has emerged as a TCM remedy for
AGA with no reported side effects. Recent research has also highlighted a strong
genetic link to gout.

Methods: The TCM System Pharmacology (TCMSP) database was used to collect
the main chemical components of QHJR and AGA-related targets for predicting
the metabolites in QHJR. HPLC-Q-Orbitrap-MS was employed to identify the
ingredients of QHJR. The collected metabolites were then used to construct a
Drugs-Targets Network in Cytoscape software, ranked based on their “Degree” of
significance. Differentially expressed genes (DEGs) were screened in the Gene
Expression Omnibus (GEO) database using GEO2R online analysis. Subsequently,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed. The DEGs were utilized to construct a
Protein-Protein Interaction (PPI) Network via the STRING database. In vivo
experimental validation was conducted using colchicine, QHJR, rapamycin
(RAPA), and 3-methyladenine (3-MA) as controls to observe QHJR's efficacy in
AGA. Synovial tissues from rats were collected, and gRT-PCR and Western blot
assays were employed to investigate Ampk-related factors (Ampk, mTOR, ULK1),
autophagy-related factors (Atg5, Atg7, LC3, p62), and inflammatory-related
factors (NLRP3). ELISA assays were performed to measure inflammatory-
related factor levels (IL-6, IL-1B, TNF-a), and H&E staining was used to examine
tissue histology.

Abbreviations: QHJR, Qingre-Huazhuo-Jiangsuan Recipe; RAPA, rapamycin; 3-MA, 3-Methyladenine;
LC3, Light Chain 3; TCMSP, The TCM system pharmacology database; DEGs, differentially expressed
genes; TCM, Traditional Chinese medicine; GO, Gene ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; GEO, Gene expression omnibus; PPl network, Protein-Protein Interaction network; HE,
Hematoxylin-eosin  staining assay; ELISA, Enzyme-linked immunosorbent assay; qRT-PCR,
Quantitative Real-Time PCR; WB, Western blot.
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Results: Network analysis screened out a total of 94 metabolites in QHJR for AGA.
HPLC-Q-Orbitrap-MS analysis identified 27 of these metabolites. Notably, five
metabolites (Neochlorogenic acid, Caffeic acid, Berberine, Isoliquiritigenin,
Formononetin) were not associated with any individual herbal component of
QHJR in TCMSP database, while six metabolites (quercetin, luteolin,
formononetin, naringenin, taxifolin, diosgenin) overlapped with the predicted
results from the previous network analysis. Further network analysis highlighted
key components, such as Caffeic acid, cis-resveratrol, Apigenin, and
Isoliquiritigenin. Other studies have found that their treatment of AGA is
achieved through reducing inflammation, consistent with this study, laying the
foundation for the mechanism study of QHJR against AGA. PPI analysis identified
TNF, IL-6, and IL-1p as hub genes. GO and KEGG analyses indicated that anti-
inflammation was a key mechanism in AGA treatment. All methods demonstrated
that inflammatory expression increased in the Model group but was reversed by
QHJR. Additionally, autophagy-related expression increased following QHJR
treatment. The study suggested that AMPKa and p-AMPKal proteins were
insensitive to 3 MA and RAPA, implying that AMPK may not activate autophagy
directly but through ULK1 and mTOR.

Conclusion: In conclusion, this study confirms the effectiveness of QHJR, a
modified formulation of SMS (a classic traditional Chinese medicine prescription
for treating gout), against AGA. QHJR, as a TCM formula, offers advantages such as
minimal safety concerns and potential long-term use. The study suggests that the
mechanism by which QHJR treats AGA may involve the activation of the AMPK/
mTOR/ULK1 pathway, thereby regulating autophagy levels, reducing inflammation,
and alleviating AGA. These findings provide new therapeutic approaches and ideas

for the clinical treatment of AGA.

KEYWORDS

QHJR, AGA, apoptosis, autophagy, inflammation, gene

1 Introduction

Acute gouty arthritis (AGA) represents a major and increasingly
serious public health issue, whose incidence is increasing year by
year and seriously impacting people’s health and lives (Zhu et al.,
2011; Khanna et al., 2015; Terkeltaub, 2017). AGA is a common
inflammatory disease, mainly manifested by a potent inflammatory
response resulting from monosodium urate (MSU) crystal
deposition in tissues including joints (Fischer et al., 2018; Gu
et al, 2021). MSU crystals accumulate in periarticular tissues,
which can stimulate joint synovium and produce pathological
reactions including leucocyte exudate, synovial vasodilation, and
enhanced permeability (Lyu et al, 2021). The existing anti-
inflammatory drugs adopted for treating and preventing gouty
arthritis (GA) have been limited (Gu et al.,, 2021). However, just
1/2 of AGA cases can respond to the existing therapeutics (Yuan
etal, 2019; Guetal.,, 2021). Therefore, it is essential to investigate the
efficacy of Traditional Chinese Medicine (TCM).

Traditional Chinese Medicine (TCM) has been used to treat
gouty arthritis (GA) for centuries. The most widely used TCM
treatments for GA are acupuncture and the Chinese herbal medicine
Si-Miao-San (Chi et al., 2020; Pu et al., 2021). Acupuncture is based
on the theory of meridians, while SMS is a combination of four herbs
that have been used to treat GA for over 1,000 years (Chi et al., 20205
Pu et al, 2021), SMS can significantly improve the symptoms of
acute arthritis in gout patients, and its curative effect is not lower
than colchicine, with small side effects (Chi et al., 2020; Pu et al.,
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2021). SMS is effective in the treatment of GA through anti-
inflammation and lowering urate (Chi et al, 2020; Pu et al,
2021). Acupuncture treatment for GA involves the ing spleen, to
the unifying kidney, dissipating dampness, resolving blood stasis,
clearing away heat, and removing toxins (Chi et al., 2020; Pu et al,,
2021). Qingre-Huazhuo-Jiangsuan Recipe (QHJR), one of the TCM
prescriptions, is prepared based on the classic TCM prescription Si-
Miao-San that can be empirically adopted for treating GA during the
clinical practice of TCM (Fan et al., 2010). In traditional Chinese
medicine, the pathological mechanism of GA is primarily believed to
involve “damp-heat descending, leading to obstructing the
meridians and the sluggish circulation of qi and blood.”
However, AGA has a sudden onset, and its pathological
mechanism is mainly characterized by “internal accumulation of
damp-heat turbidity, which flows and affects the viscera and joints.”
Therefore, based on SMS (a previous treatment method),
modifications were made by retaining and increasing the dosage
of Coix lacryma-jobi var. ma-yuen (Rom.Caill.) Stapf (Poaceae;
Coicis semen) and Atractylodes Lancea (Thunb.) DC (Asteraceae;
Atractylodis rhizoma), and incorporating other heat-clearing,
detoxifying, and turbidity-resolving herbs to consolidate the
treatment. QHJR is composed of 11 botanical drugs, including
Reynoutria japonica Houtt (Polygonaceae; Polygoni cuspidati
rhizoma et radix), Spatholobus suberectus Dunn (Fabaceae;
Spatholobi caulis), Dioscorea septemloba Thunb (Dioscoreaceae;
Dioscoreae spongiosae rhizoma), Atractylodes Lancea (Thunb.) DC
(Asteraceae; Atractylodis rhizoma), Plantago depressa Willd
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(Plantaginaceae; Plantaginis semen), Clematis chinensis Osbeck
(Ranunculaceae; Clematidis radix et rhizoma), Smilax glabra Roxb
(Smilacaceae; Smilacis glabrae rhizoma), Poria cocos (Schw.) Wolf
(Polyporaceae; Poria), Curcuma longa L (Zingiberaceae; Curcumae
longae rhizoma), Perilla frutescens L.) Britton (Lamiaceae; Perillae
folium) and Coix lacryma-jobi var. ma-yuen (Rom.Caill.) Stapf
(Poaceae; Coicis semen). Please refer to Supplementary Table S1
for details. The drugs of first choice for acute gouty arthritis are
nonsteroidal anti-inflammatory drugs (NSAID), corticosteroids, and
colchicine (Engel et al,, 2017). Colchicine is a well-established and
affordable anti-inflammatory agent with a long history of use for
treating various diseases, primarily rheumatic and cardiac conditions,
as well as gout attacks (Thompson and Nidorf, 2018; El Hasbani et al.,
2021). However, it is important to note that it has potential side effects,
such as liver failure (Abbott et al., 2017), diarrhea (Tardif et al., 2019),
and vomiting (Angelidis et al., 2018). Colchicine has been shown to
have several mechanisms of action in the treatment of gout, including
inhibiting the activation of the NLRP3 inflammasome, blocking the
release of IL-1B (Cronstein and Terkeltaub, 2006; Nuki, 2008; Dalbeth
et al, 2014). Its primary mode of treatment is anti-inflammatory,
which is consistent with this study (Thompson and Nidorf, 2018). In
this study, QHJR was compared to colchicine as a control group to
investigate whether it could reduce inflammation consistently or not
and to explore the mechanism of QHJR on AGA.

The molecules identified in gout are involved in a multitude of
critical processes, including the degradation of the extracellular
matrix in cartilage cells, transduction of inflammatory signals,
and regulation of fibroblast-like synoviocyte invasion pathways
(Liu et al., 2014; Chew et al., 2018; Shu et al., 2022). In addition,
miRNAs and IncRNAs have been shown to play indispensable roles
in the initiation of inflammation in acute gout as constituents of
MSU-induced inflammatory pathways (Papanagnou et al., 2016; Xu
B. Y. et al., 2020; Galozzi et al., 2021; Shu et al., 2022). The results
underscore the potential of these molecules as targets for the
prediction and management of AGA, thereby warranting further
study and exploration.

Autophagy represents the basic intracellular decomposition event,
and has different effects on immunity, thereby maintaining cell
homeostasis while also determining their fate (Hao and Liu, 2021).
Autophagy is a finely regulated cellular program in which multiple
pathways play vital roles. During the last decade, human genetic
research suggests that autophagy is tightly associated with
autoimmune/inflammatory disorders and cancers (Lyu et al,, 2021).
Recent research shows that autophagy is related to arthritis progression.
For example, based on Yun Yu et al. (Yu S. et al,, 2020), autophagy
expression has effects on arthritis. According to Piras et al. (Piras et al,,
2017; Yang et al., 2021), autophagy suppression decreased bone erosion
severity and osteoclast (OC) number, suggesting that the critical
function of autophagy is protecting bone tissues. Studies have shown
that autophagy plays a key role in the pathogenesis of GA (Han et al,
2021). MSU crystals, which are associated with gouty arthritis, have
been shown to induce autophagy in macrophages and synovial tissues
from patients with gouty arthritis (Xiao et al,, 2023; Yuan et al,, 2023).
Autophagy-lysosomal pathway (ALP) perturbations have been
observed in synovial macrophages from patients with gouty arthritis
(Chen et al., 2023). Autophagy is involved in decreasing inflammation.
It has been suggested that autophagy induced by PP121 can alleviate
MSU crystal-induced acute gouty arthritis via inhibition of the
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NLRP3 inflammasome (Yuan et al, 2023). Autophagy inhibits
inflammatory signaling complexes (Deretic and 2021). Autophagy
may directly regulate inflammation by removing or down-regulating
pro-inflammatory  cytokines and  degrading inflammasome
components (Pang et al, 2022). Modulation of autophagy, which
plays a critical role in inflammation by influencing the development,
homeostasis, and survival of inflammatory cells, might lead to
therapeutic interventions for diseases associated with inflammation
(Qian et al, 2017). The aforementioned literature research highlights
the critical role of autophagy in AGA. To validate the role of autophagy
in inflammation, this study employed rapamycin (RAPA, an autophagy
inducer) and 3-methyladenine (3-MA, an autophagy inhibitor) as
control groups to observe changes in autophagy levels and their
impact on AGA. This approach aimed to elucidate the mechanism
of action of QHJR in AGA.

AMP-activated protein kinase (AMPK), the highly conserved
serine/threonine-protein kinase, serves as an intracellular energy
sensor with significant effects on catabolism and anabolism
regulation (Li and Chen, 2019). Referred to as the metabolic
master switch, AMPK plays a pivotal role in controlling cellular
energy supply and is synthesized in various organs, including the
liver, brain, fat cells, and muscle cells (Li and Chen, 2019).
Functioning as a regulator of autophagy, AMPK promotes
autophagy the autophagic
mitochondria (mitophagy) by inducing the fragmentation of

and facilitates degradation  of
damaged mitochondria and promoting the translocation of the
autophagy machinery to these damaged organelles (Li and Chen,
2019). AMPK plays a significant role in the maintenance of cellular
energy homeostasis, which is closely related to autophagy (Wang S.
et al,, 2022). AMPK-mediated pathways are involved in autophagy
and aging processes (Ge et al, 2022). AMPK can accelerate
autophagy through its different actions at diverse autophagy
which the
phosphorylation of autophagy-related protein complexes (Li and

regulatory  levels, are obtained by specific
Chen, 2019). In summary, AMPK and autophagy are closely related,
and AMPK plays a significant role in the regulation of autophagy.

Gout is commonly associated with excesses in soluble urate and in
nutrition, both of which involve AMPK activity (Wang et al., 2016;
Terkeltaub, 2017). AMPK activation has been found to alleviate high
uric acid-induced Na*-K*-ATPase signaling impairment and cell injury
in renal tubules (Xiao et al, 2019). Charles McWherter et al.
(McWherter et al., 2018) found that Arhalofenate acid inhibits
monosodium urate crystal-induced inflammatory responses through
activation of AMPK signaling, which likely contributes to a reduction of
gout flares (McWherter et al., 2018). These findings suggest that AMPK
may play a role in the development and treatment of gouty arthritis.
Further research is needed to fully understand the implications of
AMPK in gout and to develop effective treatments targeting AMPK.
The activation of AMPK is found to cause autophagy through two
distinct mechanisms, namely, the direct phosphorylation of ULK1
(Unc-51-Like Kinase 1, a mammalian orthologue of Atgl) and the
inhibition of the mammalian target of rapamycin (mTOR) protein
kinase complex (Li and Chen, 2019). This signal pathway has been
confirmed, also providing a strong theoretical foundation for QHJR
treatment of AGA. In this study, to explore the mechanism of QHJR on
AGA, we validated whether the Ampkal/ulkl/mTOR pathway could
be activated by QHJR to regulate autophagy, reduce inflammation, and
effectively alleviate AGA.
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2 Methods
2.1 QHJR metabolites screening

We employed the TCMSP database (https://old.tcmsp-e.com/
temsp.php) (Ru et al., 2014) to explore the metabolite composition
of QHJR. This database provides comprehensive information on
various molecular aspects, such as composition number, molecular
name, molecular weight, fat-water partition coefficient, hydrogen
bond donor-acceptor count, oral bioavailability (OB), intestinal
epithelium permeability, blood-brain barrier (BBB) permeability,
drug similarity (DL), and drug half-life (HL). The OB represents
the percentage of unchanged drug that reaches the systemic
circulation after oral administration. DL indexes can be used to
optimize pharmacokinetic and pharmaceutical properties, such as
solubility and chemical stability (Zhou et al., 2020; Liu et al., 2023).
The criteria of OB > 30% and DL > 0.18 have been set to screen for
active compounds because they indicate that the compound has
good oral bioavailability and drug-like properties, which are
important for a compound to be effective as a drug (https://
www.tcmsp-e.com/load_intro.php?id=29) (Yu Y. et al, 2020;
Ruan et al,, 2020; Ye et al.,, 2023).

2.2 Network construction

The UniProt database (https://www.uniprot.org/) and Search
Tool for the Retrieval of Interacting Genes database (https://
string-db.org) were utilized to convert protein gene names and
obtain drug component targets. For comprehensive information
on human genes, encompassing proteome,
transcription, heredity, and function, we turned to the
GeneCards Database (https://www.genecards.org/) (Safran
et al., 2010). AGA-related targets were gathered from the

GeneCards Database. The cross-targets were obtained by

genome,

merging the disease-related targets with the drug-component
targets. After the data were imported into Cytoscape 3.9.
1 software (Shannon et al, 2003), a “Botanical drug-
metabolite-target” network model was constructed, in which
the nodes represent herbs, ingredients, and targets, while the
edges represent the relationship role among the three nodes. We
calculated the ‘degree’ value according to the number of
associations between each node (Liu et al., 2023; Ye et al., 2023).

2.3 Data sources and screen out DEGs

The initial step of our study involved performing a keyword
search using “acute gouty arthritis” and “Homo sapiens” in the
search field of the GEO database (https://www.ncbi.nlm.nih.gov/
geo/). These keywords were selected to retrieve relevant data.
Through this search, we identified gene chip data with the
accession number GSE160170. The GSE160170 dataset was
based on the GPL21827 platform, specifically the Agilent-
079487 Arraystar Human LncRNA microarray V4 (Probe Name
version). This dataset comprised a total of 6 specimens from
individuals with gout and 6 specimens from individuals serving
as normal controls.
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2.4 PPI network

To construct a protein-protein interaction (PPI) network, we
employed the STRING database (https://string-db.org/) (Szklarczyk
et al, 2021). Subsequently, the Cytoscape 3.9.1 software’s
“cytoHubba” plugin (Doncheva et al, 2023) was utilized to
compute the top ten hub genes from both upregulated and
downregulated hub genes.

2.5 GO and KEGG analysis

To investigate the functional annotations of DEGs, we
performed GO analysis (Liu et al, 2018)and KEGG (Kanehisa
et al,, 2017) analysis using the online tool DAVID (https://david.
ncifcrf.gov/). To identify significantly enriched genes, we set the
critical value at p < 0.05 and [log2(FC)| > 1. In this study, the
“clusterprofiler” package in the R software was employed to analyze
the primary functions of the DEGs.

2.6 Preparation of drugs

11 botanical drugs of QHJR (Supplementary Table S1) were
purchased from Shandong Provincial Hospital of TCM pharmacy
(Jinan, China), and prepared using the water decoction and alcohol
precipitation method at the Experimental Center of Shandong
University of TCM (Jinan, China). Colchicine (MedChemExpress,
Lot No: HY-16569), 200 mg per unit. Rapamycin (MedChemExpress,
Lot No: HY-10219), 10mg per unit. 3-Methyladenine
(MedChemExpress, Lot No: HY-19312), 50 mg per unit.

First, fry the Atractylodis rhizoma and Coicis semen until they turn
slightly yellow, and prepare the Plantaginis semen by wrapping it with
gauze. Soak all the botanical drugs (except Plantaginis semen) in
purified water for 2 h, then remove them and prepare for decoction.
Next, place all the botanical drugs (Polygoni cuspidati rhizoma et radix,
Spatholobi caulis, Dioscoreae spongiosae rhizoma, Atractylodis
rhizoma, Plantaginis semen, Clematidis radix et rhizoma, Smilacis
glabrae rhizoma, Poria, Curcumae longae rhizoma, Perillae folium,
Coicis semen) in a pot filled with 2 L of water and boil for 0.5 h.
Concentrate the decoction to concentrations of 5.15 g/mL (botanical
drug/water), 2.56 g/mL (botanical drug/water), and 1.3 g/mL (botanical
drug/water) respectively according to the concentration requirements of
the QHJR-High, QHJR-Medium, and QHJR-Low groups. The “g/mL”
means “drug—solvent ratio”, which is all the botanical drugs of QHJR
to pure water. Filter the botanical drugs using gauze to collect the herbal
liquid. The decoction was then entrusted to a temperature-controlled
refuge within a refrigerator, maintained at a frosty 4 °C.

2.7 QHJR extract and HPLC-Q-Orbitrap-MS
analysis

Prepare the drug solution (QHJR) (Supplementary Table S1)
with a concentration of 2.56 g/mL (botanical drug/water) following
the method described above and store it in a refrigerator at —18 °C.
After thawing, the samples were vigorously treated by vortexing for
30 s and centrifugation at 12,000 rpm and 4°C for 10 min. A 200 pL
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portion from each sample was transferred to an Eppendorf tube and
combined with 1,000 pL of a 4:1 (v/v) methanol-water extraction
solution. This mixture underwent another round of vortexing and
centrifugation at 12,000 rpm and 4°C for 10 min. The resulting
supernatant was meticulously filtered through a 0.22-pum filter
and placed in an autosampler vial for subsequent analysis. The
liquid chromatography (LC) separation utilized an HPLC AQ-C18
column (1.8 um x 150 mm x 2.1 mm, Welch, China) with mobile
phases of 0.1% formic acid A) and methanol B). The LC system
operated at a flow rate of 300 uL/min, an injection volume of 5 uL,
and the following gradient: 0-5 min (2%-20% B), 5-10 min (20%-
50% B), 10-15 min (50%-80% B), 15-20 min (80%-95% B), and
20-27 min (95% B) (Supplementary Table S2). An LC system
integrated with a Q-Orbitrap mass spectrometer (Thermo Fisher
Scientific, United States) played a pivotal role in analyzing the
chemical composition of QHJR. The system employed carefully
selected parameters including a sheath gas flow rate of 40 Arb, an
auxiliary gas flow rate of 15 Arb, a full MS resolution of 70,000, a
capillary temperature of 300°C, an MS/MS resolution of 17,500, a
spray voltage of 3.2 kV (positive), and a collision energy of 30 in
NCE mode. This setup effectively unraveled the intricate molecular
constituents. The task of determining the chemical composition of
QHJR was entrusted to Wuhan Xavier Biotechnology Co., Ltd., who
followed established protocols and methodologies with meticulous
care. The detailed information is available in Supplementary
Table S2.

2.8 Drug-target network

The key metabolites predicted and identified were searched in
the PubChem database (https://pubchem.ncbinlm.nih.gov/) to
obtain their structural information. The obtained structures were
then
swisstargetprediction.ch/) to predict their target proteins. Disease-

imported into Swiss Target Prediction (http://www.
related target proteins were retrieved from the GeneCards database
(https://www.genecards.org/) (Safran et al., 2010)and filtered for
those related to the disease among the identified metabolite targets.
The disease-related metabolites and their corresponding targets
were imported into Cytoscape (Shannon et al, 2003)3.9.1 for

constructing a metabolite-target network and analysis.

2.9 Animals and establishment of AGA
models

A total of 88 male Sprague-Dawley rats with SPF-grade,
+

weighing 180 = 20g, were sourced from Beijing Weitong
Lihua Laboratory Animal Technology Co., Ltd (License
number: Beijing Baishan SCXK 2016-0006). The rats were
8 11) further
experimentation, including the Normal group, Model group,
QHJR-H group, QHJR-M group, QHJR-L group, Colchicine

group, RAPA g, group, and 3-MA group. The rate in the

categorized  into groups (n for

Normal group injected normal saline (NS) was used as the
control. The others were injected with normal MSU to the
sestablishAGA model (according to Fischer, Brusco et al.
(Fischer et al., 2018) method) on day 5. Normal group and
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Model group with pure water by gavage, colchicine group with
colchicine by gavage. QHJR groups were given QHJR-H, QHJR-
M, and QHJR-L, respectively. The 3-MA and RAPA groups were
intraperitoneally injected with 3-MA and RAPA, respectively.

2.10 H&E assay

The knee joints of rats were dissected to obtain synovial tissues,
which were subsequently fixed in 4% paraformaldehyde for a
duration exceeding 24 h. The fixed tissues were then embedded
in paraffin. Additional synovial tissues were preserved in liquid
nitrogen at —80 °C for subsequent Quantitative Real-Time PCR and
Western blot assays. Following this, 4-pm thick sections of paraffin-
embedded tissue were deparaffinized, stained with hematoxylin and
eosin (HE), subjected to dehydration using fractional xylene and
ethanol, and ultimately sealed with neutral gums.

2.11 ELISA assay

Blood samples were collected from the abdominal aorta of rats,
and the freshly obtained blood was allowed to stand before being
centrifuged at 3500 rpm for a duration of 10 min. The serum was
extracted at —80 °C for preservation. The levels of TNF-a, IL-1f, and
IL-6 were determined using an ELISA Kkit, following the
manufacturer’s instructions.

2.12 qRT-PCR assay

Ex Taq-enzyme Kit (Solarbio PC1100) was employed to extract
total synovial RNA, while PrimeScript RTregent Kit (Takara, Japan)
was used to prepare cDNA through reverse transcription. qRT-PCR
machine CFX96 (Excell Bio IT041-0002, China) was used for qRT-
PCR, and the reaction system included respective primers (1 uL
each), Power SYBR® Green Master Mix (2%, 12.5 uL), DEPC water
(9.5 puL) and cDNA (1 pL). The reaction procedure was presented as
follows activation under 95°C; 20-s amplification under 95°C; 30-s
un3058°C and 20-s under 72°C for a total of 40 cycles. The 2744¢T
method was performed to quantify PCR analysis. Supplementary
Table S3 displays the sequences of all primers utilized in this study
(Sangon Biotech, Shanghai, China).

2.13 Western blot

The mixture containing RIPA lysates and protease/
phosphatase inhibitors was adopted for extracting total synovial
proteins. Protein content was quantified by a BCA kit (Solarbio
PC0020). Protein aliquots were separated through SDS-PAGE,
followed by transfer onto PVDF membranes (Millipore). Then,
membranes were blocked using 5% defatted milk for 2 h, followed
by overnight primary antibody incubation under 4°C (as shown in
Supplementary Table S4). Next, the ECL Kit (Solarbio, no.
PE0010) was used for visualizing protein bands, using p-actin
as the endogenous control. Images were analyzed with Image]

(Table 4).
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2.14 Statistical analysis

There are 3 samples for each set of data. Data were represented
by means + SD. Tukey’s multiple comparison test was conducted by
one-way ANOVA by GraphPad Prism version 8.0. *p < 0.05,**p <
0.01, *™p < 0.001 represented obviously difference.

3 Results
3.1 QHJR'’s target prediction for AGA

A comprehensive search for 1,620 metabolites in QHJR was
performed using the TCMSP database, including 315 from Polygoni
Cuspidati Rhizoma Et Radix, 405 from Spatholobus Suberectus
Dunn, 14 from Dioscoreae Septemlo Bae Rhizoma, 67 from
Atractylodes lancea (Thunb.)Dc., 189 from Plantaginis Semen,
67 from Radix Clematidis, 315 from Smilacis Glabrae Rhixoma,
21 from Poria Cocos (Schw.) Wolf, 38 from Curcumaelongae
Rhizoma, 145 from Perilla Frutescens, and 44 from Coicis
Semen. Screening based on OB > 30% and DL > 0.18 yielded
117 metabolites, with 10 from Polygoni Cuspidati Rhizoma Et
Radix, 24 from Spatholobus Suberectus Dunn, 2 from Dioscoreae
Septemlo Bae Rhizoma, 9 from Atractylodes Lancea (Thunb.)Dc.,
9 from Plantaginis Semen, 7 from Radix Clematidis, 15 from
Smilacis Glabrae Rhixoma, 15 from Poria Cocos (Schw.) Wolf,,
3 from Curcumaelongae Rhizoma, 14 from Perilla Frutescens, and
9 from Coicis Semen. After removing duplicates, 94 metabolites
were identified. Table 1 displays these metabolites found in QHJR.

Protein gene names were converted using the STRING and
UniProt databases, and AGA targets were subsequently identified in
GeneCards. The intersection of these targets was then employed to
construct the “Botanical drug-Metabolite-Target” network, as
depicted in Figure 1. Our predictions suggested that these
metabolites predicted in QHJR may have the potential to impact
the target, as detailed in Table 2.

3.2 Chemical composition of QHJR extract

The main components in extracts of QHJR were analyzed
qualitatively based on HPLC-Q-Orbitrap-MS. The analysis results
are shown in Figure 2 and Table 3, including the total ion
chromatogram of HPLC-Q-Orbitrap-MS, as well as the structural
formula of the main chemical components in QHJR. According to the
above analysis, as well as the comparison of TCMSP database and
literature, 27 main metabolites were detected, identified and
speculated within 30 min by the mass spectrum behavior and
fragment ion characteristics (Figure 2) (Table 3), as follow: Citric
acid, Chlorogenic acid, Geniposidic acid, Neochlorogenic acid, 3,4-
Dihydroxybenzaldehyde, Catechin, Caffeic acid, cis-Resveratrol,
Ferulic Safrole,  Astilbin, 7-
Hydroxycoumarine, Quercetin,  Isoliquiritigenin,
Naringenin, Genistein, Luteolin, Curcumin, Biochanin A, Dibutyl

Berberine, acid, Taxifolin,

Apigenin,

phthalate, 2-Hydroxymyristic acid, Palmitic acid, Formononetin,
Diosgenin. Of these metabolites, six were found to agree with prior
predictions by Network Analysis (quercetin, luteolin, formononetin,
naringenin, taxifolin, and diosgenin), while five metabolites
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(Neochlorogenic acid, Caffeic acid, Berberine, Isoliquiritigenin,
Formononetin) of them that are shown in the TCMSP database to
not belong to any single herbal component of QHJR. From this, we
infer that these metabolites may be the result of interactions between
different botanical drugs within QHJR, generating new metabolites.
These findings suggest that QHJR may not only work through the
individual actions of its constituent herbs but also potentially through
the synergistic production of new metabolites, contributing to its
therapeutic effect on AGA.

3.3 Identification of related genes in AGA

To identify novel targets for treating AGA, we conducted a genetic
analysis of this condition. Using the GEO database, we obtained the
GSE160170 dataset and performed online analysis using GEO2R.
DEGs were screened out as p < 0.05 and [log2(FC)| > 1, and it was
shown as the volcano (Figure 3A) and heatmap (Figure 3B) by
RStudio (Version 4.2.1). By comparing the gout group to the
group, identified 2,369 DEGs in GSE160170,
comprising 1,390 upregulated and 979 downregulated genes.
Normalization of the original data was achieved using the R

control we

packages ggplot2 (version 3.4.1) and pheatmap (version 1.0.12),
enabling visualization of the volcano and hotspot maps depicting
the relevant gene expression (Figures 3A,B).

Following the removal of redundant genes, we subjected the
remaining 1,412 DEGs from GSE160170 to PPI analysis using the
STRING database (Fig. A-C). Then, the top 10 hub genes were
identified based on their node degree and included TNF, IL6, IL1B,
IL10, IFNG, CD80, CXCL8, CCL3, STAT1, and IL1A (Figure 4D).

3.4 KEGG and GO enrichment analysis

DEGs in GSE160170 exhibit associations with leukocyte
chemotaxis, cell chemotaxis, leukocyte migration, reproductive
system development, reproductive structure development,
regulation of vasculature development, positive regulation of
leukocyte migration, efc., based on GO analysis (as depicted in
Figure 5A). Furthermore, the DEGs are relevant to various pathways
including Viral protein interaction with cytokine and cytokine
receptor, Toll-like receptor signaling pathway, TNF signaling
pathway, TGF-beta signaling pathway, Rheumatoid arthritis,
p53 signaling pathway, Osteoclast differentiation, Non-alcoholic
fatty liver disease, NOD-like receptor signaling pathway, NF-
kappa B signaling pathway, Neutrophil

formation, MAPK signaling pathway, Lipid and atherosclerosis,

extracellular trap
Inflammatory bowel disease, IL-17 signaling pathway, Hepatitis
C, Gap junction, FoxO signaling pathway, Cytokine-cytokine
receptor interaction, Chemokine signaling pathway, C-type lectin
receptor signaling pathway, Apoptosis-multiple species, Apoptosis,
etc., based on KEGG analysis (Figure 5B).

Our current study results, in combination with previous protein-
protein interaction (PPI) analysis, indicate that QHJR may reduce
inflammation through the involvement of TNF, IL6, IL1B, and other
factors. Therefore, we further investigated and evaluated the role of
QHJR in the treatment of AGA by establishing a rat model of AGA
in vivo to explore if it was related to inflammation.
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TABLE 1 Metabolites were predicted of QHJR in the TCMSP database.

10.3389/fphar.2023.1268641

Botanical drug Code Metabolites OB(%) DL
Polygoni Cuspidati MOLO013281 | 6,8-Dihydroxy-7-methoxyxanthone 35.83 0.21
Rhizoma Et Radix

Polygoni Cuspidati MOL013287 = Physovenine 106.21 0.19
Rhizoma Et Radix

Polygoni Cuspidati MOL013288 | Picralinal 58.01 0.75
Rhizoma Et Radix

Polygoni Cuspidati MOL002259 = Physciondiglucoside 41.65 0.63
Rhizoma Et Radix

Polygoni Cuspidati MOL002268  rhein 47.07 0.28
Rhizoma Et Radix

Polygoni Cuspidati MOL002280 = Torachrysone-8-O-beta-D-(6’-oxayl)-glucoside 43.02 0.74
Rhizoma Et Radix

Polygoni Cuspidati MOL000358 | beta-sitosterol 3691 0.75
Rhizoma Et Radix

Polygoni Cuspidati MOL000492  (+)-catechin 54.83 0.24
Rhizoma Et Radix

Polygoni Cuspidati MOL000006  luteolin 36.16 0.25
Rhizoma Et Radix

Polygoni Cuspidati MOL000098 | quercetin 46.43 0.28
Rhizoma Et Radix

Spatholobus Suberectus MOL000296  hederagenin 36.91 0.75
Dunn

Spatholobus Suberectus MOL000033 | (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R,5S)-5-propan-2-yloctan-2-yl]- 36.23 0.78
Dunn 2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta [a]phenanthren-3-ol

Spatholobus Suberectus MOL000392  formononetin 69.67 0.21
Dunn

Spatholobus Suberectus MOL000417 = Calycosin 47.75 0.24
Dunn

Spatholobus Suberectus MOL000449 = Stigmasterol 43.83 0.76
Dunn

Spatholobus Suberectus MOL000461 = 3,7-dihydroxy-6-methoxy-dihydroflavonol 43.8 0.26
Dunn

Spatholobus Suberectus MOL000468  8-o-Methylreyusi 70.32 0.27
Dunn

Spatholobus Suberectus MOL000469 = 3-Hydroxystigmast-5-en-7-one 40.93 0.78
Dunn

Spatholobus Suberectus MOL000470 = 8-C-a-L-arabinosylluteolin 35.54 0.66
Dunn

Spatholobus Suberectus MOL000471  aloe-emodin 83.38 0.24
Dunn

Spatholobus Suberectus MOL000483  (Z)-3-(4-hydroxy-3-methoxy-phenyl)-N-[2-(4-hydroxyphenyl)ethylJacrylamide 118.35 0.26
Dunn

Spatholobus Suberectus MOL000490  petunidin 30.05 0.31
Dunn

Spatholobus Suberectus MOL000491  Augelicin 37.5 0.66
Dunn

Spatholobus Suberectus MOL000493 = campesterol 37.58 0.71
Dunn

Spatholobus Suberectus MOL000497 = licochalcone a 40.79 0.29

Dunn
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TABLE 1 (Continued) Metabolites were predicted of QHJR in the TCMSP database.

10.3389/fphar.2023.1268641

Botanical drug Code Metabolites OB(%) DL

Spatholobus Suberectus MOL000500 = Vestitol 74.66 0.21

Dunn

Spatholobus Suberectus MOL000501 = Consume close grain 68.12 0.27

Dunn

Spatholobus Suberectus MOL000502 = Cajinin 68.8 0.27

Dunn

Spatholobus Suberectus MOL000503 = Medicagol 57.49 0.6

Dunn

Spatholobus Suberectus MOL000506 = Lupinidine 61.89 0.21

Dunn

Spatholobus Suberectus MOL000507 = Psi-Baptigenin 70.12 0.31

Dunn

Dioscoreae Septemlo Bae MOL013233 = EINECS 213-897-0 71.96 0.72

Rhizoma

Dioscoreae Septemlo Bae MOL000546 = diosgenin 80.88 0.81

Rhizoma

Atractylodes Lancea MOL000173 = wogonin 30.68 0.23

(Thunb.)Dc.

Atractylodes Lancea MOL000179 = 2-Hydroxyisoxypropyl-3-hydroxy-7-isopentene-2,3-dihydrobenzofuran-5-carboxylic 452 0.2

(Thunb.)Dc.

Atractylodes Lancea MOLO000184 = NSC63551 39.25 0.76

(Thunb.)Dc.

Atractylodes Lancea MOL000186  Stigmasterol 3-O-beta-D-glucopyranoside_qt 43.83 0.76

(Thunb.)Dc.

Atractylodes Lancea MOL000188 = 3B-acetoxyatractylone 40.57 0.22

(Thunb.)Dc.

Atractylodes Lancea MOL000085  beta-daucosterol_qt 3691 0.75

(Thunb.)Dc.

Atractylodes Lancea MOL000088 | beta-sitosterol 3-O-glucoside_qt 36.91 0.75

(Thunb.)Dc.

Atractylodes Lancea MOL000092 = daucosterin_gqt 3691 0.76

(Thunb.)Dc.

Atractylodes Lancea MOL000094 = daucosterol qt 36.91 0.76

(Thunb.)Dc.

Plantaginis Semen MOL001663 = (4aS,6aR,6aS,6bR,8aR,10R,12aR,14bS)-10-hydroxy-2,2,6a,6b,9,9,12a-heptamethyl- 32.03 0.76
1,3,4,5,6,6a,7,8,82,10,11,12,13,14b-tetradecahydropicene-4a-carboxylic acid

Plantaginis Semen MOL001735 = Dinatin 30.97 0.27

Plantaginis Semen MOL000359 = sitosterol 3691 0.75

Plantaginis Semen MOL005869 = daucostero_gqt 3691 0.75

Plantaginis Semen MOL007813 = Dihydrotricetin 58.12 0.28

Plantaginis Semen MOL007819 = Hypolaetin 33.24 0.28

Plantaginis Semen MOL007835 | orobanchoside_qt 55.99 0.82

Plantaginis Semen MOL007836 | plantaginin_gqt 54.04 0.24

Radix Clematidis MOL002372 = (6Z,10E,14E,18E)-2,6,10,15,19,23-hexamethyltetracosa-2,6,10,14,18,22-hexaene 33.55 0.42

Radix Clematidis MOL005594 = ClematosideA’_qt 37.51 0.76

Radix Clematidis MOL005598 =~ Embinin 3391 0.73

Radix Clematidis MOL005603 = Heptyl phthalate 4226 0.31
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TABLE 1 (Continued) Metabolites were predicted of QHJR in the TCMSP database.

Botanical drug Code Metabolites OB(%) DL

Smilacis Glabrae Rhixoma = MOLO013117 = 4,7-Dihydroxy-5-methoxyl-6-methyl-8-formyl-flavan 37.03 0.28
Smilacis Glabrae Rhixoma = MOL013118 = Neoastilbin 40.54 0.74
Smilacis Glabrae Rhixoma | MOL013119  Enhydrin 40.56 0.74
Smilacis Glabrae Rhixoma = MOL013129 = (2R,3R)-2-(3,5-dihydroxyphenyl)-3,5,7-trihydroxychroman-4-one 63.17 0.27
Smilacis Glabrae Rhixoma = MOL001736  (-)-taxifolin 60.51 0.27
Smilacis Glabrae Rhixoma = MOL004328 = naringenin 59.29 0.21
Smilacis Glabrae Rhixoma | MOL004567  isoengelitin 34.65 0.7
Smilacis Glabrae Rhixoma = MOL004575 astilbin 36.46 0.74
Smilacis Glabrae Rhixoma = MOL004576 taxifolin 57.84 0.27
Smilacis Glabrae Rhixoma = MOL004580 cis-Dihydroquercetin 66.44 0.27
Smilacis Glabrae Rhixoma | MOL000273 = (2R)-2-[(3S,5R,10S,13R,14R,16R,17R)-3,16-dihydroxy-4,4,10,13,14-pentamethyl-2,3,5,6,12,15,16,17- 46.43 0.28

octahydro-1H-cyclopenta [a]phenanthren-17-yl]-6-methylhept-5-enoic acid

Poria Cocos (Schw.) Wolf. = MOL000275 = trametenolic acid 30.93 0.81
Poria Cocos (Schw.) Wolf. | MOL000276 = 7,9 (11)-dehydropachymic acid 38.71 0.8
Poria Cocos (Schw.) Wolf. = MOL000279 = Cerevisterol 35.11 0.81
Poria Cocos (Schw.) Wolf. | MOL000280 = (2R)-2-[(3S,5R,10S,13R,14R,16R,17R)-3,16-dihydroxy-4,4,10,13,14-pentamethyl-2,3,5,6,12,15,16,17- 37.96 0.77
octahydro-1H-cyclopenta [a]phenanthren-17-yl]-5-isopropyl-hex-5-enoic acid
Poria Cocos (Schw.) Wolf. = MOL000282 = ergosta-7,22E-dien-3beta-ol 31.07 0.82
Poria Cocos (Schw.) Wolf. = MOL000283 = Ergosterol peroxide 43.51 0.72
Poria Cocos (Schw.) Wolf. | MOL000285 = (2R)-2-[(5R,10S,13R,14R,16R,17R)-16-hydroxy-3-keto-4,4,10,13,14-pentamethyl-1,2,5,6,12,15,16,17- 40.36 0.81
octahydrocyclopenta [a]phenanthren-17-yl]-5-isopropyl-hex-5-enoic acid
Poria Cocos (Schw.) Wolf. = MOL000287 = 3beta-Hydroxy-24-methylene-8-lanostene-21-oic acid 38.26 0.82
Poria Cocos (Schw.) Wolf. | MOL000289 = pachymic acid 38.7 0.81
Poria Cocos (Schw.) Wolf. | MOL000290 = Poricoic acid A 33.63 0.81
Poria Cocos (Schw.) Wolf. | MOL000291 = Poricoic acid B 30.61 0.76
Poria Cocos (Schw.) Wolf. | MOL000292 = poricoic acid C 30.52 0.75
Poria Cocos (Schw.) Wolf. | MOL000300 = dehydroeburicoic acid 38.15 0.75
Poria Cocos (Schw.) Wolf. = MOL000953 = CLR 4417 0.83
Curcumaelongae Rhizoma = MOL005030 = gondoic acid 37.87 0.68
Perilla Frutescens MOL006202 = LAX 30.7 0.2
Perilla Frutescens MOL002773 | beta-carotene 44.11 0.2
Perilla Frutescens MOL006209  cyanin 37.18 0.58
Perilla Frutescens MOL006210 | eugenyl-B-D-glucopyranoside (cirtrusinc) 47.42 0.76
Perilla Frutescens MOL001506 = Supraene 40.52 0.23
Perilla Frutescens MOL001749 =~ ZINC03860434 33.55 0.42
Perilla Frutescens MOL001771  poriferast-5-en-3beta-ol 43.59 0.35
Perilla Frutescens MOL007179 = Linolenic acid ethyl ester 36.91 0.75
Perilla Frutescens MOL007514 = methyl icosa-11,14-dienoate 46.1 0.2
Perilla Frutescens MOL001323  Sitosterol alphal 39.67 0.23
Coicis Semen MOL001494 = Mandenol 43.28 0.78

(Continued on following page)
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TABLE 1 (Continued) Metabolites were predicted of QHJR in the TCMSP database.

Botanical drug Code Metabolites OB(%) DL

Coicis Semen MOL002882  [(2R)-2,3-dihydroxypropyl] (Z)-octadec-9-enoate 42 0.19
Coicis Semen MOL008118 = Coixenolide 34.13 0.3
Coicis Semen MOL008121 = 2-Monoolein 324 0.43

FIGURE 1
Network of QHJR's active-metabolite-target. The square represents the target. The triangle represents the traditional Chinese medicine in QHJR.
The arrow represents the active metabolite.

3.5 QHJR affects AGA

Firstly, We established the AGA model. Rats in the Normal
group were injected with NS, and in other groups were injected with
MSU. The previous studies (Fischer et al., 2018; Zhao J. et al., 2022;
Wang X. etal., 2022; Zhao L. et al., 2022) have demonstrated that 8 h
after the MSU injection is the key point for AGA Model. We
observed the swelling of rat knees, with few changes in the
Normal control group, while it had obvious redness and swelling
in the Model group (Figure 6A), suggesting that the AGA model was

Frontiers in Pharmacology

established successfully by MSU injection. H&E assay revealed that
the lining cells of the synovial membrane were regularly arranged in
a single layer, and the surface of the synovial membrane was smooth
and orderly without inflammatory infiltration in Normal group
(Figure 6B). As
characterized by several inflammatory cells infiltration (including
lymphocytes, plasma cells, neutrophils, and eosinophils.)
(Figure 6B). The observed results are in line with the successful
outcome of the model construction. Notably, both the QHJR and
colchicine groups exhibited varying degrees of alleviation in

displayed in the Model group, it was
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TABLE 2 The Metabolites of botanical drugs in QHJR for AGA by predicting.

10.3389/fphar.2023.1268641

Metabolites ID Degree AverageShortestPathLength BetweennessCentrality = ClosenessCentrality
quercetin MOL000098 25 1965811966 0.07219322 0.508695652
luteolin MOL000006 14 2.136752137 0.026107878 0.468
wogonin MOL000173 11 2.427350427 0.023736504 0.411971831
licochalcone a MOL000497 11 2.205128205 0.030326409 0.453488372
formononetin MOL000392 9 2.478632479 0.021283568 0.403448276
naringenin MOL004328 7 2.478632479 0.003962642 0.403448276
Hypolaetin MOL007819 7 2.273504274 0.008043303 0.439849624
Psi-Baptigenin MOL000507 7 2.495726496 0.003644405 0.400684932
Cajinin MOL000502 7 2.273504274 0.006374379 0.439849624
Vestitol MOL000500 7 2.495726496 0.004189551 0.400684932
8-o0-Methylreyusi MOL000468 7 2.273504274 0.006374379 0.439849624
Stigmasterol MOL000449 7 2.273504274 0.009350993 0.439849624
Calycosin MOL000417 7 2.273504274 0.006374379 0.439849624
beta-sitosterol MOL000358 7 2.256410256 0.009819465 0.443181818
Dinatin MOL001735 6 2.290598291 0.006881825 0.436567164
petunidin MOL000490 6 2.290598291 0.005380608 0.436567164
aloe-emodin MOL000471 6 2.290598291 0.006377143 0.436567164
Physovenine MOL013287 6 2.512820513 0.006369406 0.397959184
beta-carotene MOL002773 5 2.495726496 0.019538023 0.400684932
taxifolin MOL004576 5 2.512820513 0.002066119 0.397959184
campesterol MOL000493 5 2.307692308 0.003231239 0.433333333
rhein MOL002268 5 2.290598291 0.004853717 0.436567164
6,8-Dihydroxy-7-methoxyxanthone MOL013281 5 2.512820513 0.003512472 0.397959184
Mandenol MOL001494 4 2.341880342 0.006668133 0.427007299
cis-Dihydroquercetin MOL004580 4 2.52991453 0.001265361 0.39527027
(-)-taxifolin MOL001736 4 2.52991453 0.001265361 0.39527027
4,7-Dihydroxy-5-methoxyl-6-methyl-8- =~ MOL013117 4 2.52991453 0.001265361 0.39527027
formyl-flavan

Dihydrotricetin MOL007813 4 2.512820513 0.002609127 0.397959184
3B-acetoxyatractylone MOL000188 4 2.564102564 0.006458836 0.39
diosgenin MOL000546 4 2.581196581 0.025255951 0.387417219
hederagenin MOL000296 4 2.324786325 0.002425875 0.430147059
(+)-catechin MOL000492 4 2.324786325 0.003898026 0.430147059
Linolenic acid ethyl ester MOL007179 3 2.52991453 0.001435086 0.39527027
LAX MOL006202 3 2.52991453 0.001435086 0.39527027
gondoic acid MOL005030 3 2495726496 0.001747611 0.400684932
(2R,3R)-2-(3,5-dihydroxyphenyl)-3,5,7- = MOL013129 3 2.564102564 0.000825 0.39
trihydroxychroman-4-one

Consume close grain MOL000501 3 2.564102564 0.000467 0.39
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TABLE 2 (Continued) The Metabolites of botanical drugs in QHJR for AGA by predicting.

Metabolites Degree AverageShortestPathLength BetweennessCentrality =~ ClosenessCentrality
(Z)-3-(4-hydroxy-3-methoxy-phenyl)- MOL000483 3 2.564102564 0.000467 0.39
N-[2-(4-hydroxyphenyl)ethyl]

acrylamide

3,7-dihydroxy-6-methoxy- MOL000461 3 2.564102564 0.000467 0.39
dihydroflavonol

2-Monoolein MOL008121 2 2.905982906 0.00122972 0.344117647
Sitosterol alphal MOL001323 2 2.564102564 0.002295637 0.39
methyl icosa-11,14-dienoate MOL007514 2 2.820512821 0.000706 0.354545455
poriferast-5-en-3beta-ol MOL001771 2 2.820512821 0.000706 0.354545455
eugenyl-B-D-glucopyranoside MOL006210 2 2.547008547 0.000805 0.39261745
(cirtrusinc)

cyanin MOL006209 2 2.547008547 0.000805 0.39261745
CLR MOL000953 2 2923076923 0.001725953 0.342105263
(2R)-2-[(3S,5R,10S,13R,14R,16R,17R)- MOL000273 2 2.923076923 0.008473327 0.342105263
3,16-dihydroxy-4,4,10,13,14-

pentamethyl-2,3,5,6,12,15,16,17-

octahydro-1H-cyclopenta [a]

phenanthren-17-yl]-6-methylhept-5-

enoic acid

isoengelitin MOL004567 2 2.598290598 0.000448 0.384868421
daucostero_qt MOL005869 2 2.905982906 0.000753 0.344117647
sitosterol MOL000359 2 2.905982906 0.000753 0.344117647
Medicagol MOL000503 2 2.991452991 0.00014 0.334285714
8-C-a-L-arabinosylluteolin MOL000470 2 2.598290598 0.000263 0.384868421
Picralinal MOL013288 2 3.555555556 0.000151 0.28125

symptoms associated with AGA, such as inflammatory cell
infiltration. These findings suggest that QHJR could effectively
mitigate AGA in a manner comparable to that of colchicine.

3.6 The main potential targets of QHJR

As depicted in Figure 7, the multi-component traditional
Chinese medicine QHJR exhibits therapeutic effects on AGA
through a multi-target mechanism, as evidenced by the ability of
27 chemical components to act on diverse targets. Through
comprehensive network analysis, the top 6 metabolites, namely,
QHJR-10 (Caffeic acid), QHJR-17 (cis-Resveratrol), QHJR-7
(Ferulic acid), QHJR-8 (Apigenin), QHJR-15 (Quercetin), and
QHJR-16 (Isoliquiritigenin), were identified with degrees of 16,
16, 15, 13, 13, and 13, respectively, implying they may be the key
potential metabolites of QHJR for anti-AGA (Table 4). It was shown
that 2 metabolites of them, which is QHJR-10 (Caffeic acid) and
QHJR-16 (Isoliquiritigenin), as shown in the TCMSP database, do
not belong to any single herbal component of QHJR. This suggests
that QHJR may not be replaceable by any single botanical drug.
However, further validation is still required to prove the research’s
accuracy.

Frontiers in Pharmacology

3.7 Anti-inflammation is the vital way to anti-
AGA for QHJR

The results of the Biological function analysis suggested that
AGA was closely related to inflammation, such as leukocyte
chemotaxis, leukocyte migration, NOD-like receptor signaling
pathway, and TNF signaling pathway. etc. Especially in the
predicted hub genes of AGA, TNF, IL-6, and IL-1} were
identified as joint targets of QHJR, suggesting that the primary
mechanism underlying the treatment of QHJR for anti-AGA may
reduce inflammation. To investigate this further, we analyzed the
effects of QHJR on the level of inflammation markers TNF-a, IL-6,
and IL-1p using the ELISA method. Our results demonstrate that
QHJR treatment significantly inhibited the level of TNF-a, IL-6, and
IL-1p induced by MSU (Figures 8A-C). In addition, qRT-PCR
analysis revealed that NLRP3 levels significantly elevated
depending on MSU-induced (Figure 8D). Compared with the
Model group, QHJR treatment significantly downregulated the
level, and its trend was consistent with colchicine (Figure 8D).
These findings indicate that QHJR inhibits the inflammatory
response and may represent an effective treatment for AGA. In
summary, our study highlights the importance of targeting the
inflammatory response as a key therapeutic approach for AGA.
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FIGURE 2

Identification of chemical constituents of QHJR. (A) Total ion chromatographic analysis. (B) Main metabolite structural formula. The structural
formulas of the main metabolites shown in (B) are sourced from the websites (https://hmdb.ca/metabolites/HMDB0000002) and (https://www.chemsrc.
com/).
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FIGURE 3

Identification of related genes of AGA. (A) Volcano map showing differentially expressed genes in dataset GSE160170. (B) Heat map showing gout-

related genes in data set GSE160170.

3.8 QHJR anti-AGA by activating autophagy

Autophagy has been reported to lower the inflammation. To
investigate how autophagy influenced the treatment of AGA,
autophagy level was first measured in inflammation. We added
3-MA which is an autophagy inhibitor, and RAPA which is an
autophagy promoter as the controls. Many ATG proteins have vital
effects on autophagy. Atg5 plays an essential part in canonical
autophagy and autophagy-related processes (Masud et al., 2019).
Interaction between p62/SQSTM1(p62) and light chain 3 (LC3) has
an important impact on autophagosome generation and aggregated
protein degradation in autophagosomes and lysosomes (Lyu et al.,
2021). Compared with the Model group, the findings showed that
Atg5 and Atg7 mRNA (Figures 9D,E) and LC3Il/I protein (Figures
9H,I) levels dramatically increased in the RAPA group, and
Atg5 mRNA (Figures 9D,E) and LC3Il/l protein (Figures 9H,I)
level significantly declined in 3-MA group. It was shown that the
level of p62 was obviously inhibited in the RAPA group in
comparison with the Model group and that the level of p62 was
significantly enhanced in the 3-MA group relative to the RAPA
group (Figures 9G,H). This was coincident with the role of 3-MA
and RAPA.

Next, we examined the expression of autophagy in
inflammatory-related factors. H&E assay displayed that the
RAPA group had declined inflammatory cell infiltration relative
to the Model group (Figure 9A). In addition, the RAPA group
showed significantly declined inflammation relative to the Model
group (Figure 9A). NLRP3 and IL-6 levels of the Model group were
significantly increased relative to Normal group; IL-6 and

Frontiers in Pharmacology

NLRP3 levels were weakened in RAPA group compared with
Model group (Figures 9B,C). Moreover, it was confirmed that
promoting autophagy could reduce inflammation.

Moreover, the expressions of Atg5 and Atg7 (Figures 9D,E),
Beclin-1, LC3ll/p-actin, and LC3II/I (Figures 9F,H-]) were
increased in QHJR groups compared with Model group. The
findings displayed that the level of p62 was lowered in QHJR
groups compared with the Model group (Figures 9G,H). It
suggested that QHJR might
demonstrated that QHJR could reduce inflammation before,
and QHJR activated autophagy, suggesting that QHJR could
attenuate inflammation by activating autophagy.

activate autophagy. We

3.9 QHJR activated autophagy via
phosphorylating AMPK

Considering that AMPKa is an energy sensor exerting a
positive regulatory effect on autophagy by inhibiting mTOR to
remove the phosphorylation inhibition of ULK1 at Ser757 and
induce the binding of ULK1 to AMPK (Li and Chen, 2019), we
aimed to confirm whether AMPK pathway has impacts on
autophagy. WB and qRT-PCR assays were performed to
examine AMPK-pathway-related levels in the RAPA and 3-
MA groups. Compared with Model group, AMPKa and
p-AMPKal (Thr 172) protein exhibited few significant
changes in RAPA and 3-MA groups (Figures 10A,B), AMPK
mRNA level (Figure 10C) was elevated in RAPA group, while
levels of mTOR and p-mTOR (Ser2448) mRNA and protein
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TABLE 3 QHJR was analyzed qualitatively by HPLC-Q-Orbitrap-MS.
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Metabolites Formula RT [min]
QHJR-1 Citric acid C6 H8 O7 2.788 [M-H]-1 192.0262 191.0188
QHJR-2 Chlorogenic acid Cl16 H18 09 7.726 [M-H + 294.0736 353.0875
HAc]-1
QHJR-3 Geniposidic acid Cl16 H22 O10 7.801 [M-H]-1 374.1209 373.1135
QHJR-4 Neochlorogenic acid Cl16 H18 09 8.254 [M-H-H20]-1 372.1055 353.0877
QHJR-5 3,4-Dihydroxybenzaldehyde C7 H6 O3 9.059  [M + H]+1 138.0316 139.0388
QHJR-6 Catechin C15 H14 06 9.068 [M-H]-1 290.0788 289.0718
QHJR-7 Caffeic acid C9 H8 04 10323 [M + H]+1 180.0421 181.0494
QHJR-8 cis-Resveratrol Cl14 H12 O3 11.585  [M + H]+1 228.0781 229.0854
QHJR-9 Berberine C20 H18 N 04 11.672  [M + H]+1 335.1153 336.1226
QHJR-10 Ferulic acid C10 H10 O4 11.85 [M-H]-1 194.0572 193.0498
QHJR-11 Safrole C10 H10 O2 12444  [M + H]+1 162.0679 163.0751
QHJR-12 Astilbin C21 H22 O11 12.475 [M-H]-1 450.1156 449.1083
QHJR-13 Taxifolin Cl15 H12 O7 12.487  [M + H]+1 304.0576 305.0648
QHJR-14 7-Hydroxycoumarine C9 H6 O3 12.611 | [M + H]+1 162.0315 163.0387
QHJR-15 Apigenin C15 H10 O5 13226  [M + H]+1 270.0524 271.0597
QHJR-16 Quercetin Cl15 H10 O7 13.624 | [M + H]+1 302.0421 303.0494
QHJR-17 Isoliquiritigenin Cl15 H12 O4 13.689  [M + H]+1 256.0731 257.0804
QHJR-18 Naringenin Cl15 H12 O5 14.562 [M-H]-1 272.0684 271.0613
QHJR-19 Genistein C15 H10 05 15.02 [M-H]-1 270.0529 269.0457
QHJR-20 Luteolin C15 H10 06 15.158  [M + H]+1 286.0476 287.0546
QHJR-21 Curcumin C21 H20 O6 15.166 = [M + H]+1 368.1253 369.1325
QHJR-22 Biochanin A Cl6 H12 O5 16.147  [M + H]+1 284.0681 285.0752
QHJR-23 Dibutyl phthalate Cl6 H22 O4 18.638  [M + H]+1 278.1512 279.1585
QHJR-24 2-Hydroxymyristic acid Cl14 H28 O3 19.733 [M-H]-1 244.2036 243.1963
QHJR-25 Palmitic acid Cl6 H32 O2 2271 [M-H]-1 256.24 255.2327
QHJR-26 Formononetin Cl6 H12 O4 15905 [M + H]+1 268.0731 269.0804
QHJR-27 Diosgenin C27 H42 O3 20419 | [M + HJ+1 396.3021 397.3093

(Figures 10F-H) and p-ULK1 (Ser 757) protein (Figures 10D-F)
were descended in RAPA group; besides, ULKI1 protein levels
were elevated in RAPA group (Figures 10D-F). It displayed that
the protein levels of mTOR, p-mTOR, and p-ULK1 (Figures
10D-I) and the mRNA level of mTOR (Figure 10H) were
enhanced in the Model group compared with the Normal
group. It suggested that AMPK might activate autophagy by
suppressing p-ULK1 and p-mTOR.

AMPK phosphorylation at Thrl172 exerts a vital role in
activating AMPK, which usually acts as the activity indicator (Li
and Chen, 2019). To verify whether AMPK was activated by QHJR,
it was discovered that the p-AMPKal (Thr 172) protein level of the
QHJR group increased relative to the Model group (Figures 10A,B).
Compared with the Model group, it was shown that p-ULK1(Ser
757) and p-mTOR (Ser-2448) protein levels of the QHJR group
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decreased (Figures 10D,F-H). The activation of mTOR represents
negatively regulating autophagy
activation, and mTOR (Ser-2448) phosphorylation can serve as

the well-recognized factor

the activity marker. The obtained findings demonstrated that the
AMPKa/mTOR/ULKI1 pathway was activated after being subjected
to the treatment of QHJR. All the findings demonstrated that QHJR
could delay inflammation which was MSU-induced by enhancing
autophagy using AMPKa/mTOR/ULK1 pathway.

4 Discussion

Acute gouty arthritis, is a common ailment, particularly among
the middle-aged and elderly demographics (Grazio, 2012; Guo et al.,
2023). The pathophysiology of this condition originates from the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1268641

Wang et al. 10.3389/fphar.2023.1268641
RPL22L1
DIRC3
RPL34 RPL28
; RPL23A TPT1
RRS1 9
T8 WOR74 RPL10
com CARS
e AATF
cos0
NG WDR43
RRP12
DIEXF
PTGS2 s cxeLs ] GNL1
ATR
wo
s RADGA
FANCE
R RAD50
RAD51 al
RADSID. cevaL RM
LIG4
SLx4
A
PRKACS
w2
swAD2
NG v
oNGTI
sRs?
ne:
venL
HNRNF

EGR1

oHx1S
NCRIP oDXaX
HNRNPH
FIGURE 4

Results of PPl networks analysis of DEGs. (A-C) DEGs of PPI network analysis. (D) Hub genes of DEGs.

excessive build-up of uric acid, a metabolic byproduct of purine in
the human system, and subsequent crystallization within the joints,
triggering an acute arthritic response (Grazio, 2012; Guo et al,
2023). Ordinarily, hepatic and renal metabolism disposes of uric
acid (Guo et al., 2023). However, dysfunction in its production or
elimination causes its retention, facilitating the formation of urate
crystal  deposits, provoking inflaimmation, and pain, and
significantly impacting the patient’s quality of life (Grazio, 2012).
The disease’s onset may cause debilitating symptoms such as severe
pain, joint dysfunction, redness, and fever (Grazio, 2012). The
condition’s chronicity leads to soft tissue and joint injury,
ultimately resulting in deformities and compromised function
(Xu Y. T. et al, 2020). Additionally, gout triggers urate
nephropathy, cardiovascular disease, metabolic syndrome, and
other medical complications, further worsening the patient’s
health (Li et al., 2019; Cohen-Rosenblum et al., 2022).

Currently, due to the increasing incidence rates and limitations
of Western medicine (such as toxic side effects) (Nuki, 2008), the
development of TCM has offered hope to patients. However, a
limitation of TCM is that most CHM products do not possess up-to-
date data regarding their safety and modern scientific evidence for

their claimed clinical uses (Zhou J. et al., 2019). As a result, more
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research is needed to confirm the efficacy of TCM treatments for
gouty arthritis. TCM has played a role in arthritis. For example,
according to Lei Zhang et al. (Zhang W. et al, 2019), Total
glucosides of paeony (TGP) and Paeoniflorin (Pae) generated
immunomodulation and anti-inflammation by inhibiting the
activation of synoviocytes and immunocytes, reducing
inflammatory factor generation while reversing the aberrant
signaling in synoviocytes. Menglin He et al. (He et al, 2022)
considered Gentiopicroside (GPS) as treating AGA by reducing
inflammation and pain. Xvwu Qian et al. (Qian et al., 2023) found
that Atractylodes macrocephala played a good role in reducing
hyperuricemia and inflammation. This is consistent with our
study, as our MSU-induced
inflammation is upregulated in AGA, but expression levels
the trend is

consistent with the effects of colchicine treatment, suggesting the

research demonstrates that

decrease after QHJR treatment. Furthermore,
effectiveness of QHJR in AGA. To explore the specific mechanisms
by which QHJR acts on AGA, we conducted further investigations.

Chinese herbal compounds exhibit remarkable therapeutic
efficacy against various diseases. Their intricate composition,
multifaceted intricate  treatment

therapeutic targets, and

modalities present formidable challenges to the comprehensive
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Results of GO and KEGG analysis. (A) GO analysis. (B) KEGG analysis.

elucidation of their underlying mechanisms. In recent times,  values are based on general rules and assumptions about compound
network pharmacology has risen to prominence as a favored  properties, such as molecular weight, lipophilicity, and solubility.
methodology for dissecting the intricate mechanisms of action  However, these values may not always accurately predict a
inherent to complex Traditional Chinese Medicine (TCM)  compound’s behavior in the body or its potential as a drug (Zhu
formulations (Wang et al., 2020b; Liu et al., 2023). OB and DL et al, 2013; Lage et al, 2018; Hoare, 2021). Chinese herbal
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FIGURE 6

Colchicine

AGA was induced by MSU. (A) The swelling of rat knees at 0 and 8 h by MSU injection in Normal and Model groups. (B) Synovial tissues were

examined by H&E staining.

compounds lacking proper pharmacokinetic properties would fail to
reach their target organs and thereby hinder the expression of their
biological effects (Mao et al., 2017; Liu et al, 2023). It has been
empirically demonstrated that with an oral
bioavailability (OB) of >30% and a drug-likeness (DL)
index >0.18 can be absorbed and distributed within the human
body, thus earning the designation of pharmacokinetically active
(Xu et al.,, 2012; Tao et al., 2013; Liu et al., 2023). The considerable
therapeutic effects of QHJR on AGA within the compound-key
targets network may be attributed to the presence of compounds
with high degrees (Liu et al., 2023). Using network analysis, we
initially predicted the metabolites in QHJR that could potentially
target AGA. Subsequently, after performing chemical composition
identification of QHJR using HPLC-Q-Orbitrap-MS, we found
27 metabolites, which revealed that 6 metabolites (quercetin,

compounds

luteolin, formononetin, naringenin, taxifolin, diosgenin) were
consistent with the predicted results which by Network Analysis.

Frontiers in Pharmacology

Additionally, we have identified five compounds (Neochlorogenic
acid, Caffeic acid, Berberine, Isoliquiritigenin, and Formononetin)
that, according to the TCMSP database, do not belong to any single
herbal component of QHJR. Therefore, we infer that they result
from interactions among the individual constituents of QHJR.
Neochlorogenic acid has been studied for its potential effects on
inflammation and is helpful in the treatment of rheumatoid
arthritis (Gao et al,, 2020). Caffeic acid, another caffeoylquinic
acid derivative, has been studied for its effects on pain and
inflammation in a murine model of gouty arthritis (Matosinhos
et al., 2022). Recent studies have shown that berberine can inhibit
the inflammatory response induced by monosodium urate (MSU)
crystals and improve gouty arthritis symptoms (Liu et al., 2016).
Berberine has also been shown to alleviate gouty arthritis in mice
through the inhibition of xanthine oxidase activity (Xu et al., 2021).
It was found that isoliquiritigenin inhibited rheumatoid arthritis,
which is an inflammatory disease (Zhou and Wink, 2019). Another
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Network of drug targets.

study reported that isoliquiritigenin is a potent inhibitor of
NLRP3 inflammasome activation, which is implicated in the
etiology of gouty arthritis (Lin et al., 2020). Formononetin has
been shown to have significant effects on inflammation in vitro and
animal models of many diseases, including rheumatoid arthritis
and gouty arthritis (Zhang L. et al., 2019; Liu et al., 2022). TCMSP is
still a valuable resource for drug discovery as it provides drug
targets and diseases of each active compound, which can
automatically establish the compound-target and target-disease
networks that let users view and analyze the drug action
mechanisms (Ru et al, 2014). However, the limitation of
TCMSP is that it lacks some medicinal and pharmacological

Frontiers in Pharmacology

data, the dose-effect relationship of ingredients, and the drug
diversity of components in each formula (Zhang W. et al,
2019). Thus, the generation of new metabolites by QHJR is
merely a hypothesis, and further pharmacological experiments
are required to validate this finding. Nevertheless, these
metabolites do exist in QHJR, and numerous studies have
confirmed that they possess varying degrees of decreasing
inflammation, and have effects on AGA. This lays a foundation
for the mechanism study of QHJR against AGA.

PharmMapper and SwissTarget, along with other target
are essential tools for

prediction databases, unraveling

molecular interactions governing drug targets. These resources
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TABLE 4 Network topology parameters of metabolites in QHJR.

10.3389/fphar.2023.1268641

Name Degree AverageShortestPathLength BetweennessCentrality ClosenessCentrality

QHJR-10 16 2.303797468 0.025338657 0.434065934
QHJR-17 16 2278481013 0.022804202 0.438888889
QHJR-7 15 2.329113924 0.020040591 0.429347826
QHJR-8 13 2.35443038 0.017043398 0.424731183
QHJR-15 13 2.35443038 0.010956889 0424731183
QHJR-16 13 235443038 0.011578714 0.424731183

enable researchers to explore complex mechanisms and elucidate 16 (Isoliquiritigenin), QHJR-17 (cis-resveratrol), QHJR-7

drug efficacy. With advanced algorithms and data integration,
these platforms empower comprehensive investigation of the
intricate drug-target relationship. Leveraging these databases,
researchers gain insights into candidate drug therapeutics,
driving  novel discovery.  SwissTarget
Prediction utilizes reverse screening to predict possible protein
targets for drug candidates (Kanehisa et al., 2017; Wang et al,,
2017). We conducted a Network analysis of the 27 metabolites
identified through HPLC-Q-Orbitrap-MS. The results revealed

that among these 27 metabolites, QHJR-10 (Caffeic acid), QHJR-
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(Ferulic acid), QHJR-8 (Apigenin), and QHJR-15 (Quercetin)
exhibited the most prominent levels. We hypothesize that they
may potentially be the key metabolites of QHJR in the treatment
of AGA. Among them, QHJR-10 (Caffeic acid) and QHJR-16
(Isoliquiritigenin) mentioned earlier are the newly generated
metabolites that may result from the interactions between the
individual herbal components of QHJR. There is research that
found that cis-resveratrol could reduce inflammation by
inhibiting canonical and non-canonical inflammasomes in

macrophages (Huang et al, 2014). Apigenin alleviates
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level was examined by qRT-PCR. (*p < 0.05, **p < 0.01, ***p < 0.001).
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<

QHJR was involved in autophagy to regulate inflammation. (A) H&E method was adopted for detecting the expression of inflammation
and autophagy. (B) Results of IL-6 expressions by Elisa. (C—E) The expressions of NLRP3, Atg5, and Atg7 were examined by RT-gPCR. (F,H)
Results of Beclin-1/p-actin expressions by WB. (G,H) Results of p62/p-actin expressions by WB. (1,J,H) Results of LC3II/I and LC3Il/p-actin expressions by

WB. (*p < 0.05, **p < 0.01, ***p < 0.001).

macrophage-polarization-induced inflammatory response (Ji
2023). Apigenin has been shown to exert anti-
inflammatory activity (Ouyang et al., 2021). Multiple studies
have indeed demonstrated the effectiveness of ferulic acid
(Doss et al., 2016; Ganesan and Rasool, 2019) and quercetin
(Huang et al., 2012; Ruiz-Miyazawa et al., 2017) in treating AGA.
However, due to their widespread distribution in the plant

et al.,

kingdom and their involvement in various disease processes,
their therapeutic potential for multiple diseases has been
extensively investigated through network analysis (Qi et al,
2020; Yang et al., 2020; Zhang et al., 2022). Further discussion
on this topic will not be pursued extensively here. Furthermore,
consistent with previous studies, these metabolites can alleviate
AGA by reducing inflammation. However, computational
models used in virtual screening may not always ensure that
all predictions are correct (Sadybekov and Katritch, 2023). These
key potential metabolites are currently only predictions, and
their actual efficacy requires further experimental validation.
This comprehensively investigate the

study aims to

Frontiers in Pharmacology

mechanism of QHJR through an integrated approach of
bioinformatic analysis and experimental validation.

The publicly available GEO platform was utilized to identify
DEGs between healthy individuals and patients. The DEGs present
promising therapeutic targets for combating the disease. Leveraging
the GEO platform, researchers can gain critical insights into the
molecular changes underlying the pathological condition,
facilitating the development of targeted therapeutic interventions
(Liao et al,, 2018). Thus, the microarray data from GSE160170 in
GEO were used to generate DEGs, forming the AGA target library.
KEGG and GO tools were employed to analyze the molecular
mechanisms and signaling pathways associated with QHJR drug
therapies. This integrative approach aimed to unveil the complex
molecular foundations and understand the therapeutic potential of
QHJR (Kanehisa et al., 2017; Liu et al., 2018). Our findings indicated
that the majority of enriched pathways with QHJR’s potential targets
were associated with inflammation, suggesting that the suppression
of inflammation might be a crucial aspect of QHJR’s treatment of

AGA. Furthermore, through our comprehensive analysis of the PPI
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Network, we successfully identified key hub genes with high node
degrees, namely, TNF, IL-1B, and IL-6. These hub genes not only
hold significant relevance to inflammation but also emerged as the
top candidates based on their centrality within the network. This
finding further strengthens the hypothesis that these genes play
crucial roles in the regulation and modulation of inflammatory
processes. This is consistent with previous research. Previous studies
have reported, Acute gouty arthritis is an inflammatory condition
that is characterized by the deposition of monosodium urate (MSU)
crystals in the joints (Busso and So, 2010; Zhang Q. B. et al,, 2021). A
study on human blood monocytes and synovial cells found that
urate crystals stimulate the production of TNF-a, which is involved
in the inflammatory process of gouty arthritis (Di Giovine, 1991).
Amaral et al.found that TNF-a drives the expression of pro-IL-1p
mRNA and IL-1f protein in experimental gout and that its
transmembrane form is sufficient to trigger MSU-induced
inflammation in mice (Amaral et al, 2016). Pro-inflammatory
factors, esp. IL-1B; plays a vital role in gouty arthritis (Chang
et al,, 2017). When MSU crystals are absorbed by macrophages,
they expedite IL-1{ release. Recent clinical trials have shown that IL-
1P blockade can reduce recurrent attacks of gouty arthritis (So et al.,

Frontiers in Pharmacology

2007; Dinarello, 2010). The upregulation of IL-1p, IL-6, and TNFa
has been observed in patients with acute gouty arthritis (Busso and
S0, 2010; Zhang T. et al., 2021). NLRP3 inflammasome produces IL-
1P in gout, composed of NLRP3, ASC, and pro-caspase-1 (Chang
et al,, 2017). W. Chang et al. (Wang et al., 2021) found that the
expression of NLRP3 was upregulated in AGA. MicroRNA-223 has
been found to suppress IL-1p and TNF-a production in gouty
inflammation by targeting the NLRP3 inflammasome (Zhang T.
et al, 2021). Our data displayed that inflammation level was
significantly increased by the HE method. In addition, the level
of NLRP3, TNEF-q, IL-1p, and IL-6 was significantly increased after
MSU induction, but QHJR and colchicine reversed this trend. This
indicates that QHJR alleviates AGA by reducing inflammation. This
is also consistent with the previous findings.

KEGG analysis indicates that apoptosis may be a key
mechanism. that
inflammatory effects mediated by cell apoptosis are closely
related to autophagy (Zhu and He, 2015), and a special factor
called Beclin-1 is closely related to both cell apoptosis and
autophagy (Zhu and He, 2015; Tang et al., 2022; Xu et al,
2022). Beclin-1 is the first mammalian autophagy gene (Xu

Previous studies have shown anti-
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et al, 2022). In addition to its involvement in autophagy,
endocytosis, and phagocytosis (Zhu and He, 2015), Beclin-1 is
also involved in the regulation of cell apoptosis and is expressed
in various diseases, such as lung cancer (Zheng et al., 2020), colon
cancer (Zhang et al., 2014), ovarian cancer (Cai et al., 2014), etc.
Moreover, Beclin 1 is required for apoptotic cell engulfment and
to coordinate actin dynamics and membrane phospholipid
synthesis to promote efficient apoptotic cell engulfment
(Konishi et al., 2012). Autophagy represents the self-defense
mechanism in eukaryotes upon different survival pressures,
and it is under precise modulation via different pathways,
especially the AKT/mTOR pathway which is demonstrated to
negatively regulate autophagy (Yang et al, 2021). Previous
studies have reported that autophagy is closely related to GA
which is MSU-induced (Piao et al., 2022). Altered ATG
that the
pathogenesis of gouty arthritis (GA) and participates in

expression suggests autophagy is involved in
regulating inflammation and metabolism (Dalbeth et al,
2019). However, conflicting evidence exists about the role of
autophagy in GA. The autophagy-lysosomal pathway was found
to be associated with gouty knee arthritis (Fu et al., 2023; Yuan
et al,, 2023). MSU crystal-induced acute gouty arthritis can be
alleviated by autophagy induced by pP121 via inhibition of the
NLRP3 2023). Autophagy

contributes to the pathogenesis of gout through crosstalk with

inflammasome (Yuan et al,
pyroptosis (Zhao L. et al., 2022). Uric acid suppresses autophagy
and diminishes the anti-inflammatory capacity of the cell (Crisan
et al., 2017). However, it is not specific whether autophagy
expression is low or not in acute gouty arthritis. Our study
displayed that p-mTOR and p-ULK1 were increased by AGA,
suggesting that autophagy expression may be lowly expressed in
AGA. This also confirms that autophagy is a fine regulatory
mechanism. Autophagy plays a role in the regulation of
inflammation and metabolism. Recent research has shown that
autophagy negatively regulates proinflammatory responses and
downregulates the production of cytokines such as IL-1p, IL-6,
and TNF-a(Bussi et al, 2017). Autophagy modulates the
transcription, processing, and secretion of IL-1[3, acting as an
important negative feedback mechanism for the regulation of
inflammation (Harris, 2013). In our study, H&E staining analysis
indicated that lymphoplasmacytic and other inflammatory levels
were decreased by RAPA treatment. Inflammation-related
factors (NLRP3, IL-6) confirmed that autophagy could decline
inflammation which was MSU-induced. The findings suggested
that autophagy could attenuate inflammation, consistent with
previous studies. Our study suggested that autophagy-related
factors (Atg5, Atg7, Beclin-1, LC3, p62) were activated after
QHJR and QHJR
expression. From this, we infer that QHJR may reduce

treatment, upregulated  autophagy
inflammation and treat AGA by activating autophagy.

AMPK could regulate autophagy through phosphorylating
autophagy-related factors, coordinately regulating ULKI1 to
induce autophagy with mTORC1 (Li and Chen, 2019). The
previous studies demonstrated that medicine could treat
arthritis by upregulating AMPK. Jing Zhou et al. (Zhou X.
et al, 2019) found that BBR played the role of treating
arthritis by upregulating the expression of phosphorylation
AMPK. Yan Zhou et al. (Zhou et al., 2015) demonstrated that
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it suppressed SNP-mediated chondrocyte apoptosis while
ameliorating cartilage degeneration by the activation of
AMPK pathways and the inhibition of p38 MAPK activity.
This study found that AMPKa and p-AMPKal(Thr 172) had
no obvious changes by RAPA and 3-MA treating, while p-ULK1
(Ser757) and p-mTOR (Ser2448) had obvious changes,
confirming that AMPK might not directly adjust autophagy
and AMPK  might  regulate  autophagy  through
phosphorylating ULK1 and mTOR. This is slightly different
from previous research. The data showed that the expressions
of p-AMPKal, p-ULKI1, and p-mTOR expression were
significantly activated after QHJR treatment. This suggests
that QHJR may potentially alleviate inflammation and treat
AGA by regulating the AMPKa/mTOR/ULKI pathway to
activate autophagy.

5 Conclusion

To sum up, all the findings confirmed that QHJR played an
important role in AGA, and anti-inflammation is the main
mechanism of QHJR for AGA. In our study, it was confirmed
the high expression of the predicted key genes in AGA, and their
expression was reduced after QHJR treatment, laying the foundation
for the mechanism study of QHJR in the treatment of AGA.
Following identification, we found the presence of 27 metabolites
in QHJR, and the TCMSP database indicates that five of these
metabolites do not belong to any single herbal component of QHJR.
It is hypothesized that these metabolites may arise from interactions
among the individual herbal components of QHJR, suggesting that
QHJR cannot be substituted by any single herbal constituent. We
found that AMPK may not directly activate
Furthermore, QHJR regulates autophagy by activating the
AMPKa/mTOR/ULK1 pathway, thus reducing MSU-induced
inflammation and contributing to the treatment of AGA. This

autophagy.

provides novel insights and approaches for the clinical treatment
of AGA.

However, this study still has limitations. For example, we found
that there is no direct relationship between Ampk and autophagy,
but further verification is needed. Furthermore, due to the
limitations of network analysis, the predicted key potential
metabolites still need further experimental validation for the
accuracy of the research.
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Evaluation of anti-inflammatory
and immunomodulatory potential
of Lawsone
(2-hydroxy-1,4-naphthoquinone)
using pre-clinical rodent model of
rheumatoid arthritis
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College of Pharmacy, King Saud University, Riyadh, Saudi Arabia, ®Department of Scientific Translation,
Faculty of Translation, University of Bahri, Khartoum, Sudan

Background: Lawsone (2-hydroxy-1,4-naphthoquinone) is naturally present in
Lawsonia Inermis and flowers of Eicchornia crassipes. This study assessed the
anti-arthritic potential of Lawsone, using FCA-induced Sprague-Dawley rats.

Methods: Arthritic progress was analyzed through a macroscopic scoring scale,
measurement of paw edema, and histopathological changes. Effects of Lawsone
on MRNA expression levels of inflammatory markers were examined using the
reverse transcription PCR technique. ELISA technique was used to evaluate the
PGE2 levels. Moreover, levels of biochemical and hematological parameters were
also analyzed.

Results: The research elucidated that Lawsone showed an inhibitory potential
towards arthritic progress and ameliorated the paw edema. The histopathological
analysis also validated the inhibition in arthritic development. Treatment with
Lawosne reduced the expression levels of inflammatory markers in rats i.e., VEGF,
TNF-a, MMP-2, MMP-3, NF-kB, IL-1pB, and IL-6. PGE2 levels (all p < 0.001) were
also found reduced in treatment groups. Lab investigations showed improved
results of hematological and hepatic parameters in the treated groups as
compared to the positive control. This study found no hepatotoxic or
nephrotoxic effects of Lawsone in the test doses.

Abbreviations: RA, Rheumatoid Arthritis; FCA, Freund's Complete Adjuvant; H&E, Hematoxylin and Eosin;
PGE2, Prostaglandin E2; ELISA, Enzyme-linked Immunosorbent Assay; ALT, Alanine Transaminase; AST,
Aspartate Aminotransferase; Hb, Hemoglobin; CBC, Complete Blood Count; VEGF, Vascular Endothelial
Growth Factor; TNF-a, Tumor Necrosis Factor- a; MMP-2 and MMP-3, matrix metalloproteinase; NF-«kB,
Nuclear Factor-Kappa B; IL-1f and IL-6, Interleukins.
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Conclusion: Lawsone possesses an anti-arthritic property which could be ascribed
to its immunomodulatory and anti-inflammatory effects.

KEYWORDS

arthritis, inflammation, cytokines, rheumatism, phytochemical

1 Introduction

RA is defined as an autoimmune multisystem disease, having
primary symptoms like pain, inflammation of synovial membrane &
peripheral joints, deterioration of articular tissues, morning stiffness,
and constrained joint mobility (Scherer, Haupl, and Burmester, 2020).

It involves multiple systems and has a complex pathology (Kaur
and Sultana, 2012). RA involves both immune cells, i.e., B-cells, T-cells,
macrophages, and soluble inflammatory mediators of our defense
system (Yap et al,, 2018). RA development is the consequence of the
imbalance between the expressed values of pro-inflammatory and anti-
inflammatory cytokines, resulting in the proliferation of cells in the
synovial layer and infiltration of cytokines, chemokines, growth factors,
and hormones in the joints RA (Bugatti et al., 2014). RA can also result
in severe disabilities, hence compromising the quality of life in both
physical and mental spheres (Matcham et al,, 2014).

In the case of RA, the average mortality ratio varies from 1.28 to
2.89. The overall data from the population of developed countries shows
the RA occurrence rate to be 0.5%-1% (Uroos et al., 2017; Li and Zhang,
2020). As per World Health Organization (WHO) report, RA causes
0.8% of total global years of life lost due to disability (YLD). According
to the Global Burden of Disease (GBD) 2017 report, the prevalence of
RA is higher in developed countries, such as North America, Western
Europe, and the Caribbean, followed by India and South America
(Finckh et al., 2022). The risk of RA seems to be greater in women than
men and also enhances with age (Shabbir et al., 2014). The prominent
risk factors for RA are female gender, age, tobacco use, silica exposure,
and obesity (Yap et al,, 2018).

Inflammatory and edematous conditions like RA are usually
treated by corticosteroids, non-steroidal anti-inflammatory drugs
(NSAIDs), disease-modifying anti-rtheumatic drugs (DMARDs),
opiates and anti-TNFs. NSAIDs, like piroxicam, are preferred to be
the “first-line” therapeutic drugs for the treatment of RA, as they
restrict the upregulation of IL-6, IL-1, TNF-a, and pro-inflammatory
prostaglandins by blocking the cyclooxygenase pathway of the
DMARDs, e.g.,
immune-modulators that regulate a disturbed immune system

arachidonic acid cascade. methotrexate, are
(Uroos et al.,, 2017). American College of Rheumatology guidelines
for the treatment of RA (2021) strongly recommends the use of
methotrexate as monotherapy with moderate-to-high RA disease
activity for DMARD naive patients. These recommendations are
over the use of sulfasalazine or hydroxychloroquine. The guidelines
also acknowledge that short term glucocorticoids are often important
to reduce the symptoms of RA before the beginning of onset of action
of DMARDs. However, the duration of glucocorticoid therapy should
be as short as possible and the lowest effective dose should be used.
Along with this acknowledgment, the guidelines conditionally
recommend the use of conventional synthetic DMARDs without
short term glucocorticoids (Fraenkel et al., 2021).

DMARDs cause mild alopecia, rash, nausea, loss of appetite,
raised rheumatoid nodules, oral ulcers and other neurological
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complications (Guo et al, 2018). Anti-TNFs drugs inhibit the
expression of TNF and block the inflammatory response. But
they cause headache, abdominal pain, vomiting, diarrhea, itching,
bruising, bleeding, rash, cellulitis, and lower respiratory tract
complications. Corticosteroids such as prednisone hormones,
However, long-term usage of

effectively reduce synovitis.

corticosteroids also includes increase risk of osteoporosis,
diabetes mellitus, peptic ulcer, gastrointestinal bleeding, cataracts,
and infections. Short-term opiates, such as fentanyl and oxycodone,
help in pain management in RA but the long-term ones are linked
with side effects such as respiratory depression, dependence, and
tolerance (Mobashar et al., 2020a).

All of this demands the development of a novel but safe anti-
arthritic regimen (Uroos et al., 2017). There have been discovered
many plant-based products that showed significant effects in the
reduction of chronic joint inflammation, such as rheumatoid
arthritis (Bang et al., 2009; Mubashir et al., 2014).

Lawsone (Lawsonia, 2-hydroxy-1,4 napthaquinone), has the
orange-red colour artifact and is naturally present in Lawsonia
Inermis and flowers of Eicchornia crassipes (Kapadia et al., 2013).
It has anti-inflammatory, hepatoprotective, anti-bacterial, anti-fungal,
molluscicidal, anti-parasitic, and antiplatelet and anti-cancer activities
(Cape, Bowman, and Kramer, 2006; Adeli-Sardou et al., 2019). Its
wound-healing activity was reported by using ethanolic extract of
Lawsone which depicted a visible wound-healing effect in incision and
excision models of rat. Lawsone increased the pentobarbitone-
induced sleeping time in an anti-inflammatory model of rats. It is
also used in folk medicine for treatment of inflammatory diseases
(Badoni Semwal et al., 2014). The in vitro anti-inflammatory potential
of the Lawsone complexes depicted the modulation in the activity of
NF-«xB and TNF-a with results similar to prednisolone (Vanco et al.,
2017). It also proved to be effective the in amelioration of interleukins
levels, resulting in the reduction of inflammation and edema (Biradar
and Veeresh, 2013). A study has previously reported cytotoxic effects
of lawsone which are probably mediated through the release of O,
H,0,, and OH". The study indicated that Lawsone is non-mutagenic
(Sauriasari et al., 2007). This research assessed the anti-arthritic

potential of Lawsone, using FCA-induced Sprague-Dawley rats.

2 Methodology
2.1 Test animals

Sprague-Dawley rats of both sexes, with a weight range of
150-250 g, subjected to investigate the anti-arthritic
property of Lawsone. Sprague-Dawley rats were obtained from
the University of Veterinary & Animal Sciences, Lahore. Rats

were

were fed with a standard pellet diet and water ad libitum. They
were kept under 12 h dark/light cycles and average conditions of
humidity (60%-70%) and temperature of (28°C + 2°C) at the
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University of Veterinary & Animal Sciences, Lahore. They were
familiarized with the surroundings 1 week earlier than the trial
(Kyei, Koffuor, and Boampong, 2012).

2.2 Assessment of anti-arthritic effect

30 Sprague-Dawley rats were dispersed into 5 groups. Except for the
negative control (group 1), arthritis was induced in the rest of the 4 groups
by injecting FCA (0.1 mL) into the sub-plantar area, starting from day 0.
Group 1 and arthritic control, ie., group 2 were fed with normal saline
(NS) per oral (Akhtar and Arham Shabbir, 2019), from day 8-22. The
reference group (group 3) was dosed with piroxicam (10 mg/kg b.w., i.p.)
(Shabbir et al., 2014). Group 4 was given Lawsone (100 mg/kg b.w., p.o.)
and group 5 was given Lawsone (200 mg/kg b.w., p.o.) from day 8-22.
The anti-inflammatory doses of Lawsone were selected from the literature
review. Previously Lawsone has shown anti-inflammatory and anti-
oxidant activity in in vivo rat models of inflammation at the doses of
100 and 200 mg/kg b.w. (Biradar and Veeresh, 2013). Lawsone was
obtained from Alfa Aesar (LOT: 10192582).

2.3 Measurement of the arthritic score and
paw edema

Morphological ~ features of arthritis were analyzed
macroscopically for all the rats on the 8" 13th, 18th, and
23rd days (Akhtar and Arham Shabbir, 2019). A score of 0 was
used for the normal paw. Scores 1 to 2 were for mild to moderate
inflammation and erythema of digits. Score 3 was given to severe
inflammation and erythema of digits. Score 4 was given to significant
deformity and incapability of movement of limbs. The paw volume
was also recorded on the same days using a digital vernier caliper.

2.4 Histopathological evaluation

The ankle joints of all groups, injected with FCA, were separated
and fixed with 10% formalin, and afterward decalcified by a decalcifying
agent (10% formic acid with 10% formalin). Then, samples were fixed
with paraffin and stained by the H&E method, after cutting into slices of
5 um thickness. Arthritic parameters such as bone eruption, formation
of pannus, and intrusion of inflammatory cells were analyzed. Results
were predicted through a scale having 0, 1, 2, 3, and 4 ranges for normal,
mild, moderate, and gross variations respectively.

2.5 Analysis of mMRNA expression levels of
pro-inflammatory cytokines: TNF-a, IL-1p,
IL-6, NF-kB, MMP-2, MMP-3, and VEGF

Blood samples of rats were collected and RNA is extracted using the
Total RNA Isolation (TRIzol) method. A Nanodrop spectrophotometer
(major science mini-300) was used to quantify the total RNA extracted.
Then, cDNA was generated by following the RevertAid First Strand
cDNA synthesis kit's protocol (Thermo Scientific LOT 00960732).
GAPDH was taken as a housekeeping gene. Primers of IL-1{,
MMP-2, and MMP-3 were designed manually. Sequences of other
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primers, ie., IL-6, TNF-a, NF-xB, and VEGF were followed from
previously published papers, as exhibited in Table 1. cDNA (1 uL) was
centrifuged with forward-reverse primer mix (1 uL), nuclease-free
water, and PCR Master Mix (5uL). The thermal cycler was
operated for 35 cycles of the following 3 phases: denaturation (95°C
for 10 s), annealing (according to temperatures displayed in Table 4) for
20 s, and subsequently extension (72°C for 30 s) cycles.

2.6 Determination PGE2 levels

Rat Prostaglandin E2 ELISA kit (Bioassay Technology Laboratory
Cat No. E-0504Ra) was used to determine serum levels of PGE2. Results
were obtained by measuring Optical Density (OD) using ELISA reader
(BIORAD, PR 4100) at 450 nm wavelength.

2.7 Assessment of hematological
parameters

An automated hemocytometer was used to calculate the
hemoglobin (Hb) content as well as WBCs, RBCs, and platelet counts.

2.8 Biochemical parameters

Serum samples were processed to calculate the values of AST,
ALT, urea and creatinine, through an automated chemistry analyzer.

2.9 Statistical analysis

Data were given as Mean + SD, using one-way analysis of
variance (ANOVA) and post hoc Tukey’s test, to arbitrate the
significant difference among groups. Here, p < 0.05 was reflected
as statistically significant.

3 Results
3.1 Lawsone repressed arthritic progress

Arthritic development, manifesting swelling and erythema, was
observed macroscopically after sub-planter induction of FCA.
Treatment with Lawsone was initiated from day 8" till the 23rd day.
The arthritic control group indicated a significant (p < 0.001) escalation
in arthritic development than the vehicle control group since the 8" day.
Lawsone treated groups displayed significant diminution in arthritis in
contrast to group 2 on the 13th, 18th, and 23rd day respectively. On the
18th and 23rd days, macroscopic observation depicted a significant
decrease in arthritis-related swelling and erythema in groups treated
with Lawsone as shown in Figure 1.

3.2 Lawsone decreased paw edema

After FCA induction, paw edema was measured in all groups of
Sprague Dawley rats using a digital vernier caliper on the 8", 13th, and
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TABLE 1 Primer sequences.

Forward primer

Reverse primer

10.3389/fphar.2023.1279215

Annealing Product Reference

temperature ('C)  size

IL-1p 5'-CCTGCTAGTGTGTGATGTTC-3 5'-GAGGTGCTGATGTACCAGTT-3' 58 390 ENSRNOG0000004649
IL-6 5'-AGACTTCCAGCCAGTTGCCT-3' 5'-CTGACAGTGCATCATCGCTG-3' 60 233 (Uttra et al., 2018)
TNF-a 5-CCTCTTCTCATTCCTGCTCGT-3"  5-TGAGATCCATGCCATTGGCC-3' 60 266 (Shabbir et al., 2016)
NE-kB 5'-CAAGGAAGAGGATGTGGGGTT-3  5-AGCTGAGCATGAAGGTGGATG-3' 60 207 (Shabbir et al., 2016)
VEGF 5-GTTCAGAGCGGAGAAAGCATT-3  5-CTTGCAACGCGAGTCTGTGT-3' 60 80 (Zhu et al,, 2019)
MMP-2 5'-CGAACAAGTATGAGAGCTGC-3' 5'-CGGTCATCATCGTAGTTGGT-3' 57 85 ENSRNOG00000016695
MMP-3 5-CCTTTTGATGGGCCTGGAAT-3' 5-GTGACATCATCTGTCCATCG-3' 58 107 ENSRNOG00000032626
GAPDH 5-GTCATCAACGGGAAACCCAT-3' 5-CTTGCCGTGGGTAGAGTCAT-3 60 229 (Shabbir et al., 2016)

23rd days. Paw volumes observed on the 8" day exhibited a significant
rise in paw edema than the vehicle control group. On the other hand,
Lawsone treated groups displayed a significant decline in paw edema on
the 13th day than the positive control group. On, the 23rd day, all
treated groups exhibited significantly reduced levels of paw edema (p <
0.001) in contrast to the positive control group as presented in Figure 2.

3.3 Lawsone modulated histopathological
parameters

Histopathological evaluation showed a significant reduction in
arthritic score in the arthritic control group than the vehicle control
group. All treated groups demonstrated attenuation of arthritic
score at day 23 as shown in Figure 3 and Figure 4.

3.4 Lawsone declined the mRNA expression
values of TNF-a, IL-1B, IL-6 & NF-xB

Blood samples treated with Lawsone were collected and processed.
Significant downregulation of pro-inflammatory cytokines and matrix
metalloproteinase enzymes was found, as shown in Figure 5. Arthritic
control showed significant upregulation of TNF-q, IL-1p, and IL-6 in
comparison to the vehicle control group. Expression levels of all these
markers were significantly suppressed by the phytochemical as
compared to the arthritic control group.

The positive control group displayed a significant (p < 0.001)
escalation of NF-«B than the vehicle control group. Significantly (p <
0.001) reduced expressed values of NF-kB were found in Lawsone-
treated groups than the arthritic control group.

3.5 Lawsone attenuated MMP-2, MMP-3 and
VEGF expression levels

Significant (p < 0.001) upregulation of MMP-3, MMP-2 &
VEGEF in the arthritic control group was observed as opposed to
the vehicle control group. However, suppression of MMP-3, MMP-
2, and VEGEF levels was found statistically significant after treatment
with Lawsone than the positive control group as shown in Figure 6.
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3.6 Lawsone significantly reduced
PGE2 levels

A substantial (p < 0.001) raise of PGE2 was depicted in the
positive control group as compared to the negative control
group. However, when groups treated with Lawsone showed a
significant (p < 0.001) decline of PGE2 levels than the arthritic
control group as shown in Table 2.

3.7 Lawsone modulated hematological
markers

A significant decline (p < 0.001) in RBC and Hb content was
detected in the arthritic control group than in the vehicle
control group. Lawsone treated groups showed an increase
in RBC and Hb content to the positive control group. The
data showed non-significant difference among all groups for
TLC count.

However, the arthritic control group presented a significant
elevation (p < 0.001) in PLT count than the vehicle control
group. Lawsone treated groups showed lessened values (p < 0.05)
of PLT count than the arthritic control group. Modulation in
hematological markers is shown in Table 3.

3.8 Lawsone improved markers of liver
function test

Significantly increased ALT (p < 0.001) and AST (p < 0.01)
values were found in the arthritic control group than the vehicle
control group. Hepatic parameters were found significantly
improved in treated groups (Table 4).

3.9 No nephrotoxic effect of lawsone

The values of urea and creatinine, in all groups, were not
statistically significantly different as compared to each other.
This depicts that Lawsone is safe in terms of renal parameters
(Table 4).
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showing arthritic score in all groups after arthritic induction by FCA on 8", 13th, 18th & 23rd day. Data is calculated as mean + SD (n = 06). ***p <
0.001 in comparison to vehicle control group and #p < 0.05; ##p < 0.01; ###p < 0.001 in correlation to arthritic control group. Values of negative

control group are zero, therefore are non-visible.

4 Discussion

In our current research, the anti-arthritic effect of Lawsone was
analyzed, by using an FCA-induced rat arthritic model (Mobashar
et al,, 2022). FCA was chosen to induce arthritis in the Sprague-
Dawley rat model because the clinical and pathological changes
induced by FCA are considered similar to those that appear in
human RA, which includes increased paw-edema volumes and
thickening of the soft-tissue at the site of injection (Patil et al.,
2011). It is the autoimmune disorder of connective tissues, especially
the joints, cartilage, and bones, causing their disability and other
systemic disorders, influenced by both genetic (MHC genes) and
environmental factors (smoking, diet, obesity, infections, and
microbiota (Croia et al, 2019). The major cause of RA
development is the imbalance between the expression levels of
pro-inflammatory and anti-inflammatory cytokines. Upregulation
of pro-inflammatory cytokines or downregulation of anti-
inflammatory cytokines results in the development of RA
(Mobashar et al., 2020b). Characteristic features of RA involve
the conversion of the synovial membrane into pannus, destroying
the surrounding cartilage and bone with the presence of activated
fibroblasts that form matrix
metalloproteinase Singh, and Nainwani, 2013).
Common complications in RA involve neurological disorders,

macrophages and synovial

(Gautam,
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tendon rupture, and joint damage (Yap et al, 2018). Its
symptoms also involve fever, fatigue, and weight loss (Mobashar
etal., 2020a). Chronic RA can also affect some major organs like the
lung, heart, skin, eyes, kidneys, and digestive system (Radu and
Bungau, 2021; Maity and Wairkar, 2022). Arthritis can cause severe
disability, thus compromising health, and may even cause premature
death (Murugananthan et al., 2013; Choudhary et al.,, 2014).
Lawsone has been shown to possess anti-inflammatory and anti-
oxidant properties. These properties were accredited with
ameliorative effect of lawsone in acute pancreatitis (Biradar and
Veeresh, 2013). Lawsone is also known to inhibit paw edema in rat
model by suppressing the inflammatory markers like, TNF-a and
NE-kB (Vanco et al.,, 2017). In a recent study, we found Lawsone as
the major active ingredient of Eichhornia crassipes and validated the
plant for anti-arthritic property. It was suggested to evaluate the
phytochemical for its potential against arthritis in future (Sattar
etal,, 2023). Therefore, we designed the current study to evaluate the
anti-arthritic property of Lawsone using similar inflammatory
markers and protocols as mentioned in our previous publication.
Current research showed that the Lawsone downregulated the
inflammatory markers, both in vitro and in vivo, and inhibited
the development of RA in the treated groups. The anti-arthritic
potential evident by attenuation of histopathological
parameters, arthritic score, paw edema, and hematological markers.

was
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On 8" day, treatment groups were compared with negative control group, while on other days, they were compared with positive control. Data is

calculated as mean + SD (n = 06). ***p < 0.001 in correlation to vehicle control group and #p < 0.05; ##p < 0.01; ###p < 0.001 in correlation to arthritic
control group.

FIGURE 3

(40x) Histopathological evaluation of Sprague Dawley rats after FCA induction and treatment. (A) depicts negative control group; (B) depicts positive
control group; (C) depicts reference drug group; (D) depicts group treated with Lawsone 100 mg; (E) depicts group treated with Lawsone 200 mg.
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FIGURE 4

Histopathological evaluation of Sprague Dawley rats after FCA
induction and treatment. Data is calculated as mean + SD (n = 06).
***p < 0.001 as compared to vehicle control group and ###p <
0.001 in contrast to arthritic control group

Cytokines play a crucial role in triggering the auto-immune
system, leading to severe synovitis and the destruction of articular
tissues (Alunno et al., 2017; Helli et al., 2019). The inhibitory effect
of Lawsone on the expression of pro-inflammatory markers (TNF-a,
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FIGURE 5

Relative mRNA
expression levels

Relative mRNA
expression levels

10.3389/fphar.2023.1279215

IL-1B, IL-6, NF-kB, and VEGF) and matrix metalloproteinase
enzymes (MMP-2 and MMP-3) was determined in current study.

Increased values of TNF-a result in inflammation and articular
damage by stimulating the expression of cytokines and encouraging
the immune cells such as, B-lymphocytes, T-lymphocytes, and NK
cells, to proliferate and differentiate (Farrugia and Baron, 2016). It
also acts synergistically with IL-1 in the degradation of
proteoglycans, resulting in joint damage (Schiff, 2000). Inhibition
of TNF-a results in the downregulation of the expression of other
inflammatory cytokines (Wiens et al., 2010). IL-1p is responsible for
bone erosion and pannus formation in RA, by binding to IL-1
receptor, mostly expressed in cartilage pannus (Harrison et al.,
2008). It can stimulate pro-inflammatory cytokines in the cell
lines significantly, especially the transcription and translation of
MMPs, IL-6, and TNF-a (Chen et al.,, 2019).

IL-6 exerts its pleiotropic activity after binding to its receptor
and triggering events via JAK-mediated events in target cells. It
the plasmablasts the proliferation of
autoantibodies. Moreover, IL-6 actively promotes the maturation
of T follicular helper cells, which then release IL-21, which is also a
factor for the differentiation of B cells. Overall dysregulation of IL-6
is an important factor that leads to a decrease in inflammation.

targets and causes

NF-xB is found in inactive form in cytoplasm, where an
inhibitory protein IkB is attached with it. Various cytokines such
as, TNF-qa, IL-1f, and chemokines phosphorylate IkB resulting in
activaton of NF-kB (Roman-Blas and Jimenez, 2016). Activated NF-

2.5

Lawsone reduced the mRNA expression values of TNF-a, IL-1f, IL-6 and NF-«B. Values are stated as mean + SD (n = 06). ***p < 0.001 in contrast to
vehicle control group and #p < 0.05; ###p < 0.001 in correlation to arthritic control group.
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FIGURE 6

Relative mRNA
expression levels

Lawsone declined the mRNA expression values of MMP-2, MMP-3 & VEGF. Values are calculated as mean + SD (n = 06). ***p < 0.001 in contrast to
vehicle control group and #p < 0.05; ##p < 0.001; ###p < 0.001 in contrast to arthritic control group.

TABLE 2 Lawsone significantly declined PGE2 Levels as compared to arthritic
control group. Data is stated as mean * SD (n = 06). ***p < 0.001 in contrast to
vehicle control and ###p < 0.001 as compared to arthritic control group.

Groups PGE2 (pg/mL)

Vehicle control 0.445 + 0.023

Arthritic control 4.598 + 0.65%%*

Reference drug 1.061 + 0.161###

Lawsone 100 mg 1.052 £ 0.192###

Lawsone 200 mg 0.874 + 0.061###

KB is notorious for mediating synovial inflammatory processes by
proliferation of fibroblast-like synoviocytes, triggering transcription
and expression of pro-inflammatory cytokines, causing the
production of osteoclasts which leads to bone erosion, unwanted
apoptosis, initiation of Th1 activation, and upregulation of synovial
cells (Mobashar et al., 2020b; Ding et al., 2023).

VEGEF is responsible for synovial inflammation, hyperplasia, and
angiogenesis in the affected joints. It is produced by rheumatoid
synoviocytes and upregulated by pro-inflammatory cytokines, such
as TNF-a, IL-1, and IL-8, and hypoxia. It initiates a self-perpetuating
cycle of the inflammatory response by attaching to Flt-1 receptors on
macrophages, leading to synovial hyperplasia through various
signaling intermediates such as, MAPK, Phosphoinositide 3-
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kinase (PI3K), protein kinase B (AKT), phospholipase C-y (PIC-
y) and small GTPases (Yoo et al., 2008). Elevated serum levels of
VEGEF are detected in RA patients more than healthy controls or
patients with osteoarthritis, thus VEGF is now taken as one of the
first indicators in the investigation of RA (Malemud, 2007).

MMPs are also notorious for the bone remodeling,
differentiation, recruitment and migration of osteoblasts and
osteocytes, and solubilization of osteoid. TNF-a, IL-6, and IL-
1B activate MMP genes in RA synovial fibroblasts through the
binding of several different transcription factors (Araki and
Mimura, 2017).

It is well known that cytokines, e.g., IL-1 and TNF-a, and
cytokine inducers increase the levels of PGE2 during immune
response (Davidson et al., 2001). PGE2 is a lipid-mediator and is
responsible for bone erosion, destruction of articular cartilage,
vasodilation, extravasation of fluid, and acute pain (Fattahi and
Mirshafiey, 2012) in RA. It evokes cAMP/PKA signaling pathway
through four different prostanoid E (EP) receptors on synovium,
chondrocytes, liver, and monocytic phagocytes (McCoy, Wicks, and
Audoly, 2002).

In current study, treatment with Lawsone downregulated the
relative mRNA expressions levels of inflammatory markers, which
are mostly known to be amplified in immunomodulatory diseases
(Seibl et al., 2003; Huang et al., 2007; Kim et al., 2007; Gheorghe
et al, 2009). The downregulation of these pro-inflammatory
markers by Lawsone indicated that the amelioration of RA could
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TABLE 3 Lawsone modulated Hematological Markers: Data is stated as mean * SD (n = 06). **p < 0.01; ***p < 0.001 in contrast to negative control group and #p <

0.05; ##p < 0.01; ###p < 0.001 in correlation to positive control group.

Vehicle control
group

Hematological

parameters group

Arthritic control

Lawsone
200 mg

Lawsone
100 mg

Reference drug
group

RBC (million/mm?) 9.865 + 1.118 5.51 £ 0.846* 8.805 + 1.0617* 104 + 1.2 10.28 + 0.667%**
TLC (cells/ul) ‘ 7.067 + 0.65 7.217 £ 0.595 6.933 + 0.265 7.15 + 0.689 7.267 + 0.683

PLT count (10°/L) ‘ 782 + 0.533 ‘ 928.7 + 40.06** 754.2 + 50.9%* ‘ 764.58 + 0.818"* 759.5 + 57.89%*
Hb (g/dL) ‘ 11.37 + 1.133 ‘ 8.89 + 0.357* 11.12 + 0.741% ‘ 11.57 + 0.9417%* 11.68 + 0.823%*

TABLE 4 Lawsone improved markers of liver function test and showed no nephrotoxic effect: Values are stated as mean * SD (n = 06). **p < 0.01; ***p < 0.001 in
contrast to vehicle control and #p < 0.05; ##p < 0.01 in contrast to arthritic control group.

Biochemical Vehicle control Arthritic control Reference drug Lawsone Lawsone
parameters group group group 100 mg 200 mg
ALT (IU/L) 42 +3.098 54.83 + 2.401%% 43.5 + 1.643% 43.17 + 2.927%* 43.67 + 2.338%*
AST (IU/L) 300.8 + 39.0 400.8 + 31.63** 332 + 37.95" 315.7 + 35.02° 335.5 + 30.96"
Urea (mmol/L) 23.17 + 4.491 245 + 6317 28 + 6.261 30.5 + 3.886 2850 + 3.782
Creatinine (mg/dL) 0.666 + 0.051 0.666 + 0.103 0.616 + 0.116 0.633 + 0.136 0.616 + 0.04

be ascribed to the phytochemical’s potential immunomodulatory
and anti-inflammatory properties (Izhar et al., 2021).

The most important function in the activation of proinflammatory
cytokines and prognosis of RA is played by the Janus kinase/signal
transducers and activators of transcription (JAK/STAT) signal
transduction pathway. Normally, JAK/STAT negative regulators and
active STAT protein inhibitors restrict cytokine activation. However,
both regulators are malfunctioned in RA, resulting in constant positive
signaling of JAK/STAT pathway and consequently increased expression
levels of MMPs (Malemud, 2023). MMPs degrade the collagen matrix
and promotes the inavasion of synovial panuus into the articular
cartilage through various cell signaling pathways, including MAPK,
NF-kB, and AMP-activated protein kinase (AMPK) pathwyas (Araki
and Mimura, 2017). It is well known that imbalance between Th1 and
Th2 cells is a key factor in the pathogenesis of RA, where Th1l mediated
cell variants predominantly differentiate the others. This predominance
is achieved by p38 MAPK pathway and inhitbion of p38 activity can
prevent the differentiation of Thl cells (Ding et al., 2023). The anti-
inflammatory effect of Lawsone could possibly be mediated by
mentioned pathways, however, further studies are required to
evaluate the effects of Lawsone on signaling pathways involved in
pathogenesis of RA.

In the current study, lab investigations showed reduced values of
RBC count and Hb content in the positive control group, which indicates
the anemic condition of rats (Song et al,, 2013). It may be due to the
deficiency in the generation of cells as a result of declined bone marrow
functioning and/or reduced iron storage in the reticuloendothelial
system. Anemia in RA is mainly due to the alteration in the
production and functioning of hepcidin and ferroportin, due to pro-
inflammatory cytokines, especially 1L-6. It can lead to other diseases as
well such as arteriosclerosis (Atwa et al., 2022). Moreover, the rise in PLT
counts in the positive control group indicates the immunomodulatory as
a defense response to attacking pathogens (Naz et al., 2020). Treatment
with Lawsone normalized the levels of evaluated hematological
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parameters (RBC, PLT, and Hb content), Likewise, evaluation of
hepatic and renal markers also proved the safety of Lawsone in terms
of hepatotoxicity or nephrotoxicity.

4 Conclusion

The current research proved that Lawsone possesses significant anti-
inflammatory and anti-arthritic properties against FCA-induced RA in
animal models. Treatment with Lawsone reduced arthritic progress and
paw edema along with histopathological parameters. Diminution of RA
may be attributed to the decline in the expression levels of inflammatory
parameters like TNF- a, IL-1f, IL-6, NF-kB, MMP-2, MMP-3, and
VEGF by the phytochemical. Lawsone also reduced the levels of
PGE2 and results were found comparable to piroxicam in
amelioration of RA. Current study presented the data on mRNA
expression levels of inflammatory markers. For further validation of
the data, it is suggested to analyse protein levels of tested inflammatory
markers in future studies using Western Blot technique.
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Objective: Evaluate the impact of adjusting the overall dose, Gypsum Fibrosum
[Mineral; Gypsum] (ShiGao, SG) dose, and Prunus armeniaca L. [Rosaceae; Semen
Armeniacae Amarum] (KuXingRen, KXR) dose on the efficacy of MaXingShiGan
Decoction (MXSG) in treating children with bronchial pneumonia (Wind-heat
Blocking the Lung), in order to provide strategy supported by high-quality
evidence for the selection of rational clinical doses of MXSG.

Methods: Based on the basic dose of MXSG, we conducted three randomized,
double-blind, dose parallel controlled, multicenter clinical trials, involving
adjustments to the overall dose, SG dose, and KXR dose, and included
120 children with bronchial pneumonia (Wind-heat Blocking the Lung)
respectively. And the patients were divided into low, medium, and high dose
groups in a 1:1:1 ratio, with 40 cases in each group. The intervention period lasted
for 10 days. The primary outcome was the clinical cured rate, while the secondary
outcomes included the effectiveness in alleviating major symptoms of bronchial
pneumonia (including fever, cough, dyspnea, and phlegm congestion). And the
occurrence of adverse events was recorded.

Results: We first recorded and analyzed the baseline characteristics of the three
studies, including age, gender, height, and so on. The results indicated that there
were no significant differences among the dose groups within each study. For the
study adjusting the overall dose of MXSG, the results showed that both the
medium-dose group and high-dose group had significantly higher clinical
cured rates compared to the low-dose group (Chi-square value 9.01, p =
0.0111). However, there was no significant benefit between the high-dose
group and the medium-dose group (81.58% vs. 81.08%). Regarding phlegm
congestion, excluding fever, cough, and dyspnea, both the medium-dose
group and high-dose group had significantly higher clinical cured rates than
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1 Introduction

10.3389/fphar.2023.1279519

the low-dose group (Chi-square value 6.31, p = 0.0426), and there was no
significant benefit between the high-dose group and the medium-dose group
(69.23% vs. 75.00%). A total of 5 adverse events were observed, of which only 1 case
in the medium-dose group was possibly related to the experimental medication.
For the study adjusted the SG dose in MXSG, the results showed that the high-dose
group had the highest clinical cured rate, but the inter-group difference was not
statistically significant (Chi-square value 3.36, p = 0.1864). The area under the curve
(AUC) for cough in the medium-dose group was significantly lower than in the low-
dose group and high-dose group (F-test value 3.14, p = 0.0471). Although no
significant differences were observed in fever and dyspnea among the groups, the
AUC in the high-dose group was lower than in the medium-dose and low-dose
groups. In comparing the complete defervescence time, both the high-dose group
(p < 0.0001) and the medium-dose group (p = 0.0015) achieved faster than the
low-dose group. The high-dose group slightly outperformed the medium-dose
group (0.50 (0.50, 0.80) vs. 0.80 (0.40, 1.40)), although the difference was not
significant. In the medium-dose group, 1 adverse event was observed, but it was not
related to the experimental medication. For the study adjusted the KXR dose in
MXSG, the results showed that both the medium-dose group and high-dose group
had significantly higher cured rates compared to the low-dose group (Chi-square
value 47.05, p < 0.0001). However, there was no significant benefit comparing the
high-dose group to the medium-dose group (90.00% vs. 92.50%). Regarding
clinical symptoms, the results indicated that for cough (F-test value 3.16, p =
0.0460) and phlegm congestion (F-test value 3.84, p = 0.0243), the AUC for both
the medium-dose group and high-dose group were significantly lower than in the
low-dose group. Although there was benefit in the high-dose group compared to
the medium-dose group, it was not statistically significant. No adverse events were
observed during the study period.

Conclusion: The synthesis of the three conducted clinical studies collectively
indicates that for children with bronchial pneumonia (Wind-heat Blocking the
Lung), the basic clinical dose of MXSG may represents an optimal intervention
dose based on the accumulated clinical experience of doctors. If the dose is
insufficient, the clinical effects might be compromised, but using a higher dose
does not significantly enhance benefits. Concerning different symptoms,
increasing the overall formula’s dose has a favorable impact on improving
phlegm congestion, increasing the SG is effective in improving symptoms such
as fever, cough, and dyspnea, while higher dose of KXR is effective in alleviating
cough and phlegm congestion. These findings suggest that for MXSG, achieving the
optimal intervention dose is crucial to achieve better clinical efficacy. For the SG
and KXR, if certain symptoms are more severe, increasing the dose can be
considered within safe limits, can lead to significant clinical benefits in symptom
improvement. This also explains why the dose of MXSG might vary among clinical
doctors, while maintaining a balance between safety and effectiveness. Of course,
our study is still exploratory clinical trials, and further studies are needed to confirm
our findings.

Clinical Trial Registration: https://www.chictr.org.cn/index.html; Identifier:
ChiCTR-TRC-13003093, ChiCTR-TRC-13003099.

KEYWORDS

MaXingShiGan decoction, bronchial pneumonia, dose-effect, traditional Chinese
medicine, clinical study

et al,, 2013; GBD, 2019 Diseases and Injuries Collaborators, 2020).
Among them, bronchopneumonia, one of the leading causes of

In 2019, the Global Burden of Disease (GBD) study indicated ~ death in children under 5years old, characterized by acute
that lower respiratory infections, including pneumonia and inflammation of the bronchial mucosa caused by biological or

bronchitis, affected nearly 500 million people worldwide (Walker = non-biological factors, is a common ailment in children and
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infants, which characterized by symptoms such as fever, cough,
phlegm obstruction, and breathing difficulties (Berlucchi et al., 2014;
Chang et al.,, 2014; Zhang et al., 2018; Ye et al., 2021), which imposes
a significant economic burden on families and healthcare systems
(Nair et al, 2013). Factors contributing to bronchopneumonia
include poor air quality, underdeveloped respiratory systems in
children, compromised immune function, and malnutrition
(Bradley et al., 2011; Zec et al, 2016; Liu et al., 2020). Among
the primary causative agents of bronchopneumonia, mycoplasma
pneumoniae, bacteria, and viruses play significant roles (Zhang et al.,
2007). Treatment strategies for pneumonia mainly involve
symptomatic relief, anti-infective therapy, and prevention of
complications. Despite the widespread use of infant vaccines that
have substantially reduced hospitalization rates due to childhood
pneumonia, it remains a major contributor to child mortality
(Williams et al, 2002; Black et al, 2010). Notably,
glucocorticoids and antibiotics are common therapeutic agents
for pneumonia; however, long-term use of these drugs has led to
drug resistance and adverse reactions (Ling et al., 2020).
Originating from the “Shang Han Lun,” MaXingShiGan
Decoction (MSXG) is a traditional Chinese formula composed
mainly of Ephedra sinica Stapf [Ephedraceae; HERBA
EPHEDRAE] (MaHaung, MH), Prunus armeniaca L. [Rosaceae;
(KuXingRen, KXR), Gypsum
Fibrosum [Mineral; Gypsum] (ShiGao, SG), and Glycyrrhiza
glabra L. [Fabaceae; RADIX GLYCYRRHIZAE] (GanCao, GC). It
itself and the derivative formulas such as Lianhua Qingwen

Semen Armeniacae Amarum]

Capsules, Han Shi Yi Formula, QingFeiPaiDu Decoction, are
commonly employed to treat upper respiratory infections, acute
bronchitis, pneumonia, bronchial asthma, and played a pivotal role
in the management of the COVID-19 pandemic in China (Zhu and
Liu, 2004; Liao et al.,, 2017; Wang et al., 2020a; Wang et al., 2020b;
Tian et al., 2020; Xiao et al., 2020). Additionally, a prior randomized,
double-blind, placebo-controlled, multicenter clinical study that we
conducted demonstrated the efficacy of MSXG in effectively treating
community-acquired childhood pneumonia and significantly
improving fever and other clinical symptoms (Zheng et al., 2022).

For traditional Chinese formulas, in addition to the composition
of the ingredients, dose is a crucial factor influencing their
therapeutic effects, for dose affects the blood concentration of the
herbal medicine and can impact the absorption of other
KXR and SG can influence the
content of ephedrine, a main active component of MH (Liang
et al., 2007). GC and KXR can enhance the solubility of SG in
water (Guo et al., 2010). Due to variations in individual constitution,

components. For instance,

metabolism, and illness severity, the question arises: how should the
dose of MSXG be adjusted to achieve optimal efficacy while ensuring
safety? Should the dose of the entire formula be increased, or is it
sufficient to adjust the dose of a single ingredient? Traditional
Chinese medicine (TCM) doses often derive from the clinical
experience of doctors, which can be subjective and lack high-
quality evidence supporting the scientific basis for dose
adjustments. This underscores the critical importance of rational
clinical application of MSXG.

To address these issues, we conducted three clinical studies.
The first directly divided MSXG into low, medium, and high dose
groups to observe the varying efficacy among these groups. This

was done to evaluate the clinical significance of adjusting the
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entire formula’s dose. Subsequently, considering the distinct
effects of different ingredients in MSXG—such as the use of
KXR mainly for treating cough and SG primarily for
temperature reduction—we designed two separate clinical
studies. These studies aimed to adjust the dose of KXR and SG
respectively and assess the impact of adjusting individual
ingredients on clinical efficacy.

2 Materials and methods

The studies were carried in Guang’anmen Hospital of China
Academy of Chinese Medical Sciences, the First Affiliated Hospital
of Tianjin University of Traditional Chinese Medicine, the second
Affiliated Hospital of Tianjin University of Traditional Chinese
Medicine, Tianjin Nankai Hospital, Tianjin Hangu District
Traditional Chinese Medicine Hospital, Tianjin People’s Hospital,
Tianjin Medical University General Hospital. The studies had
obtained approval from the ethics committee of Guanganmen
Hospital, Chinese Academy of Chinese Medical Sciences (Ethics
approval number: 2010-35), and has been registered on Chinese
Clinical Trial Registry (https://www.chictr.org.cn/index.html,
ChiCTR-TRC-13003093, ChiCTR-TRC-13003099).

2.1 Quality control and safety experiments of
MSXG

We have established the detailed decoction process for the
MSXG, which involves taking traditional Chinese herbs, adding
8 times their weight in water, soaking for 30 min, bringing to a boil,
and then simmering on low heat for 40 min. Afterward, it is allowed
to cool, filtered through gauze, and the resulting liquid is collected.
Initially, we determined the content of the purchased herbs
according to the standards set by the Chinese Pharmacopoeia to
decide which herbal materials to use in the clinical study.

We employed both HPLC (High-Performance Liquid
Chromatography) and titration methods to determine the
content of MSXG. The results showed that the similarity of
fingerprint profiles for 10 batches of samples was all greater than
0.95, indicating the stability of the preparation process for MSXG.
Specific fingerprint peaks were identified, including ephedrine,
pseudoephedrine, amygdalin, glycyrrhizin, and glycyrrhetinic
acid. Our data on the fingerprint spectrum of Mahuang Xingren
Gan Tang has been published. (Wei Huizhen, Wang Xin, Wang
Yuesheng, et al. Study on Multi-Wavelength Switching Fingerprint
Spectrum of Mahuang Xingren Gan Tang. Journal of Traditional
Chinese Medicine and Traditional Chinese Medicine Materials, 2012,
23(01): 60-62.)

Before conducting clinical research, we conducted two animal
experiments. The first experiment detected the components
absorbed into the
pseudoephedrine, methyl ephedrine, glycyrrhizin, glycyrrhetinic

bloodstream, including ephedrine or
acid, and isoglycyrrhizin. The second experiment evaluated the
toxicity of MSXG, and the results showed that there were no
significant toxic reactions observed at a maximum single oral
dose equivalent to 87.5 human daily doses (Supplementary

Appendix).

frontiersin.org


https://www.chictr.org.cn/index.html
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1279519

An et al.

2.2 Study design

All 3 clinical studies conducted randomized, double-blind, dose-
controlled, multi-center design. Regarding the sample size of the
studies, we employed adaptive design. Each study aimed to recruit a
total of 120 eligible patients according to the inclusion criteria, with
40 cases in each group. Depending on the statistical results, the
number of cases could be increased by 30-60 cases as deemed
appropriate.

In study 1, a total of 120 patients were enrolled and randomly
divided into three different dose groups for MSXG: low, medium,
and high, with 40 patients in each group.

In study 2, a total of 120 patients were enrolled, and only the
dose of SG in MSXG was adjusted. They were divided into three
different dose groups: low, medium, and high, with 40 patients in
each group.

In Study 3, a total of 120 patients were enrolled, and only the dose of
KXR in MSXG was adjusted. They were divided into three different
dose groups: low, medium, and high, with 40 patients in each group.

2.3 Patients

2.3.1 Inclusion criteria

The patient meets the diagnostic criteria for bronchial
pneumonia (Wind-heat Blocking the Lung) in the “Prevention
and Treatment of Children’s Four Diseases, Prevention and
Treatment of Pediatric Pneumonia” and “Zhu Futang Practical
Pediatrics” (seventh edition). The diagnostic criteria for TCM
syndromes were referenced from “Diagnostic Criteria for
Traditional Chinese Medicine Diseases and Syndromes and
Efficacy Standards: Pediatric Diseases” (Supplementary Appendix).

1) The course of pneumonia should not exceed 48 h.

2) Within  24h
temperature >38.5°C.

3) Age 3-6 years old.

4) Weight >14 kg.

5) White blood cell count <10x10°/L, neutrophil ratio less
than 70%.

6) Normal C-reactive protein.

before  enrollment maximum  body

7) Hospitalized patients.
8) Legal guardian of the child Informed and signed informed
consent.

2.3.2 Exclusion criteria
1) Patients with heart
encephalopathy, exudative pleurisy and other comorbidities.

failure, respiratory failure, toxic

2) Clearly complicated bacterial infection.

3) Complicated with serious primary diseases such as heart, liver,
kidney and hematopoietic system, mentally ill patients, if
clinically significant arrhythmia, alanine aminotransferase
more than double the upper limit of normal, serum

>150 umol/L, >10 mmol/L,

proteinuria >+, or/and erythrocyte urine >+.

creatinine urea or/and
4) According to the judgment of the investigator, there are other
diseases that reduce the possibility of enrolling or complicate

enrollment.
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5) Those who could not cooperate or are participating in clinical
trials of other drugs.

6) Allergic constitution (allergic to more than two types of
substances) or known those who were allergic to the
components of this preparation.

7) According to the judgment of the doctor, those who were likely
to be lost to follow-up.

2.4 Interventions

All patients, in addition to receiving azithromycin (Zithromax,
Pfizer Pharmaceuticals, 0.5 mg per dose, 5-10 mg/kg-d, once daily)
as the foundational treatment, were administered different doses of
MXSG based on their respective assigned groups. (Supplementary
Tables SA1-SA3).

The MXSG was composed of 4 herbs: Ephedra sinica Stapf
(MaHaung, MH), Prunus armeniaca L. (KuXingRen, KXR),
Gypsum fibrosum (ShiGao, SG), and Glycyrrhiza uralensis Fisch.
(GanCao, GC). And the basic dose of MXSG was MH 6g, KXR 9g,
SG 24g, GC 6g, which were supplied by Yanjing Herb
Pharmaceutical Co., Ltd., (Beijing, China), decocted and
distributed uniformly by the First Affiliated Hospital of Tianjin
University of Traditional Chinese Medicine, and conform to the
Chinese Pharmacopoeia (2010 edition).

For Study 1, the doses for each group were as follows:

- Low-dose group: MH 3g, KXR 3g, SG 12g, GC 3g.
- Medium-dose group: MH 6g, KXR 6g, SG 24g, GC 6g.
- High-dose group: MH 9g, KXR 9g, SG 36g, GC 9g.

For Study 2, the doses for each group were:

- low-dose group: MH 6g, KXR 6g, SG 16g, GC 6g.
- Medium-dose group: MH 6g, KXR 6g, SG 24g, GC 6g.
- high-dose group: MH 6g, KXR 6g, SG 36g, GC 6g.

For Study 3, the doses for each group were:

- low-dose group: MH 6g, KXR 3g, SG 16g, GC 6g.
- Medium-dose group: MH 6g, KXR 6g, SG 24g, GC 6g.
- high-dose group: MH 6g, KXR 9g, SG 24g, GC 6g.

Uniform labelling format for the study drugs, including
contents: name of clinical trial drug (for clinical research only),
medication method, specification, storage conditions, drug number,
expiry date, drug supply unit, matters needing attention. The
observing physician should distribute the drugs according to the
order of visit and the drug number of each patient. The drug number
should not be selected, and the drug number would remain
unchanged throughout the trial. Each patient would be provided
with enough study drugs of the same drug number for 10 days. Strict
management and use of test drugs and control drugs, each
participating unit to establish a strict test department of specially
assigned custody, distribution system. The First Affiliated Hospital
of Tianjin University of Traditional Chinese Medicine delivered
each group of TCM decoction directly to the special custodian of
each hospital department, and establish a perfect drug reception
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procedure. The drug should not be heated or exposed to direct
sunlight during delivery, and freezing is prohibited. Unused test
drugs should be stored in the refrigerator at 2 ~ 8°C. The study drugs
are the responsibility of the investigator, and the investigator should
not transfer the investigational drugs to any non-clinical trial
participants. The investigator must ensure that the drug is used
only in the subjects of the clinical trial, that the dose and
administration are in accordance with the trial protocol, and that
any remaining drug is withdrawn.

3 Outcomes
3.1 Baseline characteristics

The gender, age, height, weight, medical history, symptoms of
the patients were recorded.

3.2 Effect outcomes

3.2.1 Primary outcome

The clinical cured rate (number of clinical cured patients/total
number of patients * 100%) as the primary outcome, the evaluation
criteria of disease efficacy as follows:

1) Clinical cured: Mthe fine moist rales disappeared in the lung
auscultation; @the fever was completely relieved; ® the dyspnea
disappeared.

2) Not cured: Those who did not reach the clinical cured standard.

3) Invalid: @ the daily maximum body temperature dropped by
less than 0.5°C; @ the symptoms and signs have no obvious
change or aggravation. Both conditions are met at the same time.

3.2.2 Second outcomes

We first evaluate the main clinical symptoms of bronchitis,
including fever, cough, dyspnea, and phlegm congestion.

For study 1, we used the symptom disappearance rate, and the
evaluation criteria were: Clinical cured: Symptoms disappear
after treatment. Significant effect: After treatment, the severity
of symptoms decreased by 2 levels, from severe to mild. Effective:
After treatment, the severity of symptoms decreases by 1 level,
from severe to moderate, or from moderate to mild. Invalid:
There is no change before and after treatment. (Supplementary
Table SA4).

For Study 2 and Study 3, we considered that adjusting for a
single drug may result in relatively small differences in efficacy
between groups. Therefore, the improvement in symptom
(fever, cough, phlegm obstruction, dyspnea) was evaluated
with the area under the curve (AUC) between the symptom
and time.

We observed during study that some patients had resolved their
fever symptoms before the study’s completion. Aimed to
comprehensively assess the efficacy of SG in Study 2 regarding
fever management, we evaluated the complete defervescence time
among the groups. This refers to the time required for the body
temperature to return to normal (<37.2°C) and remain so for more
than 24 h after the administration of the drug.
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3.3 Safety outcomes

Safety outcomes included detection of chest X-ray, white blood
cell count and classification, C-reactive protein, mycoplasma
routine  stool,  urine,

pneumoniae  antibody, = and

electrocardiogram, liver and kidney function.

1) Vital signs: including body temperature, resting heart rate,
resting breathing, blood pressure.

2) Laboratory tests: (erythrocytes,
hemoglobin, leukocytes, neutrophils, lymphocytes, platelets),

including blood routine
urine routine (erythrocytes, leukocytes, urine protein, urine
sugar), stool routine (leukocytes, erythrocytes), liver and
kidney function, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), blood urea nitrogen (BUN),
Serum creatinine (Cr).

3) Electrocardiogram.

4) Chest radiograph.

5) Adverse event.

3.4 Statistical analysis

All analyses were performed using SAS 9.2. All statistical tests
adopt two-sided test. If the p-value was less than or equal to 0.05, it
would be considered that the tested difference was statistically
significant (unless otherwise specified). The description of
quantitative indicators would calculate the number of cases,
missing number, mean, standard deviation, minimum value,
maximum value, median and interquartile spacing. F test/
Wilcoxon rank sum test was used to compare the quantitative
indexes between groups; For qualitative indexes, chi square test/
Fisher exact test was used for comparison between groups.

Full analysis set (FAS): All subjects who had been randomized
into groups, taken the test drug at least once, and have post-dose
evaluation data constitute the FAS of this trial. Missing data in the
efficacy-related portion of the FAS would be supplemented using the
last previous observation carried forward (LOCF). FAS was used for
the analysis of primary and secondary efficacy measures and was the
main dataset for efficacy evaluation in this trial.

Per-protocol analysis (PPS): Subjects who met the inclusion
criteria specified by the trial protocol; completed the 6-day planned
visit; no drugs or treatments were used during the trial that might
affect the evaluation of efficacy; adherence was good (80%-120%).

Safety Set (SS): All subjects who have been randomized into
different groups, received the investigational drug at least once, and
possess safety evaluation data after drug administration constitute
the SS of this trial.

4 Results
4.1 Baseline characteristics

3 studies each enrolled 120 patients with bronchial pneumonia
(Wind-heat Blocking the Lung). For Study 1, a total of 112 patients

completed the study, with 39 in the low-dose group, 37 in the
medium-dose group, and 36 in the high-dose group. For Study 2, a
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total of 110 patients completed the study, including 35 in the low-
dose group, 37 in the medium-dose group, and 38 in the high-dose
group. For Study 3, a total of 100 patients completed the study, with
26 in the low-dose group, 37 in the medium-dose group, and 37 in
the high-dose group. The baseline characteristics of the subjects
were presented in the Supplementary Tables SA5-SA7, and there
were no differences between the groups in each study, including age,
gender, height, and so on. Flowcharts for each study are provided in
the Supplementary Figures SA1-SA3.

4.2 Primary outcome

We first analyzed the effects of MXSG in the treatment of
bronchial pneumonia in 3 studies. The results showed that for
the FAS, the cured rate was 75.71% (268/354), and for the PPS,
the cured rate was 83.13% (266/320). For Study 1, the FAS
results revealed that among the patients in the low-dose group,
22 individuals (55.00%) achieved clinical cured, while in the
medium-dose group, 31 patients (81.58%) achieved clinical
cured, and in the high-dose group, 30 patients (81.08%)
achieved clinical cured. There was a significant difference in
the comparison between the groups (Chi-square value: 9.01, p =
0.0111), indicating that both the medium-dose and high-dose
groups had significantly higher clinical cured rates than the low-
dose group. The PPS results showed that among the patients in
the low-dose group, 22 individuals (56.41%) achieved clinical
cured, while in the medium-dose group, 31 patients (86.11%)
achieved clinical cured, and in the high-dose group, 30 patients
(85.71%) achieved clinical cured. There was a significant
difference in the comparison between the groups (Chi-square
value: 11.83, p = 0.0027), indicating that both the medium-dose
and high-dose groups had significantly higher clinical cured
rates than the low-dose group.

For Study 2, the FAS results showed that among the patients in the
low-dose group, 30 individuals (75.00%) achieved clinical cured, in the
medium-dose group, 34 patients (85.00%) achieved clinical cured, and
in the high-dose group, 36 patients (90.00%) achieved clinical cured.
There was no significant difference in the comparison between the
groups (Chi-square value: 3.36, p = 0.1864), indicating that there were
no significant differences in clinical cured rates among the groups. The
PPS results showed that among the patients in the low-dose group,
30 individuals (85.71%) achieved clinical cured, in the medium-dose
group, 34 patients (91.89%) achieved clinical cured, and in the high-
dose group, 36 patients (94.74%) achieved clinical cured. There was no
significant difference in the comparison between the groups (two-sided
exact probability, p = 0.3760), indicating that there were no significant
differences in clinical cured rates among the groups.

For Study 3, the FAS results showed that among the patients
in the low-dose group, 12 individuals (30.77%) achieved clinical
cured, in the medium-dose group, 36 patients (90.00%)
achieved clinical cured, and in the high-dose group,
32 patients (92.50%) achieved clinical cured. There was a
significant difference in the comparison between the groups
(Chi-square value: 47.05, p < 0.0001), indicating that both the
medium-dose and high-dose groups had significantly higher
clinical cured rates than the low-dose group. The PPS results
showed that among the patients in the low-dose group,
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11 individuals (42.31%) achieved in the
medium-dose group, 36 patients (97.30%) achieved clinical

cured, and in the high-dose group, 36 patients (97.30%)

clinical cured,

achieved clinical cured. There was a significant difference in
the comparison between the groups (two-sided
probability, p < 0.0001), indicating that both the medium-
dose and high-dose groups had significantly higher clinical

exact

cured rates than the low-dose group (Figure 1).

4.3 Second outcomes

For the FAS in Study 1, the fever results showed that, 36 patients
(100.00%) in the low-dose group achieved clinical cured, 33 patients
(94.29%) in the medium-dose group, and 34 patients (97.14%) in the
high-dose group. There was no significant difference between the
groups (two-sided exact probability, p = 0.3208). For cough,
19 patients (48.72%) in the low-dose group achieved clinical
cured, 28 patients (71.79%) in the medium-dose group, and
24 patients (64.86%) in the high-dose group. There was no
significant difference between the groups (Chi-square value: 4.62,
P =0.0992). For dyspnea, 14 patients (77.78%) in the low-dose group
achieved clinical cured, 10 patients (62.50%) in the medium-dose
group, and 18 patients (75.00%) in the high-dose group. There was
no significant difference between the groups (two-sided exact
probability, p = 0.5713). For phlegm obstruction, 19 patients
(48.72%)
27 patients (69.23%) in the medium-dose group, and 27 patients

in the low-dose group achieved clinical cured,

(75.00%) in the high-dose group. There was a significant difference
between the groups (Chi-square value: 6.31, p = 0.0426).

For the PPS in Study 1, the fever results showed, 36 patients
(100.00%) in the low-dose group achieved clinical cured, 32 patients
(100.00%) in the medium-dose group, and 33 patients (100.00%) in the
high-dose group. There was no significant difference between the
groups (p = 1.000). For cough, 19 patients (48.72%) in the low-dose
group achieved clinical cured, 28 patients (77.78%) in the medium-dose
group, and 23 patients (65.71%) in the high-dose group. There was a
significant difference between the groups (Chi-square value: 6.93, p =
0.0313). For dyspnea, 14 patients (77.78%) in the low-dose group
achieved clinical cured, 9 patients (64.29%) in the medium-dose
group, and 17 patients (73.91%) in the high-dose group. There was
no significant difference between the groups (two-sided exact
probability, p
(48.72%) in the low-dose group achieved clinical cured, 27 patients
(75.00%) in the medium-dose group, and 27 patients (77.14%) in the
high-dose group. There was a significant difference between the groups
(Chi-square value: 8.46, p = 0.0145). (Figure 2).

For the FAS in Study 2, the fever AUC results showed, the low-
dose group was 7.60 + 5.09, the medium-dose group was 7.78 + 5.72,

0.6900). For phlegm obstruction, 19 patients

and the high-dose group was 5.93 + 4.16. There was no significant
difference between the groups (F-test value: 1.65, p = 0.1970). For
cough, the low-dose group was 20.73 + 7.20, the medium-dose group
was 18.25 + 4.93, and the high-dose group was 21.53 + 5.95. There
was a significant difference between the groups (F-test value: 3.14,
p = 0.0471). For dyspnea, the low-dose group was 3.15 + 4.19, the
medium-dose group was 2.98 + 3.42, and the high-dose group was
1.58 + 2.55. There was no significant difference between the groups
(F-test value: 2.50, p = 0.0863). For phlegm obstruction, the low-dose
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FIGURE 1
Clinical cured results in different studies. (A) Study 1 FAS Results; (B) Study 2
2 PPS Results; (F) Study 3 PPS Results

group was 19.70 + 8.04, the medium-dose group was 17.85 * 6.65,
and the high-dose group was 19.88 + 6.04. There was no significant
difference between the groups (F-test value: 1.04, p = 0.3567).

For the PPS in Study 2, the fever AUC results showed, the
low-dose group was 7.86 + 5.35, the medium-dose group was
7.43 + 5.44, and the high-dose group was 5.39 + 3.33. There was
no significant difference between the groups (F-test value: 2.81,
p = 0.0649). For cough, the low-dose group was 21.74 + 6.55, the
medium-dose group was 18.86 + 4.56, and the high-dose group
was 21.87 £ 5.74. There was a significant difference between the
groups (F-test value: 3.32, p = 0.0398). For dyspnea, the low-dose
group was 3.29 + 4.35, the medium-dose group was 3.16 + 3.48,
and the high-dose group was 1.66 + 2.59. There was no significant
difference between the groups (F-test value: 2.47, p = 0.0898). For
phlegm obstruction, the low-dose group was 20.86 + 7.71, the
medium-dose group was 18.46 + 6.53, and the high-dose group
was 20.18 + 5.88. There was no significant difference between the
groups (F-test value: 1.23, p = 0.2962).

During the study, we observed that many patients experienced
complete relief from fever symptoms around 3 days of intervention.
Therefore, we compared the time of complete fever resolution
among different groups to assess the onset of action of the
intervention medication. For FAS, the complete antipyretic time
in high dose group (Log-Rank test, statistic 25.38, p < 0.0001) and
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FAS Results; (C) Study 3 FAS Results; (D) Study 1 PPS Results; (E) Study

medium-dose group (Log-Rank test, statistic 10.07, p = 0.0015)
showed statistical differences compared to low-dose group after
treatment, and there was no statistical difference between the high
and middle dose groups (Log-Rank test, statistic 2.48, p = 0.1152).
For PPS, the complete antipyretic time in high dose group (Log-
Rank test, statistic 30.13, p < 0.0001) and medium-dose group (Log-
Rank test, statistic 11.17, p = 0.0008) showed statistical differences
compared to low-dose group after treatment, and there was no
statistical difference between the high and middle dose groups (Log-
Rank test, statistic 3.34, p = 0.07). (Figure 3).

For the FAS in Study 3, the fever AUC results showed, the low-
dose group was 1.62 + 2.65, the medium-dose group was 1.60 + 2.73,
and the high-dose group was 2.10 + 3.80. There were no significant
differences between the groups (F-test value: 0.33, p = 0.7171). For
cough, the low-dose group was 23.87 + 8.02, the medium-dose group
was 20.75 * 7.17, and the high-dose group was 20.25 + 5.33. There
was a significant difference among the groups (F-test value: 3.16, p =
0.0460). For dyspnea, the low-dose group was 0.08 + 0.48, the
medium-dose group was 0.68 * 2.25, and the high-dose group was
0.73 £ 2.76. There were no significant differences between the groups
(F-test value: 1.18, p = 0.3115). For phlegm obstruction, the low-dose
group was 23.08 + 8.64, the medium-dose group was 19.73 * 7.64,
and the high-dose group was 18.68 + 5.47. There were no significant
differences between the groups (F-test value: 3.84, p = 0.0243).
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For the PPS in Study 3, the fever AUC results showed, the low-dose
group was 1.65 + 2.62, the medium-dose group was 1.24 + 2.36, and the
high-dose group was 2.19 + 3.92. There were no significant differences
between the groups (F-test value: 0.87, p = 0.4219). For cough, the low-
dose group was 27.04 + 6.61, the medium-dose group was 21.68 + 6.59,
and the high-dose group was 20.38 + 5.16. There was a significant
difference among the groups (F-test value: 9.74, p = 0.0001). For
dyspnea, the low-dose group was 0.12 + 0.59, the medium-dose
group was 0.73 + 2.33, and the high-dose group was 0.78 + 2.87.
There were no significant differences between the groups (F-test value:
0.77, p = 0.4646). For phlegm obstruction, the low-dose group was
26.77 * 7.18, the medium-dose group was 20.46 + 7.39, and the high-
dose group was 18.81 + 5.29. There was a significant difference among
the groups (F-test value: 11.71, p < 0.001). (Figure 4).

4.4 Adverse events

In Study 1, a total of 5 adverse events were reported. Among them,
there were 2 adverse events in the medium-dose group, with 1 of them
possibly related to the investigational drug. In the high-dose group,
there were 3 adverse events, but none of them were likely related to the
investigational drug. In Study 2, there was a total of 1 adverse event
observed, occurring in the high-dose group. However, this adverse
event was not likely related to the investigational drug. In Study 3, no
adverse events were observed. (Supplementary Table SA8).
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5 Discussion

Safety and efficacy are two fundamental attributes of therapeutic
drugs, including TCMs. As the understanding of treatment outcomes
and adverse reactions in TCMs deepens, the dose-response
maximize

relationship—selecting  the appropriate

therapeutic effectiveness while minimizing adverse reactions—is

dosage to

becoming a crucial concern in the modernization of TCM.
Consequently, a comprehensive understanding of the accuracy of
herbal dose selection is of paramount importance in the daily
practice of TCM, ensuring optimal treatment for patients with
various ailments (Zha et al., 2015). In clinical practice, for different
TCMs and formulations composed of these, clinical applications in
TCM have accumulated a considerable amount of experience. However,
much of this experience is based on individual expertise and has yet to
be validated through high-quality evidence. This is precisely one of the
significant aims of conducting this study—to establish a basis for this
through rigorous evidence-based research.

In summary, we conducted 3 clinical studies focusing on the
commonly used clinical formula MXSG in treating bronchial
pneumonia. First, in terms of clinical efficacy, the clinical cured rate
of the low-dose group was the lowest among the 3studies. Although
there was a slight increase in the clinical cured rate in the high-dose
group compared to the medium-dose group, it was not statistically
significant. Taking into consideration the clinical components and
safety concerns, the medium dose appears to be the optimal dosage
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for clinical treatment of bronchitis. However, when assessing individual
symptoms, in Study 1, the clinical cured rates for cough and phlegm
obstruction were higher in both the medium and high-dose groups
compared to the low-dose group. Meanwhile, there was no significant
clinical benefit observed in the high-dose group compared to the low-
dose group. This emphasizes the importance of clinical effectiveness,
and increasing the overall dosage might not result in significant clinical
benefits. For Study 2 and Study 3, the results indicated that the clinical
efficacy of the medium and high-dose groups was significantly better
than that of the low-dose group. However, while the high-dose group
exhibited some improvement compared to the medium-dose group, the
difference was not statistically significant. In terms of clinical symptoms,
the AUC results for fever and dyspnea indicated that the high-dose
group had the most significant therapeutic effect. When combined with

Frontiers in Pharmacology

the results of the complete defervescence rate, patients in the high-dose
group were more likely to have fever symptoms subside in a shorter
time frame. Additionally, no significant drug-related adverse events
were observed, suggesting that the rational increase of SG on top of the
commonly used dosage can lead to more significant fever-reducing
effects. This includes clinical recovery from fever as well as a shorter
duration until the disappearance of fever symptoms. In Study 3, the
results were consistent with Study 1 and Study 2. Both the medium and
high-dose groups had significantly higher clinical cured rates compared
to the low-dose group. However, there was no significant clinical benefit
observed in the high-dose group compared to the medium-dose
group. In terms of clinical symptoms, the results showed that the
high-dose group had the most significant therapeutic effect in terms of
cough and phlegm obstruction. Both the high and medium-dose groups
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were superior to the low-dose group. In conclusion, we conducted
3 clinical studies centered around MXSG and primarily investigated
how to adjust its dosage during clinical applications. Our findings
suggest that the commonly used clinical dosage is the optimal one for
the entire formula. If the dosage is not enough, the desired clinical
efficacy may not be achieved, and increasing the dosage further may not
result in significant clinical benefits. For different herbs within the
formula, adjusting the dosage of SG, a cooling agent, does not
significantly improve the overall efficacy but does show notable
changes in fever symptoms. As for KXR, its adjustment produces
more significant improvements in cough symptoms.

As mentioned above, MXSG is used to treat respiratory tract
infections, acute bronchitis, pneumonia, bronchial asthma and other
lung diseases, as well as HIN1, Corona Virus Disease 2019 (COVID-19)
and other pulmonary infectious diseases (Wang et al, 2011), with
mechanism of stimulation of beta 2-adrenergic receptors on
bronchial smooth muscle, inhibition of neutrophil entry into the
airways, and reduction of airway inflammation (Kao et al, 2001),
and exerts broad-spectrum antiviral effects by inhibiting viral RNA
and protein synthesis (Hsieh et al, 2012). The pharmacodynamic
mechanism mainly involves antiviral, alleviating lung inflammation
and reducing lung cell apoptosis. In vivo animal experiments have
shown that MXSG could reduce lung inflammation induced by
lipopolysaccharide in a rat model of pneumonia, possibly by
regulating the coagulation system (Yang et al, 2020). MXSG colud
also inhibit the activation of the high mobility group protein 1/Toll-like
receptor 4/nuclear factor kappa-B (NF-kB) signaling pathway and
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reduce the levels of inflammatory cytokines, thereby alleviating
inflammatory damage (Fei et al, 2019). Clinical studies have
confirmed that MXSG in combination with other drugs could
significantly improve the antipyretic effect, such as Oseltamivir and
MXSG + Yingiaosan alone or in combination could shorten the time of
fever in patients with HIN1 influenza virus infection. These data suggest
that MXSG + Yinqiaosan could be used as an alternative treatment for
HINTI influenza virus infection (Wang et al,, 2011). The main active
components of ephedra are ephedrine and pseudoephedrine, which
could exert anti-inflammatory effects by reducing the degradation of NF-
kB in the cytoplasm and the production of tumor necrosis factor-a
(TNF-a) (Wu et al, 2014). Among them, ephedrine has a more
significant bronchial dilating effect (Laitinen et al, 1982). And
pseudoephedrine, as a sympathomimetic drug, combined with
emodin could regulate the polarization of macrophages to improve
Lipopolysaccharide (LPS)-induced acute lung injury (Wang et al., 2022).

For the SG in MXSG, the main component is CaSO4-2H20, also
including manganese (Mn), nickel (Ni) and other trace elements. SG is
mainly used in TCM to clear heat and related cough, with antipyretic
and cooling effects (Lin and Gao, 1994). Studies have shown that SG has
anti-inflammatory and antipyretic effects, which may be related to the
prostaglandin  E2 while
CaSO4.2H20 has no obvious anti-inflammatory and antipyretic

reduction of hypothalamic content,
effects, which also explains that other trace elements may play a key
role (Zhou et al, 2012). The action mechanism of SG also includes
affecting the firing activity of temperature-sensitive neurons in the
preoptic area of the anterior hypothalamus (PO/AH) under the action
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of pyrogen, and playing an antipyretic role at the level of central neurons
(Fan et al,, 1997; Wang et al., 2008). Animal experiments showed that
the healthy and harmless rabbits with fever caused by intravenous
injection of typhoid vaccine were given SG decoction orally, and the
control group was given antipyrine. The results show that it does have a
significant cooling effect, with a rapid cooling rate similar to antipyrine
(Zhou, 2015). SG combined with MH has antipyretic and anti-
asthmatic effects (Mei et al, 2016), and SG combined with
Anemarrhena could exert anti-allergic effects (Makino et al., 2014).
Glycyrrhizic acid, the main active ingredient in GC, has broad-spectrum
antiviral activity, and glycyrrhizin could inhibit SARS-related virus
replication (Cinatl et al, 2003). Glycyrrhizin could reduce viral
infection of cells, mainly by reducing endocytosis of the cell
membrane and reducing viral uptake (Wolkerstorfer et al, 2009).
Liquiritigenin exerts anti-inflammatory effects due to inhibition of
NEF-«B activation in macrophages, thereby reducing Inductible Nitric
Oxide Synthase and pro-inflammatory cytokine production (Kim et al.,
2008). KXR is protective during epithelial-mesenchymal transition in
chronic obstructive pulmonary disease mice (Wang et al., 2019). Other
studies have shown that amygdalin, one of the main pharmacologically
active ingredients of KXR, could inhibits NF-kB and NOD-like receptor
protein 3 (NLRP3) signaling pathways, thereby reducing the expression
of pro-inflammatory cytokines (such as pro-IL-1b), resulting in anti-
inflammatory effects (Zhang et al., 2017).

However, our studies also have certain limitations. Could the
lack of significant benefits after further adjustments in MXSG dosage
be attributed to the fact that patients’ blood drug concentrations
have already reached their maximum? Additionally, can the
clinically established baseline dosage of MXSG be applicable to
every individual patient? These questions cannot be addressed
through our studies alone and may need to be answered through
subsequent PK/PD experiments. Of course, MXSG is a compound
composed of various plants and minerals. Although our clinical
studies, including previously published research, have confirmed its
significant clinical efficacy, the active ingredients and mechanism of
action are yet to be determined. Furthermore, in our studies, the
subjects were all Chinese. The efficacy of MXSG in other ethnic
groups and the optimal effective dosage require further evaluation.

In conclusion, the results from these 3 clinical studies indicate that,
for the clinical application of MXSG, the commonly used clinical
dosage is optimal. Increasing the dosage of the drug may not yield
significant benefits. Adjusting the dosage of SG or KXR could lead to a
certain degree of improvement in fever and cough symptoms, all within
the boundaries of safety. Our research provides high-quality evidence-
based support for the rational clinical application and dosage selection
of MXSG. Moreover, it offers insights and methods that can be
referenced for determining dosages of other TCM formulas and for
related research endeavors. Of course, our research is still exploratory
clinical trials, and further studies are needed to confirm our findings.
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patients with chronic kidney
disease: a real-world longitudinal
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Background: Systemic lupus erythematosus (SLE) significantly links to LN, a type
of CKD with high mortality despite modern Western treatments. About 70% of SLE
patients develop LN, and 30% advance to end-stage renal disease (ESRD).
Concerns about glucocorticoid side effects and LN worsening due to oxidative
stress prompt alternative treatment searches. In Taiwan, over 85% of SLE patients
opt for complementary methods, especially Chinese herbal medicine (CHM). We
pinpointed seventeen CHMs for SLE (PRCHMSLE) with antioxidative and anti-
inflammatory properties from national health insurance data (2000-2017). Our
primary aim was to assess their impact on renal and survival outcomes in SLE
patients progressing to CKD (SLE-CKD), with a secondary focus on the risks of
hospitalization and hyperkalemia.

Methods: We established a propensity-matched cohort of 1,188 patients with
SLE-CKD, comprising 594 PRCHMSLE users and 594 nonusers. We employed Cox
proportional hazards models and restricted mean survival time (RMST) analyses to
assess the renal and survival outcomes of PRCHMSLE users. Moreover, we
performed pooling and network analyses, specifically focusing on the renal
effects linked to PRCHMSLE.

Abbreviations: SLE, systemic lupus erythematosus; LN, lupus nephritis; ESRD, end-stage renal disease;
CKD, chronic kidney disease; CHM, Chinese herbal medicine; NHI, National Health Insurance;
PRCHMSLE, potentially renoprotective CHMs for systemic lupus erythematosus; LGTD2005;
Longitudinal Generation Tracking Database; RMST, restricted mean survival time.
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Results: PRCHMSLE use was associated with decreased adjusted hazard ratios for
ESRD (0.45; 95% confidence interval, 0.25-0.79, p = 0.006), all-cause mortality (0.56;
0.43-0.75, p < 0.0001), non-cardiovascular mortality (0.56; 0.42-0.75, p < 0.0001),
and hospitalization (0.72; 0.52-0.96, p = 0.009). Hyperkalemia risk did not increase.
Significant differences in RMST were observed: 0.57 years (95% confidence interval,
0.19-0.95, p = 0.004) for ESRD, 1.22 years (0.63-1.82, p < 0.0001) for all-cause
mortality, and 1.21 years (0.62-1.80, p < 0.0001) for non-cardiovascular mortality,
favoring PRCHMSLE use. Notably renoprotective PRCHMSLE included Gan-Lu-Ying,
Anemarrhena asphodeloides Bunge [Asparagaceae; Rhizoma Anemarrhenae] (Zhi-
Mu), Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae; Radix Rehmanniael
(Sheng-Di-Huang), Jia-Wei-Xiao-Yao-San, and Paeonia suffruticosa Andr.
[Paeoniaceae; Cortex Moutan] (Mu-Dan-Pi). Network analysis highlighted primary
treatment strategies with central components like Liu-Wei-Di-Huang-Wan, Paeonia
suffruticosa Andr. [Paeoniaceae; Cortex Moutan] (Mu-Dan-Pi), Anemarrhena
asphodeloides Bunge [Asparagaceae; Rhizoma Anemarrhenae] (Zhi-Mu),
Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae; Radix Rehmanniae] (Sheng-
Di-Huang), and Zhi-Bai-Di-Huang-Wan.

Conclusion: This work underscores the pronounced renal and survival benefits
associated with the seventeen PRCHMSLE in the treatment of SLE-CKD, concurrently
mitigating the risks of hospitalization and hyperkalemia. This highlights their potential

as alternative treatment options for individuals with this condition.

KEYWORDS

renoprotective Chinese herbal medicines, systemic lupus erythematosus, lupus nephritis,
CKD, oxidative-inflammatory stress, ESRD, all-cause mortality, network analysis

1 Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease
characterized by multiorgan inflammation and is a significant cause
of lupus nephritis (LN) (Davidson, 2016). An alarming 70% of
individuals with SLE suffer from lupus nephritis, and up to 30% of
lupus patients progress to ESRD, making it the most severe and
frequent manifestation of the disease (Maroz and Segal, 2013). This
impact is characterized by the glomerular deposition of immune
complexes, which subsequently triggers an inflammatory response
(Davidson, 2016). Despite advancements in immunosuppressive
therapies, there has not been a significant decline in the
progression to ESRD or in mortality rates in recent decades. The
prognosis for these patients is grim; those who progress to ESRD
have a staggering 26-fold increased risk of mortality (Yap et al,
2012).

Oxidative stress and inflammation are critical factors in the
pathogenesis of SLE, notably aggravating LN by initiating immune
complex deposition in the glomeruli, promoting inflammatory cell
recruitment, and causing progressive fibrosis (Bona et al., 2020; Justiz
Vaillant et al., 2023). Glucocorticoids inhibit many of the initial events
in the inflammatory response, significantly improving the prognosis
for those with LN (Coutinho and Chapman, 2011). However, both
short-term high doses and cumulative exposure to glucocorticoids can
lead to undesirable side effects, including cardiovascular events, peptic
ulcers, sleep disorders, weight gain, and osteoporosis (Mejia-Vilet and
Ayoub, 2021). As a result, a recent cross-sectional study revealed that
over 85% of Taiwanese patients with SLE regularly employ
complementary therapies (Lu et al., 2022).

Chinese herbal medicine (CHM) is a prominent complementary
medicinal system worldwide, with its clinical practices dating back
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thousands of years (Liu et al., 2022). Previous research has shown
reduced risks of ESRD and overall mortality in patients with advanced
chronic kidney disease (CKD) (Chen et al,, 2022) and advanced
diabetic kidney disease (Guo et al., 2021). There are also reports of
decreased risks of overall mortality (Ma et al., 2016), LN (Chang et al.,
2017), and cardiovascular disease (Yu and Hsieh, 2021) in SLE
patients using CHM. Evidence suggests that seventeen potentially
renoprotective CHMs for SLE (PRCHMSLE), which counteract
oxidative-inflammatory stress collectively, are acknowledged as
complementary treatment options for SLE (Huang et al, 2016;
Jiang et al, 2020; Wang et al,, 2021). These 17 PRCHMSLE are
Rehmannia  glutinosa (Gaertn.) DC. [Orobanchaceae; Radix
Rehmanniae] (Sheng-Di-Huang), Anemarrhena asphodeloides
Bunge [Asparagaceae; Rhizoma Anemarrhenae (Zhi-Mu), Paeonia
lactiflora Pall. [Paeoniaceae; Radix Paeoniae Alba] (Bai Shao), Paeonia
suffruticosa Andr. [Paeoniaceae; Cortex Moutan (Mu-Dan-Pi), Salvia
miltiorrhiza Bge. [Lamiaceae; Radix Salviae Miltiorrhizae (Dan-Shan),
Paeonia lactiflora Pall. var. rubra [Paeoniaceae; Radix Paeoniae
Rubra] (Chi-Shao), Lithospermum erythrorhizon Siebold & Zucc.
[Boraginaceae; Radix Lithospermi] (Zi-Cao), Artemisia annua L.
[Asteraceae; Herba Artemisiae Annuae (Qing-Hao), Hedyotis
diffusa Willd. [Rubiaceae; Herba Hedyotis] (Bai-Hua-She-She-
Cao), Scutellaria barbata D. Don [Lamiaceae; Herba Scutellariae
Barbatae (Ban-Zhi-Lian), Zhi-Bai-Di-Huang-Wan, Liu-Wei-Di-
Huang-Wan, Gan-Lu-Ying, Qin-Jiao-Bie-Jia-Tang, Jia-Wei-Xiao-
Yao-San, Yin-Qiao-San, and Gui-Zhi-Shao-Yao-ZhiMu-Tang
(Supplementary Table S1). However, there exists a gap in large-
scale evidence assessing the effects of these 17 PRCHMSLE on
ESRD and mortality outcomes, as well as their pooling effect and a
network core pattern analysis on ESRD outcomes in SLE patients
progressing to CKD. Given that Taiwan’s National Health Insurance
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5334 patients having diagnoses of SLE and CKD in the 2005 Longitudinal
Generation Tracking Database between Jan 1, 2000 and Dec 31, 2017

Excluded 2446 patients:

1. having diagnosis of SLE after 1 year following first diagnosis of CKD (n=1762)

2. developing ESRD before first diagnosis of CKD (n=69)

3. having renal transplantation before first diagnosis of CKD (n=0)

4. aged <18 years at first diagnosis of CKD (n=150)

5. with exposure to 17 potentially renoprotective Chinese herbal medicines for SLE
(PRCHMSLE) in 3 months prior to first diagnosis of CKD (n=465)

v
2888 patients with SLE-CKD

. Excluded 87 patients who developed ESRD or expired during CKD-PRCHMSLE
interval or took PRCHMSLE within 1 year interval of CKD-SLE

v

FIGURE 1

2801 patients with SLE-CKD entered into 1:1 propensity score matching
1372 PRCHMSLE nonusers
1429 new PRCHMSLE users
v \4
594 PRCHMSLE nonusers 594 new PRCHMSLE users

Flowchart for selecting systemic lupus erythematosus (SLE) patients progressing to chronic kidney disease (CKD).

(NHI) covers prescribed CHMs that are free from aristolochic acid
(Chen et al.,, 2022), we utilized NHI longitudinal claims data from
2000 to 2017 to bridge this knowledge gap.

2 Materials and methods
2.1 Study design and data source

The retrospective cohort study examined 2 million de-identified
claims from Taiwan’s 2005 Longitudinal Generation Tracking
Database (LGTD 2005) spanning the years 2000-2017. Given the
nature of the data, informed consent was not required, and the study
received an exemption from a full review by the Institutional Review
Board of the Dalin Tzu Chi (B10804001). The
LGTD2005 was entirety of

Hospital

randomly selected from the
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beneficiaries under Taiwan’s NHI program. Further details about
Taiwan’s LGTD2005 and the NHI program are discussed in our
previous research (Chen et al., 2015a; Chen et al., 2022; Chen et al,,
2023). The LGTD2005 employs the ICD-9-CM and, starting in 2016,
the ICD-10-CM diagnostic codes for disease identification. While it
provides extensive data on medication and herbal treatments, it does
not include information on laboratory results or lifestyle factors.

2.2 Study population (SLE patients
progressing to CKD [patients with SLE-CKD])

The study cohort comprised 5,334 patients diagnosed with both
SLE and CKD from 1 January 2000, to 31 December 2017 (Figure 1).
We excluded patients under 18 years at the time of their initial CKD
diagnosis, patients diagnosed with SLE (based on ICD 9/10-CM
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codes) more than a year after their first CKD diagnosis, patients who
developed ESRD or underwent renal transplantation before their
initial CKD diagnosis, and patients who were exposed to the
17 PRCHMSLE within 3 months prior to their first CKD
diagnosis. After these exclusions, 2888 SLE patients progressing
to CKD (SLE-CKD) were enrolled from 2000 to 2017.

2.3 Exposure to seventeen potentially
renoprotective CHMs for SLE (PRCHMSLE)

SLE patients who received at least one of any 17 PRCHMSLE
(Supplementary Table S1) after CKD diagnosis during the study
period were categorized as PRCHMSLE users, aligning with the
user definition employed in previous studies (Chang et al., 2017;
Chen et al.,, 2022). The remaining SLE patients who never used any
17 PRCHMSLE after CKD diagnosis during the study period
were defined as nonusers. Considering the exposure to the
17 PRCHMSLE post the first CKD diagnosis, and excluding
patients who developed ESRD, those who passed away during
the CKD-PRCHMSLE interval, and those who began using
PRCHMSLE within a year of the CKD-SLE diagnosis, we
identified 2,801 patients with SLE-CKD from 2000 to 2017. Of
this cohort, 1,429 (51%) were new PRCHMSLE users, and 1,372
(49%) were nonusers.

2.4 Covariates

We assessed several variables, including age, sex, Charlson
comorbidity index (an indicator of overall disease burden), and
frequency of medical visits (to address potential detection bias).
Baseline comorbidities considered were diabetes (defined by ICD-9/
10- CM codes or the use of antihyperglycemic drugs), hypertension
(defined by ICD-9/10-CM codes or antihypertensives), hyperlipidemia
(defined by ICD-9/10-CM codes or antilipidemic drugs) (Chen et al.,
2022), rheumatoid arthritis, Sjogren’s syndrome, and Raynaud’s
disease (all defined by ICD-9/10-CM codes) (Chang et al, 2017).
Additionally, we evaluated the use of three potentially confounding
steroids

medications—non-steroidal  anti-inflammatory  drugs,

(including prednisolone and methylprednisolone), and other
medications apart from steroids (such as cyclophosphamide,
azathioprine, hydroxychloroquine, and mycophenolate mofetil)

(Chang et al., 2017)—within the year prior to the index date.

2.5 Propensity score matching

Propensity score method was employed to mitigate confounding
related to the indication of PRCHMSLE utilization. The propensity
score, indicating the likelihood of using PRCHMSLE, was calculated
using the logistic regression that was built on all covariates (age per
year, sex, comorbidities, Charlson comorbidity index, number of
medical visits, and confounding drugs) to adjust for the baseline
differences between PRCHMSLE users and nonusers. Propensity
score matching was performed using the nearest-neighbor approach
without replacement and employed a caliper value of 0.0001 to
ensure precision throughout the matching process (Chen et al,
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2022). For each PRCHMSLE user, a propensity score-matched
nonuser was chosen. To mitigate immortal bias (Chen et al,
2022; Chen et al, 2023), it was verified that each matched
nonuser was alive when PRCHMSLE usage began. The index
date for PRCHMSLE users was marked as the exact day when
PRCHMSLE therapy was initiated, confirming that PRCHMSLE
users had lived from the start of CKD up to this index date. For
nonusers, the index date was aligned to coincide with the exact day
of PRCHMSLE initiation by the user.

2.6 Study outcomes and follow-up

The primary outcomes of this study were ESRD, all-cause mortality,
cardiovascular mortality, and non-cardiovascular mortality. Participants
were tracked from their index date until the event of ESRD or other
censoring occurrences, such as death or the study’s conclusion on
31 December 2017, whichever was earlier. ESRD was identified based
on the acquisition of a catastrophic illness certificate for long-term
dialysis (Chen et al., 2015a; Chen et al., 2022; Chen et al., 2023). Mortality
was ascertained by a patient’s withdrawal from the NHI program (Chen
et al, 2015a; Chen et al, 2022; Chen et al, 2023). In the mortality
outcome analysis, patients were consistently observed up to their time of
death. Cardiovascular mortality included deaths attributed to primary
diagnoses such as coronary heart disease, stroke, peripheral vascular
disease, and heart failure, as classified by ICD 9/10-CM codes (Yu et al,,
2022). If ESRD events occurred earlier during the follow-up, they were
not treated as censoring points (Huang et al, 2022). The secondary
outcomes investigated in this study were concentrated on assessing the
risks of hospitalization and hyperkalemia. Hospitalization rates were
considered as a proxy for glucocorticoid side effects (Peterson et al.,
2021), while the presence of both SLE (Lee et al., 1988) and CKD (Chen
et al, 2022) heightened the risk of hyperkalemia. Incidents of
hospitalization and hyperkalemia were monitored throughout the
study period, with the latter being identified through the presence of
ICD-9/10-CM codes for hyperkalemia or the utilization of potassium-
lowering agents (Chen et al., 2022).

2.7 Pooling effects of 17 PRCHMSLE

We evaluated the pooling effects of the 17 PRCHMSLE on ESRD
occurrence and identified the top five agents demonstrating the most
robust renoprotective effects.

2.8 Network analysis

To identify the primary patterns of CHM use in treating SLE, we
utilized the open-source tool NodeXL (http://nodexl.codeplex.com/),
as detailed in our previous research (Chang et al.,, 2015). Every
selected CHM combination was incorporated into this network
analysis. Within the network diagram, relationships between a
CHM and its associated prescription were illustrated using lines of
varying thickness, from 1 to 5, with thicker lines representing more
common prescription patterns. This method effectively emphasized
the dominant trends in the prescription of these renoprotective CHMs
throughout our study.
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TABLE 1 Baseline characteristics of study cohorts by use of 17 potentially renoprotective Chinese herbal medicines for SLE (PRCHMSLE) in patients with SLE-CKD.

Variable Propensity-matched patients with SLE-CKD
Users (n = 594) Nonusers (n = 594)
Sex, n (%) 0.018
Men 102 (17.2) 106 (17.9)
Women 492 (82.8) 488 (82.2)
Age (year), n (%) 0.021
<35 155 (26.1) 154 (25.9)
35-50 176 (29.6) 177 (29.8)
50-65 154 (25.9) 151 (25.4)
>65 109 (18.4) 112 (18.9)
Mean (SD) 483 (16.9) 48.7 (17.7)

Comorbidities, n (%)

Diabetes 67 (11.3) 61 (10.3) 0.033
Hypertension 295 (49.7) 288 (48.5) 0.024
Hyperlipidemia 93 (15.7) 86 (14.5) 0.033
Rheumatoid arthritis 26 (4.4) 21 (3.5) 0.043
Sjogren’s syndrome 19 (3.2) 25 (4.2) 0.053
Raynaud’s disease 6 (1.0) 5(0.8) 0.018
Charlson comorbidity index, n (%) 0.017
<1 398 (67.0)) 405 (68.1)
1-2 110 (18.5) 108 (18.2)
2-4 58 (9.8) 54 (9.1)
>4 28 (4.7) 27 (4.6)
Mean (+SD) 1.23 (1.2) 1.21 (1.2)
No. of medical visits, n (%) 0.115
<12 190 (32.0) 201 (33.8)
12-24 181 (30.5) 185 (31.2)
>24 223 (37.5) 208 (35.0)
Mean (SD) 23.3 (18.6) 21.3 (16.6)

Confounding drugs, n (%)

NSAID 484 (81.5) 481 (81.0) 0.013
Steroids’ 43 (72) 39 (6.6) 0.026
Drugs other than steroids' 15 (2.5) 13 (2.2) 0.022

Abbreviations: SLE, systemic lupus erythematosus; CKD, chronic kidney disease; SD, standard deviation; NSAID, non-steroidal anti-inflammatory drug; SMD, standardized mean difference.
"Include prednisolone and methylprednisolone.
"Include cyclophosphamide, azathioprine, hydroxycholorquine, and mycopenolate mofetil.

2.9 Statistical ana lyses prior to ESRD occurrence was considered a competing risk event (Chen
etal., 2015a). For the cumulative incidence of ESRD, the calculation and

Disparities in baseline characteristics between PRCHMSLE users ~ comparison in data with competing risk were conducted using
and nonusers were assessed using the standardized mean difference ~ modified Kaplan-Meier and Gray’s methods (Chen et al.,, 2015a). In
approach. A value of <0.1 signified minimal distinction between the  analyzing all-cause mortality, the Kaplan-Meier method was employed.
two groups after propensity score matching (Chen et al., 2022). Death ~ We assessed differences in the complete time-to-event distributions
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TABLE 2 15-year-restricted mean survival time (RMST) and Cox proportional hazards model analyses on study outcomes among propensity score-matched

PRCHMSLE users and PRCHMSLE nonusers.

Estimated event
rate (events/
1,000 person-

Outcomes Events (%)

RMST (95% Cl), tau = 15 years

years)
Users Nonusers Users Nonusers Nonusers  Difference, p-value  Estimated p-value
year Elalat
(95% Cl) (95% Cl)
ESRD 17 (2.9) 33 (5.6) 3.9 10.6 1457 | 1399 (13.69,  0.57 (0.19, 0.95) 0.004 | 0.45(0.25,0.79) 0.006
(1439, 14.34)
14.78)
All-cause 92 115 (19.4) 20.7 34.1 12.99 118 (1137, 122 (0.63,1.82) | <0.0001  0.56 (0.43,0.75) <0.0001
mortality (15.5) (12.65, 12.31)
13.38)
Cardiovascular 2 (0.34) 3(0.51) 045 0.89 14.9 14.9 0.02 (-0.10,0.14) 0.74 0.69 (0.11, 4.27) 0.69
mortality (14.8, (14.8, 15.0)
15.1)
Non- 90 112 (18.9) 203 332 13.0 119 121 (0.62, 1.80) | <0.0001  0.56 (0.42,0.75) <0.0001
cardiovascular (15.2) (12.6, (11.4, 12.4)
mortality 13.4)

Abbreviations: PRCHMSLE, potentially renoprotective Chinese herbal medicines for systemic lupus erythematosus; ESRD, end-stage renal disease; aHR, adjusted hazard ratio; CI, confidence

interval.

Adjusted for all covariates (age per year, sex, comorbidities, number of medical visits, Charlson comorbidity index, confounding drugs), and competing risk for ESRD.

between the study groups by utilizing a modified log-rank test for ESRD
and a log-rank test for all-cause mortality.

We computed the incidence rates per 1,000 person-years for the
study outcomes in both groups. The assumption of proportional
hazards was confirmed using a log (-log (survival)) plot against the log
of survival time, which demonstrated no violations. The primary and
secondary study outcomes were assessed using the Cox proportional
hazard model. By comparing PRCHMSLE users with nonusers, we
estimated adjusted hazard ratios (aHRs) with their associated 95%
confidence intervals (CIs). These estimates considered all covariates
mentioned in Table 1 and considered competing mortality when
evaluating the risk of ESRD (Chen et al., 2015a).

Complementary restricted mean survival time (RMST) analysis
was utilized specifically to evaluate the primary study outcomes.
RMST, defining the area beneath the survival curve up to a given
(restricted) time, was employed as an alternative to the conventional
Cox analysis (Perego et al,, 2020). The difference in RMST quantified
the delay in achieving a specific outcome during a given interval and
depicted the disparity between the areas under the survival curves for
the intervention and control groups. Hence, the RMST difference was
instrumental in assessing the clinical significance of an advantage,
separate from the relative treatment effects highlighted by HRs. We
gauged the RMST differences by contrasting the areas under the
survival curves between PRCHMSLE users and nonusers. A positive
RMST difference was in favor of PRCHMSLE treatment, indicating an
average delay in achieving the study outcomes among the two groups.
Additionally, we reviewed the 15-year RMST difference, along with its
associated 95% CI, for the study outcomes between the two groups.
This juxtaposition enriched the insights beyond the aHR evaluations
and facilitated a holistic comprehension of the results.

We also employed Poisson regression to estimate the adjusted
incident rate ratio of hyperkalemia associated with PRCHMSLE use.
Recurrent episodes of hyperkalemia were classified as a single
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prolonged event when they transpired within 28 days of each
other, whereas episodes occurring at least 28 days apart were
treated as distinct events (Chen et al., 2022).

Statistical analyses were conducted using SAS software (version
9.4; SAS Institute, Inc., Cary, N.C., USA). A statistical significance was
determined if the 95% CI for aHRs did not encompass 1, or when the
95% CI for the difference in RMST did not contain 0. A two-tailed
p-value less than 0.05 was considered statistically significant.

2.10 Sensitivity analyses

To enhance the reliability of our primary findings, we carried
out three sensitivity analyses. First, the PRCHMSLE-usage group
was redefined based on cumulative usage exceeding 30 and
60 days. Second, the risk assessment for study outcomes was
reassessed by excluding CKD patients who either passed away or
advanced to ESRD within 30, 60, or 90 days post the index date.
Lastly, subgroup analyses were conducted considering baseline
characteristics.

3 Results
3.1 Baseline characteristics

After propensity score matching, a balanced distribution of all
baseline characteristics was observed between 594 PRCHMSLE
users and 594 nonusers in the SLE-CKD patient group (Table 1;
Supplementary Figure S1). This resulted in a discernible
differentiation between the matched cohorts, evidenced by a
c-index of 0.65 and a Hosmer-Lemeshow test p-value of 0.39,
suggesting a satisfactory model fit.
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3.2 Association between 17 PRCHMSLE and
the primary study outcomes

Among patients with SLE-CKD, 50 individuals (4.2%) progressed
to ESRD, while 207 (17.4%) experienced all-cause deaths, with
5 attributed to cardiovascular mortality and 202
mortality (Table 2). The
incidences of ESRD (p = 0.0032) in the presence of competing
mortality and all-cause mortality (p = 0.0005) were markedly lower
for PRCHMSLE users compared to nonusers (Figure 2). After adjusting
for all covariates, PRCHMSLE use in patients with SLE-CKD was
significantly correlated with decreased risks of ESRD (aHR: 0.45; 95%
CL: 0.25-0.79, p = 0.006), all-cause mortality (aHR: 0.56; 95% CI:
0.43-0.75, p < 0.0001), cardiovascular mortality (aHR: 0.69; 95% CI:
0.11-4.27, p = 0.69), and non-cardiovascular mortality (aHR: 0.56; 95%
CI: 0.42-0.75, p < 0.0001). Over a 15-year span, compared to nonuse,
PRCHMSLE use was linked to a delay of 0.57 (95% CI: 0.19-0.95, p =
0.004), 1.22 years (95% CI: 0.63-1.82, p < 0.0001), 0.02 years (95% CI:
0.10-0.14, p = 0.74), and 1.21 years (95% CI: 0.62-1.80, p < 0.0001) in
the onset of ESRD, all-cause mortality, cardiovascular mortality,

to non-

cardiovascular 15-year cumulative

and non-cardiovascular mortality, respectively. Considering a type
I error a of 0.05, an event rate of 0.034 per year for the nonuser
group, a median follow-up of 5.4 years, a censoring rate of 0.96,
and a user-to-nonuser ratio of 1:1, we would need 490 participants
in both user and non-user groups to achieve a power (1-f) of 0.9,
sufficient to detect a 50% shift in the hazard ratio. Given our
sample of 594 individuals in each category and an aHR of 0.45, our
study displays a test power exceeding 0.9.

3.3 Association between 17 PRCHMSLE and
the secondary study outcomes

PRCHMSLE use was associated with lower risks of
hospitalization (aHR: 0.72; 95% CIL 0.56-1.92, p = 0.009)
(Supplementary Table S5). Moreover, PRCHMSLE use was not
associated with an elevated risk of hyperkalemia (adjusted
incidence rate ratio: 0.74; 95% CI: 0.49-1.10, p = 0.13)
(Supplementary Table S6).

3.4 Top five renoprotective effects among
the 17 PRCHMSLE

Utilizing both the Cox model (Figure 3A) and RMST (Figure 3B)
analyses, the top five PRCHMSLE formulas that exhibited the most
pronounced renoprotective effects through pooling were Gan-Lu-
Ying, Anemarrhena asphodeloides Bunge [Asparagaceae; Rhizoma
Anemarrhenae] (Zhi-Mu), Rehmannia glutinosa (Gaertn.) DC.
[Orobanchaceae; Radix Rehmanniae] (Sheng-Di-Huang), Jia-Wei-
Xiao-Yao-San, and Paeonia suffruticosa Andr. [Paconiaceae; Cortex
Moutan] (Mu-Dan-Pi).

3.5 Network analysis
The network analysis (Figure 4) revealed the dominant patterns

of both formulas and individual herbs used in the treatment of SLE.
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FIGURE 2
Cumulative incidences of (A) end-stage renal disease (ESRD) and
(B) all-cause mortality among PRCHMSLE users and nonusers.

The core patterns comprised Liu-Wei-Di-Huang-Wan, Paeonia
suffruticosa Andr. [Paeoniaceae; Cortex Moutan] (Mu-Dan-Pi),
Anemarrhena  asphodeloides Bunge [Asparagaceae; Rhizoma
Anemarrhenae] (Zhi-Mu), Rehmannia glutinosa (Gaertn.) DC.
[Orobanchaceae; Radix Rehmanniae] (Sheng-Di-Huang), and

Zhi-Bai-Di-Huang-Wan.

3.6 Sensitivity analyses

We conducted three sensitivity analyses to verify the
robustness of our results. In the subgroup analyses of patients
with SLE-CKD, the outcomes for ESRD and all-cause mortality
were predominantly favorable, and this trend persisted across most
subgroups in both the Cox and RMST analyses, with a preference
towards PRCHMSLE use over nonuse (Supplementary Table S2).
When excluding patients with SLE-CKD who either died or
developed ESRD within 30, 60, or 90 days post the index date,
these associations remained consistent (Supplementary Table S3).
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FIGURE 3

Top five renoprotection in the pooling effect of 17 potentially renoprotective Chinese herbal medicines for SLE (PRCHMSLE), analyzed through (A)
adjusted hazard ratios (aHRs) of end-stage renal disease and (B) restricted mean survival time (RMST) differences in end-stage renal disease. Abbreviation:

Cl, confidence interval.

The relationship between PRCHMSLE use and the decreased risks
of ESRD and all-cause mortality persisted regardless of the varying
definitions of PRCHMSLE use among patients with SLE-CKD
(Supplementary Table S4).

4 Discussion

This study is the first to highlight the main renal and survival
survival) benefits of using
with SLE-CKD. Moreover,

(especially, non-cardiovascular

17 PRCHMSLE in patients
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PRCHMSLE use not only resulted in the reduction of
hospitalization risk but also demonstrated no elevated likelihood
of hyperkalemia. These results build on prior research indicating
renal and survival advantages (Chang et al, 2017) and remain
consistent across multiple subgroups, further solidifying their
validity through extensive sensitivity analyses. The findings
suggest the targeting of various pathways associated with
inflammation and oxidative stress for immune modulation in
SLE. Notably, the top five treatments offering the most renal
protection were Gan-Lu-Ying, Anemarrhena asphodeloides Bunge
[Asparagaceae; Rhizoma Anemarrhenae] (Zhi-Mu), Rehmannia
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Network analysis of the seventeen potentially renoprotective Chinese herbal medicines for systemic lupus erythematosus (PRCHMSLE).

glutinosa (Gaertn.) DC. [Orobanchaceae; Radix Rehmanniae]
(Sheng-Di-Huang), Jia-Wei-Xiao-Yao-San, and
suffruticosa Andr. [Paeoniaceae; Cortex Moutan] (Mu-Dan-Pi).

Paeonia

Furthermore, this research introduces a groundbreaking
discovery: a core prescription pattern, identified through network
analysis that features Liu-Wei-Di-Huang-Wan, Paeonia suffruticosa
Andr. [Paeoniaceae; Cortex Moutan] (Mu-Dan-Pi), Anemarrhena
asphodeloides Bunge [Asparagaceae; Rhizoma Anemarrhenae] (Zhi-
Mu), Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae; Radix
Rehmanniae] (Sheng-Di-Huang), and Zhi-Bai-Di-Huang-Wan.
SLE is a complex disease affecting multiple bodily systems,
including renal, cardiovascular, and pulmonary functions
(Vymetal et al., 2016). Recent cohort studies using Taiwan’s NHI
claims data have spotlighted potential benefits of CHMs in SLE
management, indicating decreased risks of LN (Chang et al., 2017),
mortality (Ma et al., 2016), cardiovascular disease (Yu and Hsieh,
2021), pneumonia (Wang et al., 2023), and hospitalization (Ma et al.,
2023). Significantly, LN is a chief factor in SLE-related deaths
(Sciascia et al, 2017). A notable study by Chang et al. (Chang
et al,, 2017) emphasized that combining conventional and herbal
medicine therapies reduced the risk of LN among Taiwanese SLE
patients. Ma et al. (Ma et al,, 2016) pinpointed various CHM
formulas, such as Zhi-Bo-Di-Huang-Wan, Jia-Wei-Xiao-Yao-San,
and Liu-Wei-Di-Huang-Wan, which markedly improved patient
survival. However, our research opinions distinguish themselves
from prior studies in several key aspects. Firstly, earlier
investigations utilizing NHI claims data typically juxtaposed
overall CHM users with non-users, rather than specifically
delving into the 17 PRCHMSLE identified as suitable for SLE

treatment. Secondly, all preceding studies extracted the top ten
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medications used post CHM application from the NHI claims
data and subsequently examined each drug’s mechanism within
the context of SLE. Notably, they did not independently analyze
CHMs known to provide protection against renal implications and
SLE, marking a significant point of departure. Thirdly, no previous
studies undertook a pooling effect or network analysis on the
17 PRCHMSLE deemed appropriate for SLE, underscoring a
unique aspect of our research approach. Fourthly, this study
represents a pioneering effort in evaluating the safety, particularly
the risk of hyperkalemia, in patients with SLE-CKD undergoing
treatment with CHMs, with a specific focus on PRCHMSLE. Fifthly,
this study represents the inaugural application of RMST analysis in
research involving CHM and SLE, offering valuable insights and
more interpretable results than hazard ratios for assessing the
clinical efficacy of PRCHMSLE. Our findings indicated that
PRCHMSLE use was associated with a postponement of ESRD
by 0.57 years, a delay in mortality by 1.22 years, and a deferment
of non-cardiovascular events by 1.21 years over a 15-year period.

In line with previous research (Ma et al., 2016; Chen et al,,
2022; Chen et al., 2023; Ma et al., 2023), our findings indicated
that patients receiving the 17 PRCHMSLE may experience a
reduction in all-cause mortality, a lower incidence of ESRD,
fewer hospital admissions, and no potential for an increase in
the risk of hyperkalemia. We also identified a lower risk of non-
cardiovascular mortality in patients with SLE-CKD using
PRCHMSLE compared to nonusers, mirroring findings from a
previous NHI-based cohort study that indicated a reduced risk
of pneumonia in patients with SLE using CHMs compared
to nonusers (Wang et al., 2023). However, our results did
not demonstrate a significant reduction in the risk of
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cardiovascular mortality in patients with SLE-CKD using
PRCHMSLE. This contrasted with a previous NHI-based
cohort study (Yu and Hsieh, 2021) that suggested a lower
cardiovascular disease risk in patients with SLE who were on
CHM. The differences in event rates observed in distinct study
populations, such as those with SLE (Yu and Hsieh, 2021) versus
SLE-CKD in our study, might contribute to the observed
disparity.

Historically, research utilizing Taiwan’s NHI claims data
primarily addressed prescription frequencies for a range of
medical conditions. Yet, this data might not truly mirror
underlying prescription patterns or therapeutic objectives,
potentially causing misconceptions in future research and clinical
trials. Using network analysis alongside data mining offers a deeper
understanding of the clinical reasoning and prevalent agreement
among traditional Chinese medicine experts. This underlines the
need to weave evidence-based methods into upcoming CHM
research. Our prior study (Chang et al., 2017) employed network
analysis to identify main CHM prescription patterns for SLE,
aligning with frequently prescribed medicines. In the present
study, employed to
predominant prescription patterns for the treatment of patients

network analysis was unravel the
with SLE. This methodology was tailored to evaluate the selected
dual-drug combinations. In this context, connections between CHM
and their co-prescribed counterparts were symbolized, with a denser
line width denoting more frequent prescription affiliations. Within
the 17 PRCHMSLE, network core pattern analysis identified the top
five with renoprotective qualities as Gan-Lu-Ying, Anemarrhena
asphodeloides Bunge [Asparagaceae; Rhizoma Anemarrhenae] (Zhi-
Mu), Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae; Radix
(Sheng-Di-Huang),
Paeonia suffruticosa Andr. [Paeoniaceae; Cortex Moutan] (Mu-

Rehmanniae] Jia-Wei-Xiao-Yao-San, and
Dan-Pi). These quintessential formulae and individual herbs,
recurrently prescribed in our study, exhibit antioxidant, anti-
inflammatory, and immune-modulatory properties (Ma et al,
2016; Zhao et al., 2016; Zhuang et al., 2022).

Managing SLE and CKD necessitates a holistic approach targeting
autoimmune responses, oxidative stress, inflammation, and fibrosis
(Davidson, 2016; Bona et al., 2020). These 17 PRCHMSLE collectively
display
characteristics that combat renal failure (Huang et al,, 2016; Jiang
et al.,, 2020; Wang et al., 2021). Gan-Lu-Yin, historically revered in
ancient Asia, is recognized for treating oral inflammations such as

antioxidant,  anti-inflammatory, and antifibrotic

periodontitis, stomatitis, and glossodynia (Inagaki et al, 2021). In
terms of autoimmunity, Gan-Lu-Yin has shown notable protective
effects on SLE patient survival (Ma et al, 2016). It acts as an
intervention, curbing T cell activation and reducing TH responses,
as seen in Sjogren’s syndrome (Lee et al., 2021). Furthermore, it deters
TNEF-a expression in human oral cancer cells through the ERK and
NE-kB pathways (Yang et al., 2016). These insights infer that Gan-Lu-
Yin extracts bear anti-inflammatory qualities and act as inhibitors of
tissue degradation. Studies indicate that Anemarrhena asphodeloides
Bunge [Asparagaceae; Rhizoma Anemarrhenae] (Zhi-Mu) derivatives
exhibit a plethora of pharmacological activities, encompassing
antioxidation (Zhao et al,, 2016), anti-inflammatory responses (Liu
et al,, 2023), antidiabetic properties (Yuan et al., 2015), and immune
modulation (Zhang et al., 2020). Rehmannia glutinosa (Gaertn.) DC.
[Orobanchaceae; Radix Rehmannia (Sheng-Di-Huang), esteemed for
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its capacity to purge pathogenic heat from blood and enrich Yin per
Chinese medical doctrine (Zhang et al., 2008), is prevalent in many
SLE prescriptions like Liu-Wei-Di-Huang-Wan and Zhi-Bai-Di-
Huang-Wan (Ma et al, 2016; Chang et al, 2017). Its primary
active element has proven to activate the Nrf2/Keapl route and
suppress pro-inflaimmatory factor expression, thus assuming dual
roles as anti-inflammatory and antioxidant agents (Ren et al., 2023).
(Rehmannia  glutinosa ~ (Gaertn.)  DC.
[Orobanchaceae; Radix Rehmannia) therapeutic facets may be

Sheng-Di-Huang’s

rooted in its anti-inflammatory and immunomodulatory effects,
likely derived from its multifaceted composition engaging various
targets and channels (Wang et al.,, 2022; Zhuang et al., 2022). Paeonia
suffruticosa Andr. [Paeoniaceae; Cortex Mouta (Mu-Dan-Pi) extracts
have demonstrated inhibitory influences on NF-«xB and IRF reporters,
along with curtailing downstream cytokine production, behaving as
dose-regulated immunomodulators (Chen et al., 2020). Moreover,
they offer antioxidant potency and present anti-inflammatory
2018). Andr.
[Paconiaceae; Cortex Mouta (Mu-Dan-Pi) is integral to Jia-Wei-

properties (Li et al, Paeonia  suffruticosa
Xiao-Yao-San, a commonly prescribed formula in Taiwan. It is
notable that Jia-Wei-Xiao-Yao-San also features prominently in
Taiwan’s NHI claims data, largely because of its broad therapeutic
applications for ailments like sleep disorders and depression (Chen
et al, 2015b)—ailments frequently concurrent with SLE. This
concoction, classified under harmonizing formula prescription
patterns, is acknowledged for its renoprotective traits in kidney
diseases (Lin et al, 2021). Additionally, it showcases antifibrotic
and antioxidative qualities, including the suppression of xanthine
oxidase activity in hepatic fibrosis rats (Chien et al.,, 2014).

The study boasts significant strengths. It utilized a nationally
representative sample, guaranteeing strong statistical power and
dependability. Comprehensive tracking of study events and
prescriptions reduced information and recall bias. Several
statistical methods were adopted, including propensity score
matching to counteract confounding, competing risk analysis to
avert ESRD overestimation, RMST analysis for straightforward
estimates, and sensitivity analyses to ensure result dependability
and accuracy. Additionally, in-depth assessments of the pooling
effect and network analysis concerning renal and survival outcomes
were conducted for the seventeen PRCHMSLE.

However, the study also presents certain limitations. First, it did
not assess adherence to prescribed PRCHMSLE or potential
interactions between herbal and Western medicines. Moreover, it
overlooked pulse and syndromic diagnoses present in administrative
claims. Second, care should be taken when generalizing these
findings to Western healthcare settings since the PRCHMSLE
formulas are sanctioned by Taiwan’s Committee of Chinese
Medicine and Pharmacy. Third, even after employing propensity
score matching and adjusting variables in the Cox proportional
hazard regression, certain confounders absent from LGTD 2005, like
lifestyle, health behaviors, environmental factors, and specific
laboratory data, restrict the all-encompassing evaluation of ESRD
and mortality risks. Fourth, as our analysis was solely centered on
CHM, we did not present or delve into other alternative modalities
such as acupuncture, tuina, massage, or those documented in the
LGTD 2005. Lastly, being an observational study, it does not
ascertain causation, and unaccounted-for confounding factors

might affect the results.
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5 Conclusion

Our real-world results show significant renal and survival
advantages without an associated increase in hospitalization and
hyperkalemia risks linked to the use of seventeen PRCHMSLE in
treating patients with SLE-CKD. These herbal medicines have
demonstrated marked renoprotective effects for SLE-CKD patients by
modulating various targets within oxidative stress and inflammation
pathways. Additionally, our network analysis has unveiled the core
prescription pattern, underscoring the potential for diverse therapeutic
strategies and alternative/complementary approaches in SLE-CKD
management, thus broadening the scope for disease management.
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Pterostilbene (PTS), a naturally occurring analog of resveratrol (RSV), has garnered
significant attention due to its potential therapeutic effects in treating
inflammatory and oncological diseases. This comprehensive review elucidates
the pharmacological properties, mechanisms of action, and therapeutic potential
of PTS. Various studies indicate that PTS exhibits anti-inflammatory, antioxidant,
and antitumour properties, potentially making it a promising candidate for clinical
applications. Its influence on regulatory pathways like NF-kB and PI3K/Akt
underscores its diverse strategies in addressing diseases. Additionally, PTS
showcases a favorable pharmacokinetic profile with better oral bioavailability
compared to other stilbenoids, thus enhancing its therapeutic potential. Given
these findings, there is an increased interest in incorporating PTS into treatment
regimens for inflammatory and cancer-related conditions. However, more
extensive clinical trials are imperative to establish its safety and efficacy in
diverse patient populations.

KEYWORDS

pterostilbene, anti-inflammatory, antioxidant, antitumour, oral bioavailability

Introduction

Pterostilbene (PTS), identified as trans-3,5-dimethoxy-4-hydroxystilbene, is a natural
substance mainly discovered in blueberries and the wood of pterocarpus marsupium
(Rimando et al., 2004). Stilbenes, including resveratrol (RSV), PTS, and pinostilbene,
are plant compounds known for their potential health benefits, but the low bioavailability of
RSV can limit its effectiveness (Salehi et al., 2018). RSV exhibits environmental instability,
particularly its sensitivity to ultraviolet radiation, oxygen, alkaline pH, and elevated
temperatures, leading to diminished Dbioavailability and biological activity.
Consequently, numerous RSV derivatives, especially methylated compounds, are under
investigation for enhanced stability and efficacy (Liu et al,, 2011; Mamalis and Jagdeo,
2017). Compared to other stilbene compounds, pterostilbene boasts higher bioavailability,
potentially amplifying its nutritional advantages and leading to noteworthy clinical
outcomes (Kapetanovic et al, 2011). Stilbenoids are naturally occurring phenolic
chemicals found in various plant species, among which resveratrol is a well-known
derivative. RSV belongs to the group of phytoalexins, which are antimicrobial
substances produced by plants to combat infections (Akinwumi et al, 2018). In the
metabolism of stilbenoid compounds, RSV undergoes methylation to produce PTS.
This biotransformation adds methyl groups to the hydroxyl moieties of RSV. PTS, once
formed, can be further metabolized in vivo. The combined action of phase IT metabolic
enzymes and gut microbiota leads to the demethylation of PTS, creating pinostilbene with a
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Methylation

Pterostilbene is derived from natural plants and transforms within the organism. (A) Pterostilbene is sourced from various natural plants. (B)
Pterostilbene, along with resveratrol and pinostilbene, undergoes specific methylation processes within the physiological environment of the organism,

leading to potential metabolic changes.

singly methylated hydroxyl group. Pinostilbene, PTS, and RSV all
possess the foundational framework of a stilbene configuration (Cé6-
C2-C6), highlighting a commonality in their chemical frameworks.
These phytoalexins are antimicrobial substances synthesized by
plants when they come under attack by pathogens, thereby
playing a significant role in the plant’s defense mechanism
(Ahuja et al., 2012; Jeandet et al., 2013).

PTS is a prominent nonflavonoid polyphenolic compound
naturally found in various plants. Characterized by its
lipophilicity, PTS appears in cis and trans isomeric structures,
with the trans isomer being more dominant. Although first
discovered in the heartwood of sandalwood, later research has
discerned its occurrence in blueberries and grapes (Kosuru et al.,
2016) (Figure 1A). While both share structural similarities, adding
two methyl groups to PTS grants it unique pharmacological
properties distinct from RSV (Estrela et al., 2013). A notable
characteristic of PTS distinguishing it from other phytoalexins is
its broad spectrum of pharmacological traits, including anti-
inflammatory, antioxidant, and anticancer effects (Mccormack
and Mcfadden, 2013; Akinwumi et al., 2018). Moreover, scientific
studies have demonstrated that, compared to its parent compound,
RSV, PTS exhibits superior bioavailability and metabolic stability,
thus showing potential for further therapeutic applications (Yun
et al, 2014; Peng et al, 2018). Throughout time, PTS has
demonstrated advantages across multiple

areas, including

neuroprotection, antioxidation, and anti-inflammatory and
anticancer properties, positioning it as a promising subject for
continued studies in health prevention. (Hougee et al, 2005;
Chen et al., 2017; Abd-Elmawla et al., 2023).

Inflammation acts as a core reaction of the immune system to

harm or infections. This defensive response incorporates immune
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cells, blood vessels, and cellular agents to address the primary source
of cellular damage, remove harmed cells and tissues, and start the
process of cellular and tissue recovery (Antonelli and Kushner, 2017;
Roy et al, 2022). Research indicates that PTS exhibits anti-
inflammatory attributes via various pathways. Experiments with
animal subjects and cellular models have highlighted the
inflammation-reducing capabilities of PTS, pointing to its
prospective utility in addressing inflammation-related conditions
(Lim et al., 20205 Lin et al., 2020; Nagarajan et al., 2022). The use of
PTS in cancer treatment is just starting, but it represents a
potentially sensitizing therapy that could improve the outcome of
numerous oncology treatments (Obrador et al., 2021). PTS has
exhibited potential benefits in hindering and treating multiple
cancer forms, such as those of the breast, prostate, colon, lung,
liver, and skin (Dhar et al., 2016; Kumar et al., 2017; Ma et al., 2019).
Its action pathways include controlling cell cycle dynamics,
triggering programmed cell death, impeding the creation of new
blood vessels, and curbing the spread of cancer cells (Estrela et al.,
2013; Tzeng et al, 2021). This review aims to provide a
the knowledge

applications of PTS in inflammatory and oncological diseases.

comprehensive overview  of current and

Pharmacokinetics

PTS, a compound sourced naturally from the diet, has garnered
attention because of its expansive medicinal properties (Nagarajan
et al., 2022). Compared to RSV, PTS has a more stable metabolism
and enhanced pharmacological activity (Wang and Sang, 2018),
owing to the presence of two methoxy groups, which are absent in
RSV (Kapetanovic et al,, 2011) (Figure 1B). The systemic clearance

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1323377

Liu et al.

rate of PTS, reflected by its half-life, is consistent across different
administration methods, indicating a swift process of absorption,
distribution, metabolism, and excretion (Wang and Sang, 2018). The
pharmacokinetic comparison between PTS and RSV in rats, as
conducted by Kapetanovic, demonstrated that PTS’s peak plasma
level was significantly higher than that of RSV, also exhibiting a
notably increased oral bioavailability (Kapetanovic et al, 2011).
ADME, an acronym for absorption, distribution, metabolism,
and excretion, serves as a crucial framework in pharmacology to
assess how drugs interact within the body. This model is particularly
useful in understanding the behavior of compounds such as PTS.

Absorption of pterostilbene

After ingestion, PTS is rapidly absorbed, contributing to its
superior oral bioavailability of approximately 80%-95% (Lin et al.,
2020). This rapid absorption facilitates its availability for systemic
circulation. The compound’s low molecular weight and two
methoxy groups enhance its
through the
potential benefits to the central nervous system (Deng et al,
2015). The ability of PTS to cross the blood-brain barrier
efficiently not only broadens its therapeutic scope but also makes

lipophilic nature, aiding its

penetration blood-brain barrier and offering

it a promising candidate for treating a range of neurological
conditions, where effective drug delivery across this barrier is
often a significant challenge.

Distribution of pterostilbene

Following absorption, PTS exhibits a distinct distribution across
various tissues in C57BL/6 mice. Within 20 min of oral intake, PTS
primarily concentrates in the stomach, liver, and testes, indicating
significant absorption and metabolic activity. It also appears notably
in the kidneys, intestines, and lungs, suggesting potential effects on
excretion, digestion, and respiratory functions. Additionally, PTS is
present in the brain, spleen, skeletal muscles, and heart, highlighting
its systemic reach and possible impacts on neurological, immune,
muscular, and cardiovascular health. This pattern reveals PTS’s
diverse interactions across various organs in a descending
concentration order (Wang et al, 2022). The brain’s unique
PTS highlights its
neurotherapeutic applications. This compound is selectively

metabolic response to potential in

utilized by brain tissue, suggesting efficacy in treating
neurological conditions. Its ability to cross the blood-brain
barrier and engage in brain metabolism underscores its suitability
for targeting brain-related disorders. This selective uptake suggests
Pterostilbene’s promise in developing more focused and effective

neurological treatments (Azzolini et al., 2014).

Metabolism of pterostilbene

PTS undergoes significant first-pass metabolism in the liver,
which is vital for its systemic clearance. This metabolism primarily
phase II detoxification reactions,

involves predominantly

glucuronidation, and sulfation, transforming PTS into more
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water-soluble forms suitable for excretion (Kapetanovic et al.,
2011; Gomez-Zorita et al., 2021; Li et al,, 2023). Compared to
RSV, PTS has a much lower glucuronidation efficiency in the
liver, affecting its human metabolism (Dellinger et al.,, 2014). In
comparison to RSV, its structural counterpart, PTS exhibits a
considerably lower efficiency in glucuronidation within the liver.
This difference in glucuronidation efficiency plays a significant role
in the metabolic fate of PTS in human bodies, influencing its overall
metabolism and bioavailability. The lower glucuronidation rate of
PTS, as opposed to RSV, potentially allows for a longer systemic
presence and a prolonged therapeutic window. This characteristic of
PTS metabolism is pivotal in understanding its pharmacokinetics
and pharmacodynamics, providing insights into its potential
advantages over RSV in clinical applications.

Excretion of pterostilbene

The majority of Pterostilbene’s glucuronide-conjugated
metabolites are excreted within 12h post-administration,
indicating rapid renal and total serum clearance (Remsberg et al.,
2008). This swift elimination reduces the chances of PTS
accumulation, enhancing its suitability as a therapeutic agent.
The rapid clearance is particularly beneficial for treatments
requiring regular dosing, ensuring stable therapeutic levels
without the risk of toxicity from accumulation. This attribute
allows precise control over the drug’s pharmacokinetics, enabling
adjustments in dosage or frequency to suit individual patient needs
while maintaining safety and efficacy. The extent of Pterostilbene’s
binding to plasma proteins can significantly impact its free
concentration in the bloodstream and its subsequent distribution
to tissues, affecting both its efficacy and clearance rate. Overall,
Pterostilbene’s pharmacokinetic profile makes it a promising
candidate for safe and effective therapies, especially in cases

requiring frequent administration.

Antioxidant activity

Oxidative stress is a condition characterized by an imbalance
between the generation of reactive oxygen species (ROS) and the
body’s capacity to counteract or eliminate these detrimental
molecules (Schieber and Chandel, 2014). This imbalance can lead
to oxidative damage to cells and tissues, triggering various health
issues, including inflammation, aging, and chronic diseases. To
maintain physiological balance, the human body relies on
antioxidant systems to neutralize ROS, such as antioxidant
enzymes and antioxidants like vitamin C and vitamin E. Major
ROS include hydrogen peroxide (H,0,), superoxide anion (O,"),
and hydroxyl radicals (Baskaran et al., 2021). These highly reactive
molecules can be produced through endogenous metabolic
processes or as a result of exposure to environmental stressors.
Antioxidant therapy aims to counteract oxidative stress by either
neutralizing ROS or enhancing the body’s antioxidant defense
mechanisms (Rahman et al., 2020). PTS, a derivative of RSV,
exhibits
mechanisms. It acts as a ROS scavenger, neutralizing harmful

antioxidant activity through direct and indirect

free radicals and preventing cellular damage linked to chronic
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The antioxidative mechanism of pterostilbene in the physiological environment. Pterostilbene promotes the phosphorylation of AMPK and AKT,
facilitates the nuclear translocation of Nrf2, and mitigates ROS, thereby alleviating oxidative stress.

diseases. Additionally, PTS indirectly enhances the body’s
antioxidant defenses by upregulating enzymes, providing
comprehensive protection against oxidative stress. This dual

action of directly combating free radicals and boosting internal
defense mechanisms underscores PTS’s potential as an effective
compound in antioxidant therapies and chronic disease
management.

PTS can reduce oxidative stress and counteract ROS like H,O,
and O, (Mccormack and Mcfadden, 2013). PTS has been found to
proficiently diminish the production of ROS in human retinal
endothelial (HREC), particularly under

environments. PTS exerts its indirect antioxidant effects by

cells high-glucose
modulating cellular pathways and enhancing the expression of
crucial antioxidant enzymes. Zhou et al. showed that PTS
activates the phosphorylation of AMPK and AKT, prompting the
shift of Nrf2 from the cytoplasm into the nucleus. This action then
heightens the expression of Nrf2-regulated genes, NQO1 and HO-1,
underscoring pterostilbene’s robust antioxidant capabilities (Zhou
et al, 2019). Additionally, it aids in boosting the expression of
several peroxidase enzymes in diverse cellular systems, especially
total glutathione, glutathione peroxidase, glutathione reductase, and
and Mcfadden, 2013).
Furthermore, as an antioxidant, PTS can neutralize harmful free

superoxide dismutase (Mccormack
radicals in the body, thereby preventing cellular damage that can
lead to chronic inflammation and potential cancer (Jayakumar et al.,
2021). Following the administration of PTS at a dosage of 40 mg/kg
over 6 weeks, it exhibited a pronounced capability to neutralize free
radicals within the system of diabetic rats, resulting in a marked
decrease in oxidative stress (Amarnath Satheesh and Pari, 2006). In
an in vitro investigation utilizing the H,O,-induced intestinal
porcine enterocyte cell line (IPEC-J2), it was found that both
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RSV and PTS significantly ameliorated oxidative stress-induced
intestinal damage. This therapeutic effect was achieved by
regulating mitochondrial redox balance and functionality through
the SIRT1 signaling pathway. Notably, PTS exhibited a markedly
enhanced efficacy in affording this protective action in comparison
to RSV (Chen et al.,, 2021). The antioxidant mechanism of PTS is

shown in Figure 2.

Anti-inflammatory effects of
pterostilbene

Inflammation is a complex and highly orchestrated biological
response that serves as a fundamental component of the body’s
defense mechanism. When the body encounters harmful stimuli,
including pathogens, injured cells, or irritants, a sophisticated
cascade of events is triggered to protect and restore tissue
integrity (Arulselvan et al., 2016). At its core, inflammation is a
protective response aimed at eliminating the source of injury or
infection and initiating the healing process. This multifaceted
process involves the activation of immune cells, the release of
signaling molecules, and the recruitment of various cellular
components to the site of inflammation (Henao-Mejia et al,
2012). It is an essential part of the immune response that
facilitates the healing process and repairs injured tissues. While
these processes are vital for healing and defense against further
damage, prolonged or widespread inflammation can be a driving
force behind the emergence and advancement of many diseases
(Libby et al., 2018; Sochocka et al, 2019). PTS has garnered
significant attention in multiple preclinical researches for its
potent anti-inflammatory properties. By targeting various stages
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Pterostilbene attenuates inflammatory and fibrotic processes. (A) Pterostilbene mitigates inflammation by inhibiting the NF-kB pathway, thereby
alleviating conditions such as diabetes, myocardial ischemia, and Parkinson's disease. (B) Pterostilbene alleviates systemic fibrosis (heart, liver, lungs, and
kidneys) by inhibiting the TGF/Smad pathway and several other mechanisms.

of the inflammatory cascade, PTS effectively reduces the immediate
symptoms and concurrently plays a role in averting the long-term
complications typically linked with chronic inflammation. These
studies suggest that the principal mechanism behind PTS’s
effectiveness lies in its ability to modulate various signaling
pathways intricately associated with inflammation (Kosuru et al.,
2016; Wu et al., 2019).

PTS mitigates inflammation by decreasing inflammatory
indicators, notably tumor necrosis factor-alpha (TNF-a), and
obstructing NF-«B
inflammation (Lin et al, 2016; Liu et al, 2019). By suppressing

activation, a primary orchestrator of
the production of TNF-a, PTS can effectively reduce the extent of
the inflammatory response (Yi et al, 2022). By inhibiting the
activation of NF-kB, PTS prevents this sequence of events and
reduces the inflammatory response (Zhang et al., 2023). In vitro
studies have indicated that PTS inhibits the activation of NF-«B,
leading to the downregulation of proinflammatory cytokines,
including TNF-q, interleukin-1beta (IL-1B), and interleukin-6
(IL-6) (Zeng et al., 2020). Utilizing its antioxidative mechanisms,
PTS curbs the emergence of inflammatory markers like TNF-a, IL-
1B, IL-6, MMP-2, and MMP-9 in corneal epithelial cells under
hyperosmotic stress, thus shielding them from inflammation (Li
et al, 2016). Overproduction of these cytokines, essential for
immune reactions to pathogens and damage, often instigates
excessive inflammatory responses.

In animal models of inflammation, PTS has been shown to
reduce edema, inflammatory cell infiltration, and cytokine
production (Park et al, 2010). Edema, or swelling caused by
excess fluid trapped in body tissues, is a common symptom of
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inflammation (Liu et al., 2019). The anti-edematous characteristics
of PTS can assist in reducing swelling and, as a result, lessen the
physical discomfort brought on by inflammation (Yan et al., 2021).
Another pivotal aspect of inflammation is the infiltration of
inflammatory cells into the affected area, leading to tissue
damage and furthering the inflammatory response (Mack, 2018).
Evidence from animal studies suggests that PTS can attenuate this
cell infiltration, thus helping to limit tissue damage and the
propagation of the inflammatory response (Liu et al., 2016). The
potential anti-inflammatory mechanism of PTS is depicted
in Figure 3A.

Pterostilbene surpasses resveratrol in
alleviating inflammation

Compared to RSV, PTS exhibits stronger anti-inflammatory
activities. Rats were divided into five groups to investigate the impact
of PTS (15 or 30 mg/kg/d) and RSV (30 mg/kg/d) on the progression
of non-alcoholic fatty liver disease (NAFLD). One group was fed a
standard diet, while the other four were given a high-fat, high-
fructose diet supplemented with either PTS or RSV for 8 weeks. The
study focused on the effects of these compounds on oxidative stress,
inflammation, fibrosis, and pre-carcinogenic stages. The results
demonstrated that PTS, particularly at a dose of 30 mg/kg/d,
effectively alleviated liver oxidative stress and inflammation
caused by the high-fat, high-fructose diet (Goémez-Zorita et al,
2020). Following lipopolysaccharide (LPS) injection, weaned
piglets exhibited activated inflammatory responses and severe
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oxidative stress, as well as enhanced nuclear translocation of NF-kB
and increased protein expression of NLRP3 and cleaved caspase.
PTS is more effective than RSV in reducing liver damage by
targeting the NF-kB/NLRP3 signaling pathway and mitigating
inflammation and oxidative stress (Li et al., 2022).

/ effect of
iabetes

Anti-inflammator
pterostilbene in

Inflammation is a crucial factor in the progression of numerous
diseases, particularly diabetes, where it serves not only as a hallmark
of the disease but also as a driving force for its development and
complications (Rohm et al., 2022). In diabetes, sustained high blood
glucose levels can induce oxidative stress and inflammatory
responses, thereby exacerbating insulin resistance and impacting
pancreatic function, further deteriorating the condition (Hurrle and
Hsu, 2017). Research has validated the role of PTS in managing
diabetic inflammation. Obesity is closely related to diabetes; dmez-
Morita found that PTS, at a dosage of 15 mg/kg, was more effective
than RSV in reducing weight in rats fed a high-fat diet (Gomez-
Zorita et al., 2014). The enhanced performance of PTS is linked to its
increased liposolubility, stemming from the substitution of a
hydroxyl group with a methoxy group, which boosts its
absorption. PTS modulates blood sugar levels, improves insulin
response and lipid profiles, and reduces inflammation and oxidative
damage in rats with diet-driven obesity and STZ-triggered diabetes
by utilizing the PI3K/Akt signaling route (Sun et al, 2019). In
addition to effectively controlling high blood sugar, PTS offers
potential protective benefits against the complications often
associated with diabetes. These complications can range from
cardiovascular disease, due to the persistent strain on the heart
and blood vessels, to kidney disease, resulting from the body’s
struggle to filter blood without sufficient insulin (Millin et al,
2019; Dodda et al., 2020).

Anti-inflammatory effect of
pterostilbene in nervous system
disorders

In neurodegenerative diseases, inflammation is a critical factor in
disease progression and symptom severity. Neuroinflammation,
characterized by the activation of microglial cells and the release of
inflammatory cytokines, contributes significantly to neuronal damage
and death (Muzio et al., 2021). This inflammatory process is a common
pathological feature in conditions such as Alzheimer’s and Parkinson’s
disease (King et al, 2019). PTS exhibits neuroprotective effects, as
evidenced by its capacity to improve neurological function, lower
neurological scoring, and enhance neuronal survival in vivo. It has
also been shown to boost the number of mature neurons, augment cell
vitality, and limit neuronal apoptosis. Pterostilbene’s protective
function further extends to the reduction of infarct volume in the
brain, the alleviation of cerebral edema, a decrease in the number of
activated microglial cells, and the suppression of eNOS and IL-1f
expression (Liu et al,, 2020). Through attenuating the levels of oxidative
stress markers such as 4-hydroxynonenal and 8-hydroxyguanosine,
reducing lactate dehydrogenase leakage, reversing elevated MDA
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concentrations in the ischemic brain hemisphere, and restoring
depleted SOD activity, PTS effectively neutralizes oxidative stress,
highlighting its influential role as an antioxidant agent (Zhou et al,
2015). PTS has demonstrated neuroprotective effects in preclinical
models of Alzheimer’s disease and Parkinson’s disease, potentially due
to its anti-inflammatory, antioxidant, and anti-apoptotic properties
(Millan et al, 2019; Liu et al, 2020). PTS effectively suppresses
neuroinflammation, one of the key pathological features of
neurodegenerative diseases, by inhibiting the activation of microglial
cells (Zhou et al,, 2015). Elevated cholesterol and triglyceride levels
heighten the risk of heart-related ailments, such as heart attacks and
strokes. Pterostilbene’s potential to enhance lipid markers might serve
as a preventive measure against these conditions. Specifically, it’s
believed to reduce LDL cholesterol, commonly deemed as harmful,
while boosting the levels of the beneficial HDL cholesterol (Brenner
and Boileau, 2019).

Antifibrotic effect of pterostilbene

Fibrosis involves an overaccumulation of fibrous connective
tissue, stemming mainly from abnormal extracellular matrix
buildup. This leads to the creation of scar tissue, potentially
causing organ malfunctions and affecting various organs
throughout the body (Wynn, 2007). Lee et al. explored the
potential of PTS
overgrowth effects from dimethylnitrosamine (DMN) in liver

in counteracting inflammation and cell
fibrosis using male SD rats. Rats were categorized into a control
DMN model and two groups receiving different PTS doses.
Following a month of DMN injections and PTS treatment, the
DMN model group displayed elevated liver enzyme levels and
noticeable liver tissue harm. On the other hand, rats treated with
20 mg/kg of PTS showed a decline in these liver enzyme levels and
lessened liver damage. This suggests that PTS could potentially
enhance liver health, mitigate DMN-triggered liver harm, and
decelerate liver fibrosis by targeting hepatic stellate cells (Lee
et al., 2013). Gu et al. discovered that PTS and pirfenidone could
significantly inhibit the TGF-p1/TbR/Smads signaling pathway in
the rat renal cortex. This intervention suppressed fructose-induced
epithelial-mesenchymal transition (EMT) in rat proximal tubular
epithelial cells, contributing to a reduction in renal tubulointerstitial
fibrosis. Moreover, PTS was shown to elevate the expression of pIR,
pIRS-1, and pAkt within the rat renal cortex (Gu et al., 2019).
TGEF-B1 triggers EMT and ECM buildup, reducing autophagy
and cell apoptosis in A549 and AECs cells. Remarkably, PTS at
30 umol/L lessened the impact of TGF-B1 on pulmonary fibrosis.
PTS effectively counteracts EMT and ECM buildup and bolsters cell
apoptosis and autophagy in comparison to TGF-p1. Transcriptome
sequencing demonstrates a marked decline in ASIC2 protein levels
due to PTS. Enhancing ASIC2 expression through plasmid
introduction reverses pterostilbene’s effects, accelerating EMT
and ECM buildup while suppressing cell apoptosis and
autophagy. It is inferred that pterostilbene’s role in alleviating
pulmonary fibrosis is linked to ASIC2 downregulation (Peng
et al, 2021). KANG et al. explored the effects of PTS on
fructose-induced myocardial fibrosis in rats and discovered that
it reduced serum markers of cardiac damage, including CK-MB,
cTn-T, and M.B. The study implies that PTS may alleviate fructose-
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induced myocardial injury by inhibiting the TGF-p1/Smad signaling
pathway, thereby potentially protecting the heart (Kang et al., 2019).
The potential antifibrotic mechanism of PTS is illustrated
in Figure 3B.

Pterostilbene in tumor therapy

Cancer is a complex disease caused by genetic and
environmental factors, commonly including genetic mutations,
chronic inflammation, lifestyle aspects like smoking and diet, and
environmental exposures such as radiation and chemicals (Jin
et al., 2019). At its core, the disease often involves genetic
mutations, which can be either inherited or acquired over a
person’s lifetime. These mutations disrupt the normal cell cycle,
leading to uncontrolled cell growth and tumor formation
(Nussinov et al., 2022). Chronic inflammation is another key
factor, serving as both a cause and a consequence of cancerous
growth, creating a vicious cycle that exacerbates the disease.
Lifestyle choices play a crucial role as well; habits such as
smoking and unhealthy dietary patterns have been strongly
linked to increased cancer risk. These lifestyle factors can act as
catalysts, accelerating the onset and progression of the disease.
Moreover, environmental exposures, notably to radiation and
harmful chemicals, can directly damage DNA or create
conditions conducive to cancer development. These elements
collectively contribute to the complexity of cancer, making it a
challenging disease to understand and treat (Jardim et al., 2023).
Current treatment modalities primarily consist of surgery,
radiotherapy, chemotherapy, and immunotherapy, each with
limitations like side effects and drug resistance (Miller et al,
2019). In oncology, traditional chemotherapy agents, while
effective, often come with a hefty price tag and a host of
adverse effects. PTS emerges as a beacon, both economically
effects. PTS
demonstrates superior bioactivity when compared to RSV.

viable and associated with reduced side
Highlighting its potency, PTS, with an impressive IC50 value of
22.4 umol/L, has shown a remarkably more robust inhibitory
impact on the HT-29 colon cancer cell line than RSV, which
displays an IC50 value of 43.8 umol/L (Paul et al.,, 2009). Such
merits have not gone unnoticed, attracting a burgeoning
community of researchers eager to unlock its potential further.
Empirical studies have highlighted pterostilbene’s impressive
anticancer properties prowess, with efficacy demonstrated
across a spectrum of malignant neoplasms (Ma et al., 2019).
There is growing interest in the prospect of utilizing PTS as a
stand-alone therapeutic agent or synergistically alongside existing
FDA-approved anti-cancer treatments. Such novel therapeutic
strategies underscore a promising horizon for its clinical
integration. Delving into its mode of action, it becomes evident
that pterostilbene’s antitumor mechanisms are intricate and
operate on multiple cellular and molecular fronts. PTS inhibits
cancer cell migration and invasion, critical steps in cancer
metastasis. PTS may regulate specific enzymes associated with
aging and lifespan, which could impact its anticancer properties (Li
et al,, 2018). This effect has been noted in studies involving breast,
lung, and colorectal cancer cells. The tumor-fighting capabilities of
PTS can mainly be traced back to several key factors.
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DNA methylation and histone
modification

Cancer develops from a complex mix of genetic and
DNA
methylation, histone modifications, and the expression of
microRNAs (miRNAs) (Saleh et al, 2020). DNA methylation, a
key epigenetic mechanism, involves the addition of a methyl group
to the DNA molecule, typically at cytosine bases in CpG

environmental influences, involving aberrations in

dinucleotides, which can lead to the silencing of tumor
suppressor genes (Haghani et al., 2023). Histone modifications,
including acetylation and methylation, change the structure of
chromatin, influencing gene expression. PTS and RSV, other
dietary phytochemicals with chemopreventive properties, can
achieve anticancer effects by altering DNA methylation,
modifications, or regulating miRNA
expression (Lee et al,, 2018). Stilbenoid compounds like PTS and

modulating  histone

RSV can modify the DNA methylation patterns in breast cancer cells
through epigenetic mechanisms. This alteration reduces the activity
of cancer-boosting NOTCH signaling, limiting the growth and
spread of breast cancer cells (Lubecka et al., 2016). When used
together, RSV and PTS gradually restore the expression of estrogen
receptor-alpha (ERa) in ERa-negative breast cancer cells. This
restoration arises from the adjustment of DNA methylation and
histone acetylation in these cells, profoundly influencing the
functions of DNMT, HDAC, and HAT(Kala and Tollefsbol,
2016). In ovarian carcinoma, PTS potently modulates the
phosphorylation of STAT3, subsequently impeding cell cycle
advancement and initiating apoptosis, thereby manifesting its
pronounced antineoplastic effects (Wen et al., 2018).

SUﬁpression of cell growth and
enhancement of cell apoptosis

PTS impacts several mechanisms linked to cancer advancement.
Both in vitro and in vivo examinations have shown that PTS can
restrain tumor cell expansion and trigger apoptosis by influencing
different signaling routes, including the PI3K/Akt, MAPK, and NF-
kB pathways (Mak et al., 2013; Hsiao et al., 2014; Tong et al., 2021).
Perecko et al. found that PTS induced apoptosis in leukemia cells
through the MAPK pathway (Hsiao et al., 2014). Increased activity
of cyclooxygenase-2 (COX-2) has been noted in lung cancer, and
PTE has been identified to regulate the growth and apoptosis of
NSCLC cells by focusing on COX-2 (Wang et al, 2023). In
conjunction with the HDAC inhibitor vorinostat, PTS
proficiently modulates the MTA1/HIF-1a pathway, curbing both
cellular proliferation and angiogenesis. This combined action
notably hinders the advancement of prostate tumors in murine
models, all while showcasing a more favorable toxicity profile.
PTS MTAL1
hepatocellular carcinoma cells and concurrently reduces the
enzymatic activities of HDAC1 and HDAC2. Such interference
destabilizes the intricate MTA1/HDAC molecular assembly,
culminating in the heightened acetylation of phosphatase and

Distinctively, attenuates expression  within

tensin homolog (PTEN) and the tumor suppressor P53. As a
result, a cascade of cellular responses ensues, characterized by
inhibited cellular proliferation, amplified apoptotic initiation, cell

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1323377

Liu et al.

cycle stagnation, and a marked reduction in cellular migratory and
invasive capabilities (Butt et al., 2017; Qian et al.,, 2017; Qian et al.,
2018a). Several studies have shed light on these mechanisms. PTS
inhibited the proliferation of prostate cancer cells by modulating the
PTEN/Akt pathway (Dhar et al., 2015; Qian et al., 2018b). PTS acts
through a unique biochemical process, enhancing the acetylation
and reactivation of the tumor suppressor gene PTEN. This effect is
achieved by suppressing the MTA1/HDAC complex, which usually
deacetylates proteins, thus altering their function. By inhibiting this
complex, PTS ensures PTEN remains active, playing a key role in
regulating the Akt pathway. The Akt pathway is involved in cell
growth and survival, and its overactivity can lead to cancer.
Therefore, Pterostilbene’s ability to reactivate PTEN and regulate
the Akt pathway highlights its potential as a therapeutic agent in
cancer treatment. This mechanism offers a new perspective on
targeting cellular pathways for disease therapy, particularly in
cancer, where cell growth and survival pathways are often
dysregulated.

Pterostilbene modulates miRNA
In tumors

Cancer development is deeply influenced by microRNAs
(miRNAs), which are crucial in regulating gene expression post-
transcription. They can function as oncogenes, promoting cancer by
downregulating tumor suppressors, or as tumor Ssuppressors
themselves, inhibiting cancer by targeting oncogenes. This duality
in cancer biology makes miRNAs significant for both understanding
cancer mechanisms and developing targeted therapies. Their
regulation of key cellular processes like cell growth and apoptosis
underscores their potential as biomarkers for cancer diagnosis and
targets for innovative treatments (Peng and Croce, 2016). PTS
exhibits a dose-dependent inhibitory effect on the vitality of
endometrial cancer cells, notably inducing apoptosis in vitro
through the downregulation of miR-663b (Wang et al., 2017).
Regarding prostate cancer, the anticancer effects of PTS are
manifested through the reduction of miR-17 family members, a
phenomenon observed in both experimental and biological settings
(Kumar et al., 2017). PTS enhances PTEN expression in liver cancer
cells by directly inhibiting miR-19a, which leads to reduced cell
growth, cell cycle halt at the S phase, increased apoptosis, and
2018b). the
importance of miRNAs in cancer diagnosis and outcome

decreased cell invasion (Qian et al, Given
prediction, influencing these molecules might be a pivotal feature

of pterostilbene’s cancer-fighting capabilities.

Pterostilbene modulates endoplasmic
reticulum stress in tumor

Endoplasmic reticulum stress (ERS) and the subsequent
unfolded protein response (UPR) are crucial in the evolution and
advancement of cancer. They act as a protective mechanism against
physiological stress and can initiate apoptosis if the stress continues
(Wang et al., 2012). Consequently, modulation of E.R. stress and
manipulation of the UPR present promising methods for novel
therapies. PTS the ROS-mitochondria-

anticancer induces
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dependent apoptosis mechanism mediated by ERS, contributing
to its anti-cancer activity in human esophageal cancer cells and
inhibiting cell proliferation, invasion, and adhesion (Feng et al,
2016). PTS administration can activate ERS and elevate levels of
ERS-associated molecules like p-PERK, ATF4, and CHOP. This
action facilitates the transfer of Ca** from the endoplasmic
reticulum to the cytoplasm, boosts reactive oxygen species (ROS)
signaling, fosters cell apoptosis, and curtails the movement and
adhesion of non-small cell lung cancer cells (Ma et al., 2017). Recent
studies indicate that PTS enhances the vulnerability of triple-
negative breast cancer cells to TRAIL-driven apoptosis by
triggering the ROS/ERS signaling route and amplifying DR4 and
DR5 expression (Hung et al., 2017). The ability of PTS to modulate
ERS could have profound implications for cancer therapy,
representing a promising avenue for future research.

Pterostilbene promotes the autophagy
In tumors

Autophagy is a cellular self-digestion process in which a cell
recycles portions of its components to maintain homeostasis and
adapt to metabolic stress. In terms of cancer, autophagy can play a
dual role by promoting cancer cell survival under pressure and
preventing tumor progression by maintaining cellular integrity and
reducing inflammation and genome instability (Amaravadi et al.,
2019). Following exposure to PTS, cell contraction, membrane
disruption, and autophagic vesicle genesis are conspicuous in
cisplatin-resistant ~ oral  cancer cells. Concurrently, an
augmentation in the expression of proteins integral to autophagy
is observed, thus alluding to the potent autophagy-inducing efficacy
of PTS. Importantly, PTS exerts inhibitory control over cell vitality
and fusion, a characteristic that is both time and concentration-
dependent (Chang et al., 2018). PTS demonstrates its antitumor
efficacy through the induction of autophagy, and intriguingly, it
does not exert apparent toxic effects on the heart, liver, and kidneys
of tumor model mice. This safety profile underscores its potential as
a promising antitumor agent (Mei et al., 2018). PTS exhibits its
anticancer effects by inducing autophagy, presenting high
therapeutic efficacy with minimal side effects. Its effectiveness
and safety profile suggest a promising potential for development
into an effective anticancer drug and its application in

clinical settings.

Pterostilbene inhibits epithelial- _
mesenchymal transition and apoptosis
In tumors

EMT is a pivotal mechanism facilitating cell migration and
invasion, enabling the spread of tumor cells from their origin.
PTS interacts with this mechanism, potentially thwarting or
dampening EMT (Song et al, 2019). In triple-negative breast
cancer cells, PTS hinders their migratory and invasive traits,
characterized by a rise in the EMT marker E-cadherin and a
decline in Snail, Slug, Vimentin, and ZEB1 (Su et al, 2015).
Furthermore, PTS triggers apoptosis in vascular endothelial cells,
a crucial strategy to combat cancer spread. Its action is linked to
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Pterostilbene inhibits tumor cell proliferation and promotes both cell apoptosis and autophagy. Pterostilbene effectively enhances endoplasmic
reticulum Ca?* efflux, leading to stimulation of the endoplasmic reticulum stress response and subsequent activation of the PI3K-AKT pathway, which
effectively inhibits cell apoptosis. Moreover, it exerts suppressive effects on cell proliferation by inhibiting the NF-xB pathway and modulating the
expression of specific microRNAs, including miR-17, miR-19a, and miR-663b. Additionally, pterostilbene promotes tumor cell autophagy by

activating the Atgs/Beclin-1/lc3 pathways.

fostering autophagy via a intracellular calcium
concentration, leading to the activation of AMPKal (Zhang
et al, 2013). A research piece from 2018 by Chen and others

highlighted pterostilbene’s capacity to curtail lung cancer cell

surge in

metastasis by stimulating autophagy (Chen et al., 2012). In their
study, varying PTS dosages reduced tumor size and burden in mice
by notable percentages. Pterostilbene’s interaction with the EMT
process offers promising avenues in cancer therapies. Specifically, it
downregulates NFxB, Twistl, and Vimentin and amplifies
E-cadherin expression, markedly reducing tumorigenesis and
metastasis in MDA-MB-231
M2 TAMs (Mak et al., 2013).

cells when co-cultured with

Pterostilbene exerts a regulatory role in
tumor stem cells

Cancer stem cells (CSCs) form a unique subset within the
broader population of cancer cells, characterized primarily by
their remarkable ability to self-renew and differentiate into
various cell types. These cells are pivotal in the hierarchy of
tumor cells due to their distinct characteristics. CSCs are known
to be the primary contributors to the resilience of tumors, playing a
significant role in drug resistance, recurrence, and metastasis of
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cancers. Their ability to evade traditional treatments and regenerate
the tumor population makes them critical targets in cancer therapy
(Zhao et al., 2018). PTS exhibits dose-dependent inhibition of self-
renewal capacities and the gene expression of cancer stem cells in
lung cancer cells cocultured with M2-TAMs (M2 phenotype tumor-
associated macrophages). This effect appears to be mediated
through the downregulation of the cancer-promoting gene,
MUCI, which suppresses polarization towards M2 and reduces
the accumulation of cancer stem cells (Huang et al, 2016).
Through an array of signaling pathways, RSV and PTS can target
CSCs in various malignancies, including but not limited to breast
cancer, colorectal cancer, leukemia, glioblastoma, and lung cancer
(Zhang et al., 2018).

Pterostilbene improves tumor drug
resistance

The intricate nature of cancer often gives rise to the emergence
of drug resistance, greatly impeding the effectiveness of numerous
chemotherapy agents. This resistance can be attributed to diverse
mechanisms, such as modifications in drug targets, heightened drug
efflux, enhanced DNA repair, and evasion of drug-induced
apoptosis (Cree and Charlton, 2017). PTS also reverses multidrug
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resistance in cancer cells, suggesting its potential role in overcoming
chemotherapy resistance (Wang et al., 2023). PTS amplifies cisplatin
resistance by elevating LC3-II and Atgl2 mRNA levels and boosting
Atgs/Beclin-1/lc3-associated signals. This increased autophagy
activity hinders the anti-cancer efficacy against human oral
cancer CAR cells (Chang et al., 2018). The combined use of PTS
and autophagy inhibitors has been shown to improve the
both
chemotherapy-sensitive and chemotherapy-resistant cancer cells.

therapeutic efficacy of chemotherapy drugs against
This beneficial effect likely stems from pterostilbene’s capability
to trigger autophagy, a cellular recycling process that cancer cells
often exploit for survival, especially under stress conditions such as
chemotherapy (Hsieh et al., 2014). The possible mechanisms of

antitumor pterostilbene are shown in Figure 4.

Comparative efficacy of resveratrol and
pterostilbene in tumor treatment

RSV and PTS, both exhibiting low IC50 values, have been
found to downregulate the viral oncogene E6 and tumor protein
VEGEF levels. In mice treated with pterostilbene, a reduction in
tumor size was observed, which was associated with apoptosis.
This apoptotic process was indicated by the upregulation of
activated caspase-3. On the other hand, resveratrol treatment in
mice resulted in cell cycle arrest as evidenced by the
downregulation of PCNA. These findings suggest that both
resveratrol and pterostilbene have the potential to act as
antineoplastic agents in treating HPV E6-positive tumors. They
may suppress tumor growth through two distinct mechanisms:
pterostilbene inducing apoptosis and resveratrol causing cell cycle
arrest (Chatterjee et al., 2019). PTS demonstrated superior efficacy
over RSV in suppressing HeLa cell growth, colony survival, and
metastasis, and notably inhibiting tumorphere formation and
migration in cancer stem-like cells. Its superior inhibitory effect
is attributed to enhanced activation through multiple mechanisms,
including cell cycle arrest at S and G2/M phases, induction of ROS-
mediated caspase-dependent apoptosis, and inhibition of matrix
metalloproteinase (MMP)-2/-9 expression (Shin et al., 2020).

Specific functions of pterostilbene and
resveratrol

Obstructive sleep apnea (OSA) is typified by frequent episodes
where the upper air passage experiences complete or partial
blockage, lasting at least 10 seconds during sleep (Stowhas et al.,
2019). This disorder is widespread among sleep-related health
issues. These occurrences trigger a cycle of chronic intermittent
hypoxia (CIH), a rise in oxidative stress, and an increase in the levels
of cytokines that promote inflammation (Kheirandish-Gozal and
Gozal, 2019). The study explored the impact of RSV on lung damage
due to CIH, a condition commonly associated with OSA. Following
12 weeks of CIH exposure, rats displayed heightened levels of
inflammatory cytokines and increased apoptosis in lung tissues.
Treatment with RSV led to reduced inflammation and cell death, as
well as enhanced levels of Nrf2 and HO-1 proteins, suggesting that
RSV could alleviate lung inflammation and apoptosis related to CIH
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by triggering the Nrf2/ARE pathway (Lian et al., 2020). Sun et al.
demonstrated that resveratrol effectively mitigates myocardial
damage associated with CIH by reducing oxidative and
endoplasmic  reticulum  stress  and
NLRP3 inflammasome (Sun et al., 2020).

This study explored the role of PTS, structurally similar to and

suppressing  the

more active than RSV. In exploring the effects of PTS on brain
oxidative stress induced by CIH, a key factor in sleep disorders, the
study revealed significant neurological improvements in a CIH
mouse model. PTS was found to boost neuronal health, enhance
antioxidant levels, and diminish both apoptosis and inflammation
within the brain (Liu et al., 2023). Furthermore, it effectively
modulated immune responses, increasing anti-inflammatory cells
and cytokines, while reducing pro-inflammatory agents. The study
highlights Pte’s role in alleviating oxidative stress and correcting
immune imbalances in neural cells, achieved through the activation
of the p-ERK signaling pathway. Pterostilbene’s effectiveness in
tackling the intricate combination of oxidative stress and
immune imbalances in OSA showcases its potential as a highly
targeted and efficient therapeutic approach. This promising natural
compound’s ability to address multiple facets of OSA—from
reducing oxidative damage in brain cells to balancing immune
responses—signifies a substantial leap forward in developing
effective treatments for this widely prevalent sleep disorder. Such
multifaceted therapeutic action positions PTS as a noteworthy
candidate in the future landscape of OSA management,
potentially revolutionizing treatment protocols with its unique
and powerful properties.

Safety and tolerability

The safety of PTS has been extensively studied in preclinical
trials. Remarkably, even at a high dose of 3,000 mg/(kg-d), no
observable toxic side effects were detected in animal subjects
(Ruiz et al., 2009). Furthermore, the current human trials
conducted to evaluate the safety of PTS have also yielded positive
results. These trials suggest that when administered at therapeutic
doses, PTS is safe for human consumption. This is particularly
important as it indicates that PTS could be administered to patients
without causing severe side effects that could potentially outweigh its
benefits (Yang et al., 2017; Sun et al,, 2023). However, long-term
safety data are lacking, and some studies have raised concerns about
potential liver toxicity at high doses (Lacerda et al., 2018). Therefore,
further research is needed to determine the optimal dosing and
duration of PTS treatment.

Conclusion

Growing evidence points to pterostilbene’s strong anti-

inflammatory and anti-cancer capabilities, highlighting its
potential as a treatment for inflammatory and cancer-related
conditions. Its antioxidant and neuroprotective attributes further
amplify its therapeutic promise. While preliminary clinical studies
are encouraging, comprehensive and rigorous trials are imperative
to thoroughly assess its therapeutic benefits and safety. As studies

progress, delineating the mechanisms of pterostilbene’s actions and
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determining the best dosage and delivery techniques for various
medical uses will be essential.
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Inhaling Allethrin (C19H2603) may induce oxidative stress in lung cells by causing
the formation of free radi-cals. Interleukins (IL) are a group of secreted cytokines
or proteins and signaling molecules initially produced as an immune response by
leukocytes. Rhodomyrtus tomentosa (Aiton) Hassk. (haramonting) contains
antioxidants that may prevent lung damage induced by allethrin-containing
electric mosquito repellents. In this study, six groups of rats were exposed to
allethrin via an electric mosquito repellent, including positive, negative, and
comparison control groups and three groups were administered Rhodomyrtus
tomentosa (Aiton) Hassk at 100 mg/kg BW, 200 mg/kg BW, and 300 mg/kg BW.
After 30 days, the pulmonary tissue and the blood were taken for immunohisto-
chemical and ELISA analysis. The accumulation of inflammatory cells causes the
thickening of the alveolar wall structures. Injuries were more prevalent in the A+
group than in the other groups. The connection between the alveoli and blood
capillaries, which can interfere with alveolar gas exchange, is not regulated, and
the lu-minal morphology is aberrant, causing damage to the alveolar epithelial
cells. Exposure to electric mosquito coils containing allethrin can increase the
expression of interleukin-1, interleukin-8, interleukin-9, and interleu-kin-18 in
blood serum and tissues while decreasing the expression of interleukin-6 and
interleukin-10. Like the Vitamin C group, Rhodomyrtus tomentosa can increase
alveolar histological alterations by decreasing the ex-pression of IL-1, IL-8, IL-9,
and IL-18 while increasing IL-6 and IL-10. So that this plant can be developed in
the future as a drug to prevent lung harm from exposure.

KEYWORDS

IL-1p, IL-6, IL-8, IL-9, IL-10, IL-18
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1 Introduction

Technological advancements are advancing rapidly with the
evolution of mosquito-repellent products. One of them is an
electric form that does not produce smoke, such as mosquito
coils, which has piqued the interest of many people, or people
believe electric mosquito repellents are safer and more effective
(Enayati et al, 2007). In Indonesia, mosquitoes are viewed as a
vector for various diseases; consequently, many Indonesians use
mosquito repellents, including electric mosquito repellent, to
prevent mosquito bites (Ipa et al.,, 2020). First, however, we must
be aware that Allethrin (C19H2603) is a compound derived from
pyrethroids that are used in electric mosquito repellents to eradicate
mosquitoes and other insects that risk human health (Gargouri et al.,
2018). The accumulation of allethrin in the body can form free
radicals that induce oxidative stress in cells, a precursor to cancer
(Arif et al., 2021). Through the production of free radicals, allethrin
induces toxicity via oxidative stress. Hydrogen peroxide is a type of
dangerous free radical (Gargouri et al., 2018). The toxic metabolism
of the organism produces hydrogen peroxide. Hydrogen peroxide
can generate harmful hydroxyl radicals through the Fenton and
Haber-Weiss reactions (Phaniendra et al., 2015). Due to exposure to
various free radicals, living organisms develop various defense
mechanisms, including catalase, an enzymatic antioxidant defense
(Phaniendra et al., 2015). If the insect repellent is inhaled or ingested
for an extended period, serious side effects may occur (Naz et al.,
2019). When used routinely, the active ingredients in electric
mosquito repellents can gradually affect and cause abnormalities
in the lungs and other organs of the human body (Naz et al., 2019).

The lungs are susceptible to interference as an organ of the body
interacting with the outside world. As a consequence of exposure to
hazardous particles, the structure of the lungs is disturbed and
damaged (Neves et al., 2019). After exposure to mosquito repellents,
alterations in the weight and color of the lungs of rats provide
evidence of this disturbance (Hazarika et al., 2022). According to
research, long-term use of mosquito repellents containing allethrin
may increase the potential of developing ARI (Hazarika et al., 2022).
Aside from a high temperature, dizziness, and shortness of breath,
this illness can cause a cough, a runny nose, nasal congestion, a sore
throat, lethargy, and vertigo (Neves et al, 2019). In addition,
molecular studies show that allethrin activates the PI3K/AKT/
mTOR messaging pathway, leading to oxidative damage,
apoptosis, and autophagy (Jalouli et al., 2022).

Leukocytes produce a cytokine class called interleukins (IL)
2019). growth,
differentiation, and activation across immune and inflammatory

(Kany et al, Interleukins regulate cell
responses (Kany et al., 2019). Interleukins are a protein superfamily
that can cause a variety of responses in tissue and cell by binding to
specific high-affinity cell surface receptors (Dinarello, 2018).
Physical activity is one of the most effective mechanisms for
lowering pro-inflammatory interleukin production because it
strengthens the immune system (Taherkhani et al.,, 2020). Other
processes that may affect the fat tissue include tissue inflammation
decrease and, ultimately, the correction of hypoxia (Taherkhani
et al., 2020).

The cytokine family IL-1 comprises 11 members; the lung is one
of many essential tissues mediating fibrosis and inflammatory
conditions (Borthwick, 2016). Seven of these members serve as
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agonists, the remaining three act as receptor antagonists, and the
remaining member is an anti-inflammatory cytokine (Taherkhani
etal, 2020). IL-1 is a vital inflammatory mediator (Borthwick, 2016).
While it is essential to the body’s ability to fight off infection, chronic
sickness and acute injury contribute to tissue damage. IL-6
contributes  vital functions in inflammatory conditions,
immunology, and hematopoiesis and promotes fibrosis formation
(Borthwick, 2016). IL-6 is widely acknowledged as a crucial actor in
host defense due to its several roles in the immunological and
hematopoietic function and causing an acute phase response
(Tanaka et al., 2014). One of the most critical functions of IL-8
is inflammation, which helps bring more immune cells, like
neutrophils, to infected areas (Cesta et al., 2022). Epithelial cells,
which are smooth muscle cells in the respiratory system, also emit
IL-8 in addition to macrophages (Cesta et al., 2022). Some of the
impacts of IL-8 signaling include increased cancer cell, endothelial
cell, and myeloid-derived suppressor cell motility (Pease and Sabroe,
2002). with
hypertrophy  of the mucosal

hyperresponsiveness of the bronchial tubes, are just some of the

Inflammation eosinophils, Hyperplasia, and

vessels, as well as
physiological changes within the respiratory tract that have been
related to the pleiotropic cytokine IL-9 (Li et al,, 2022). IL-10 is a
cytokine that functions as an anti-inflammatory that aids in
regulating the body’s defenses to diseases, thereby protecting the
organism from infection and maintaining tissue homeostasis (Iyer
and Cheng, 2012). IFN production is another inflammatory cytokine
that IL-18 greatly stimulates. Macrophages, dendritic cells,
lymphocytes, and even specific nonimmune cells may produce
IL-18 (Thim et al., 2022).

Rhodomyrtus tomentosa (Aiton) Hassk., or haramonting, is a
typical North Sumatera herbal plant containing acyl phloroglucinol,
flavonoids, tannins, Rhodomyrtone, and acyl phloroglucinol (Zhang
et al,, 2018; Situmorang et al., 2022). This plant has been shown to
enhance the histology of the testicles, liver, and cervical cancer
(Irianti et al.,, 2020; Situmorang et al., 2023). This investigation
examines the expression of the interleukin family in rat lung tissue
and blood serum following exposure to allethrin via electric
mosquito repellent. It is anticipated that the high antioxidant
content of R. tomentosa can eventually be turned into herbal
medicine, particularly for preventing lung damage caused by
allethrin-containing electric mosquito repellents.

2 Materials and methods
2.1 Chemical and reagents

The antibodies used for the ELISA kit were ELISA Kit IL-1f
PitokineR (Catalog number: EKO393-CAP), ELISA Kit Rat IL-6
(Catalog#E-E1-R0015, Elabscience), Rat IL-8 CXCL8 Elisa Kit
(Catalog#Abx576575,  Abbexa). ~Rat IL-9 ELISA  Kit
(Catalog#ERA34RB, ThermoFisher, United States), Rat IL-10
ELISA Kit (Catalog#ab214566, Abcam, United States) and Rat
IL-18 ELISA Kit (Catalog#ab213909, Abcam, United States). The
antibodies used for Immunohistochemistry were Invitrogen IL-1f
Polyclonal ~ Antibody (Catalog  #PA5-119221,ThermoFisher
Scientific, United States), Invitrogen IL-6 Monoclonal Antibody
(Catalog #AHCO0762, ThermoFisher Scientific, United States),
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Invitrogen IL-8 (CXCL8) Polyclonal Antibody (Catalog # PA5-
79113, ThermoFisher Scientific, United States), Bios IL-9
Polyclonal Antibody (Catalog#BS-2428R,ThermoFisher,
United States), Invitrogen IL-10 Polyclonal Antibody (Catalog#
PA5-94918, ThermoFisher Scientific, United States), Invitrogen
IL-18 Polyclonal antibody (Catalog#PA5-79481, ThermoFisher
Scientific, United States). Storage buffer solution (Catalogue #
BS-0812R) was phosphate buffer solution (PBS) containing 50%
glycerol and 1% bovine serum albumin (BSA).

2.2 Preparation of the
Rhodomyrtus tomentosa

Rhodomyrtus tomentosa (Aiton) Hassk (Myrtaceae family)
Leaves are mostly cultivated in the Berastasi region of Sumatera
Utara Province, Indonesia. Registration number 012/MEDA/2022 at
the Medanense Botanical Herbarium indicates that Dr. Nursahara
Pasaribu, MSc of Universitas Sumatera Utara identified and
approved the voucher in Medan, Indonesia. Afterwards, the
object is subjected to a purification procedure that includes
washing and subsequent natural drying. A quantity of 1.02 kg of
R. tomentosa (Aiton) Hassk leaf powder was extracted by maceration
in technical ethanol (70%) until fully submerged. The solvent used
for extraction was replaced every 24 h. Upon acquiring an ethanol
extract, it was subjected to evaporation in order to produce a
concentrated ethanol extract. The formulation of this recipe was
optimized for the oil phase, surfactants, and co-surfactants. A 0.5 mg
dosage of R. tomentosa (Aiton) Hassk extract was added to the
Tween 20 solution for sonification. Prior to the addition of capriol
90 and homogenization, PEG 400 was introduced and subjected to
sonication. The resulting product is diluted at a ratio of 1 part
product to 100 parts distilled water, and then thoroughly mixed
using an ultrasonic equipment to ensure uniformity (Ilyas
et al.,, 2021).

2.3 Animal handling

This investigation utilized 36 male of Rattus norvegicus. Male
rats are 180-200 g in weight and 10-14 weeks old. Each group of six
male rats contained six male rats was divided into six groups. Two
weeks were used to acclimate male rats to the laboratory
environment before they were placed in an enclosure with a
constant room temperature (25.0.3°C) and humidity level (35%-
60%). The cage was illuminated for 12h, followed by 12h of
darkness. Male Rats were fed corn and pellets ad libitum and
had unrestricted access to water. Rats were placed in a 40 cm X
30 cm plastic container. The rodents were placed in a 40-by-30-cm
plastic case. The research was conducted with sanction from the
USU FMIPA Medan Health Research Ethics Committee (No. 0896/
KEPH-FMIPA/2022).

2.4 Research design
These investigations were conducted using a Randomized

Complete Design (RCD). This form of study is referred to as an
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experimental study. One month was spent exposing rats to an
allethrin. In this
investigation, six treatment groups were investigated. A-are

electric mosquito repellent containing
negative control, A+ are rat exposed to allethrin, Al are rat
administered 0.2 mg/kg BW of vitamin C and then exposed to
allethrin, A2 are rat administered 100 mg/kg BW of R. tomentosa
and then exposed to allethrin, and A3 are rat administered
200 mg/kg BW of vitamin C and then exposed to allethrin.
Rhodomyrtus tomentosa was then exposed to allethrin, and
A4 were rat that was administered 300 mg/kg BW of R
tomentosa that was then exposed to allethrin. Within 30 days,
administration of Rhodomyrtus tomentosus and exposure to an
After
30 days, a ketamine injection was administered for surgery, and

the lungs and blood were removed for immunohistochemical and

allethrin-containing mosquito repellent for 3 hours.

ELISA analysis, respectively.

2.5 Measurement of haematology
parameters

A sterile pipette was used to obtain blood samples from the
heart. To prevent hemolysis, water exposure was avoided. Within a
microcentrifuge tube containing 0.5 mL, an anticoagulant solution
consisting of 10 mL/1 mL EDTA was added. The City of Medan
Health Laboratory ran the hematology tests. According to the
guidelines provided by the manufacturer, each sample was
analyzed three times.

2.6 Measurement of MDA, NGAL, and SOD

Measurements of MDA, NGAL, and SOD were obtained from
blood samples collected from the heart. The duplicate reagent was
poured to 50 mL wells, and blood samples were added to the rest.
Each well received 50 mL biotinylated detection ab working
solution. After covering the plate, 45 min were spent in an
incubator at 37°C. After incubation, each well was refilled with
350 mL of wash buffer. The buffer was allowed to sit for a couple of
minutes. After drying with absorbent paper, the solution was
removed from each well. After three washing, each well
received 100 L of HRP conjugate working solution. The dish
was covered again and incubated at 37°C for 30 min. Each well
received 90 mL substrate reagent following incubation. After that,
anew cover plate was placed over everything and incubated at 37°C
for 15 min. After the final incubation, each well received 50 mL of
stop solution and the plate was covered to prevent light exposure
for MDA Analysis. Regarding the measurement of NGAL,
Subjected to centrifugation at a speed of 4,230 revolutions per
minute for a duration of 5 minutes. After removing the
supernatant, the samples were partitioned into three 0.5 cc
containers. Prior to the evaluation, the samples were subjected
to freezing and stored at a temperature of -200°C. The
measurements were conducted using a commercial NGAL.
Regarding the measurement of SOD, The standard solution was
transferred into microplate wells using Eppendorf tubes. The
microplate’s empty wells received 0.1 mL of sample diluent
buffer and rat blood serum as controls. The lid was a 90-min
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microplate replica heated at 37°. The cover was removed and the
wells emptied and transferred to tissue paper to remove any liquid
from the microplate. Each well received 0.1 mL biotin SOD
antibody solution. Reader. After sealing, the microplate was
incubated at 37°C for 60 min. Each well received 0.1 mL of
streptavidin-biotin complex (SABC) solution after incubation.
After that, we covered the microplate and incubated it at 37°C
for 30 min 90 L of TMB were pumped into each well after five wash
buffer rinses. The microplate was sealed and incubated at 37°C for
25-30 min to turn blue. An ELISA reader at 450 nm measured OD
absorbance.

2.7 Enzyme-linked immunosorbent
assay (ELISA)

The initial blood sample was extracted from the rat’s cardiac organ.
To avoid coagulation, the blood should be placed in a tube containing
an anticoagulant such as EDTA or citrate. The vials were incubated at
ambient temperature for a duration of 10-20 min, followed by
centrifugation at a speed of 2000-3,000 revolutions per minute for a
period of 20 min. Subsequently, the gathered liquid portion might be
utilized for examination. Subsequently, ten-well microplates were
employed to create the standards. Dispense 100 pL of standard
diluent into well 1 and 50 uL into well 2. Wells 3 and 4 each hold
50 pL of liquid, which is a portion of the total liquid found in wells 1 and
2. Similarly, wells 5 and 6 augment the solution volume by an additional
50 ul compared to the previous well, and this pattern continues until
wells 9 and 10, when there is an additional 50 ul compared to the
preceding wells. Subsequently, the mixture was incubated for a duration
of 30 min at a temperature of 37°C, continuing throughout the night.
The washing solution was made by dissolving 1 mL in 29 mL of
distilled water. Subsequently, following the depletion of the well,
proceed to cleanse it on five occasions using the washing solution
prepared in Step 3. To facilitate the attachment of the antigen in the
sample to the plate, introduce blocking buffer onto the plate and allow it
to incubate for a duration of 60 min at a temperature of either 37°C or
40°C for a period of 24 h. Each well was filled with a 10:40 ratio of
sample to diluent, with 10 ul of sample and 40 ul of diluent. Place the
piece directly at the lowest point of the well. Next, it is necessary to
meticulously blend the sample and sample diluent. Place the plate in a
heated incubator and maintain it at a warm temperature for a duration
of 120 min. Add 100 uM of biotinylated antibody to each well. The
incubation period should last 24 h at a temperature of 37°C, with a
duration of 60 min. The well should be emptied and the cleaning
solution prepared in Step 3 should be used to cleanse the well on five
separate occasions. Add 100 L of ABC solution into each well. Place in
a storage area with a temperature of 370°C for a duration of 30 min.
Subsequently, drain the well and vigorously clean it with the washing
solution prepared in Step 3 on five occasions. Subsequently, each well
was subjected to treatment with 90 ul of HRP conjugate and 90 ul of
TMB. Allow the plate to remain at a temperature of 370°C for a
duration of 30 min. We introduced 100 uL of stop solution into each
well, resulting in a transition from a blue color to a yellow tint. The
determination of optical density (OD) values should be conducted
using an ELISA reader set at a wavelength of 450 nm, with each sample
being replicated three times (Simanullang et al., 2022a; Simanullang
et al.,, 2022b).
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2.8 Immunohistochemistry

IL-1B, IL-6, IL-8, IL-9, IL-10, and IL-18 were analyzed by
immunohistochemistry to determine the histological effects of
Rhodomyrtus tomentosa administration on the expression of
several cytokines. The thickness of the paraffin-embedded lung
tissue was between 4-5 microns. The tissue was pretreated by
being heated at pH 6.0 and 350W in a citrate buffer. Antibodies
against IL-1p, IL-6, IL-8, IL-9, IL-10, and IL-18 were incubated with
the tissue after a PBS wash. Analysis of IL-1 in paraffin-embedded
lung tissue. Polyclonal antibody (Product # PA5-119221) was used
at 20 g/mL, and HRP-Linked Caprine Anti-Rabbit IgG was used at
2 g/mL, both in separate incubations with the samples. Overnight
incubation at 4°C and 95% humidity with 1:20 dilution of IL-6
monoclonal antibody (Product # AHC0762) in 3% BSA-PBS.
Storage buffer PBS containing 5mg BSA was used to incubate
IL-8 (CXCL8) with polyclonal antibody against IL-8 (CXCLS).
Peroxidase-conjugated goat anti-rabbit IgG was employed as the
secondary antibody, and the incubation temperature was set to 37°C
for 30 min. DAB was used as the chromogen in conjunction with the
HRP Conjugated Rabbit IgG Super Vision Assay Kit to create an
image of the tissue segment. Anti-IL-9 Polyclonal Antibody,
Unconjugated (bs-2428R) was used to label formalin-fixed,
paraffin-embedded rat lungs at a dilution of 1:200, with a
secondary antibody conjugate and DAB staining following. Next,
1 g/mL rabbit anti-IL10 antibody (Product # PA5-94918) was
incubated with the tissue segment at 4°C for 24 h. Peroxidase-
conjugated goat anti-rabbit IgG was employed as the secondary
antibody, and the incubation temperature was set to 37°C for 30 min.
Use a 1 g/mL dilution of the polyclonal antibody (Product # PA5-
79481) against IL-18 (overnight at 4°C), followed by 30 min at 37°C
with biotinylated goat anti-rabbit IgG. Staining with haematoxylin
Mayer followed a chromogenic visualisation process with 3,3-
diaminobenzidine (DAB) hydrochloride (Ilyas et al., 2022).

2.9 Statistical analysis of data

Average and standard deviation figures are provided for the
data. The data was analyzed using SPSS 24’s ANOVA and
Kruskal-Wallis tests (for non-parametric data).

3 Results

3.1 Effect of Rhodomyrtus tomentosa on
hematology parameters of allethrin-
exposed rats

Hematological parameters were altered in Rats after treatment of
100-300 mg/kg BW of haramonting, as reported in Table 1.
Hematological parameters were substantially different between
groups A+ and B after administration of 100 mg/kg BW of
haramonting. Hemoglobin, SGOT, and SGPT were substantially
different in the Rhodomyrtus tomentosa 200 mg/kg BW group
compared to the A+ group. Hemoglobin, leukocytes, lymphocytes,
monocytes, SGOT, SGPT,
substantially different in the 300 mg/kg BW group compared to

eosinophils, and creatinine were
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TABLE 1 Effect of Rhodomyrtus tomentosa on Hematology parameters of allethrin-exposed rats.

Hematology Treatments (Mean + SD)
Al A2

Hemoglobin g/dL 13.72 + 0.41 28.07 + 3.02° 15.44 + 1.02* 27.08 + 2.24 20.11 + 2,07 16.44 + 2.92*
Erythrocytes x10%uL | 851 +0.22 9.07 + 0.06" 859 + 0.04 8.69 + 2.03 8.65 + 1.04 8.60 + 0.01
Leukocytes x 10°/uL | 859 + 0.23 13.03 + 0.82° 9.02 + 0.92* 12.76 + 2.22 11.02 + 1.02 9.32 + 0.07*
Haematocrit % 43.79 + 1.03 47.08 + 2.07 43.70 + 2.01 46.09 + 9.13 4241 + 420 42.70 + 5.03
Neutrophils x 10%uL | 144 % 0.09 3.04 + 0.07* 1.48 + 0.02* 3.02 +0.04 291 + 0,01 1.48 + 0.02
Lymphocytes x 10%ul | 586 + 0.07 8.81 + 1.07° 591 + 0.34* 8.04 +1.97 722 + 113 5.82 + 0.04
Eosinophils x 10°/uL | 0.048 + 0.01 0.099 + 0.01° 0.050 + 0.01* 0.082 + 0.01 0.067 + 0.01 0.055 + 0.01*
Monocytes x 10%uL | 0471 +0.03 0.872 + 0.01° 0501 + 0.01* 0.774 + 0.02 0.603 + 0.01 0.582 + 0.01*
SGOT WL 114. 21 + 4.81 231.92 + 8.55 115.07 + 9.11% 200.95 + 9.78 188.07 + 9.81* 117.06 + 9.21**
SGPT WL 50.16 + 3.22 162.07 + 12.09% 52.19 + 10.02* 153.25 + 9.56 86.91 + 8.77* 55.39 + 9.92**
Creatinine mg/dL 0.44 + 0.01 0.78 + 0.01° 0.49 + 0.02* 0.70 + 0.02 0.61 + 0.02 0.55 + 0.01*
Ureum mg/dL 21.09 + 1.11 38.01 + 3.22° 2211 + 3.15* 36.24 + 129 3242 + 0.96 23.11 + 2.95*

A-: control, A+: allethrin-exposed rats, Al: allethrin-exposed rats +0.02 mg Vitamin C, A2: allethrin-exposed rats +100 mg/Kg BW, of Rhodomyrtus tomentosa, A3: allethrin-exposed rats
+200 mg/Kg BW, of Rhodomyrtus tomentosa, A4: allethrin-exposed rats +300 mg/Kg BW, of Rhodomyrtus tomentosa, ("p < 0.05 vs A-.

##p < 0.01 vs A-, *p < 0.05 compared A+, **p < 0.01 vs A+).

TABLE 2 Effect of Rhodomyrtus tomentosa of allethrin-exposed rats on level of SOD, MDA and NGAL.

Parameters Groups (Mean + SD)

Al A2
SOD pg/mL 23.88 + 2.41 14.62 + 1.69° 2321 + 3.02* 18.12 + 2.04 20.88 + 0.09¢ 2391 + 3.04*
MDA EM/L 8.45 + 0.03 12.87 + 2.88" 8.40 + 1.09* 1034 = 2.21 9.87 + 1.03* 8.81 + 1.03*
NGAL Ng/mL 0215 + 0.01 0.667 + 0.01° 0212 + 0.01* 0581 + 0.01 0.435 + 0.01* 0.235 + 0.01*

A-: control, A+: allethrin-exposed rats, Al: allethrin-exposed rats +0.02 mg Vitamin C, A2: allethrin-exposed rats +100 mg/Kg BW, of Rhodomyrtus tomentosa, A3: allethrin-exposed rats
+200 mg/Kg BW, of Rhodomyrtus tomentosa, A4: allethrin-exposed rats +300 mg/Kg BW, of Rhodomyrtus tomentosa, ("p < 0.05 vs C-, *p < 0.05 vs C+).

the A+ group, but were comparable in the vitamin C or control groups
(Al). Neither neutrophils, hematocrit, nor urea differed across groups
(p > 0.05). The hematological data in Table 1 indicate that
administration of 100-300 mg/kg BW of Rhodomyrtus tomentosa
has an effect on the hematological parameters of rats, excluding
In all
neutrophil, hematocrit, and urea levels are considered normal.

neutrophil, hematocrit, and urea levels. categories,

3.2 Effect of Rhodomyrtus tomentosa of
allethrin-exposed rats on level of SOD, MDA
and NGAL

When compared to groups A- and Al, there were significant
differences found in the levels of SOD, MDA, and NGAL in rodents
that had been exposed to allethrin (p < 0.05 or p = 0.030). The SOD levels
of rats given 100 or 200 mg/kg BW of R. tomentosa were significantly
different from those of rats in the A+ group, with the difference
decreasing with higher dosages of these botanicals. Rhodomyrtus
tomentosa reduced MDA levels compared to the A+ group at a
dosage of 300 mg/kg BW (Table 2). Rhodomyrtus tomentosa reduced

Frontiers in Pharmacology

levels of MDA and NGAL in a dose-dependent manner. Antioxidants
found in R. tomentosa have been shown to increase SOD activity and
decrease serum levels of MDA and NGAL. Rhodomyrtus tomentosa has
been shown to increase SOD activity, which in turn protects cells against
oxidant disturbances and oxidative stress, both of which can lead to a
number of lung disorders and injuries. Increased MDA and NGAL
levels, along with reduced SOD activity, are indicators of increased lipid
peroxide caused by an antioxidant deficiency.

3.3 Morphological and histological analysis
of the lungs of allethrin-exposed rats after
administration of Rhodomyrtus tomentosa

The color of the lungs differed between the control group (A-) and
the allethrin exposure group (A+), with A-exhibiting a rich red hue
and A+ exhibiting a pale hue with spots around the organs. Spots were
also observed following administration of haramonting, but they
diminished as the dose was increased (Figure 1). Rats exposed to
an electric mosquito repellent containing allethrin developed lung
injury. Based on histological findings (Figure 2), both Group A-
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The lung Morphological of allethrin-exposed rats after administration of Rhodomyrtus tomentosa. (A-): Control, (A+): allethrin-exposed rats, (A1):
allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3): allethrin-exposed rats
+200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa.

FIGURE 2

Histological analysis of the lungs of allethrin-exposed rats after administration of Rhodomyrtus tomentosa. (A-): Control, (A+): allethrin-exposed
rats, (A1): allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3): allethrin-exposed
rats +200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa. (a). Membrane, (b).

Lumen (40x).

(control) and Group Al had thickened alveolar membranes, but
lumen herbal
administration (A2 to A4) elongated the alveolar connections,
diminished the cell nucleus, and weakened the cell membrane. The
accumulation of inflammatory cells in the alveolar wall structures led

size and alveolar density varied. However,

to their thickening. The incidence of injury was greater in the A+
group than in the other groups. Damage is also observed in the
alveolar epithelial cells as a result of the connection between the alveoli
and blood capillaries, in which the alveolar gas exchange is not tightly
regulated and the lumen morphology is irregular.
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3.4 Expression of IL-1p on lung histological
changes and serum after administration of
Rhodomyrtus tomentosa in allethrin-
exposed rats

Blood serum from rats was analyzed to determine IL-1B
expression. Following the administration of haramonting (R.
tomentosa) at the lowest dose, rat blood that had been exposed
to allethrin via an electric mosquito repellent exhibited a high level
of IL-1B expression. Rhodomyrtus tomentosa inhibited IL-1 S
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Expression of interleukins family after administration of Rhodomyrtus tomentosa in allethrin-exposed rats. A-: Control, A+: allethrin-exposed rats,
Al: allethrin-exposed rats +0.02 mg Vitamin C, A2: allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, A3: allethrin-exposed rats
+200 mg/Kg BW of Rhodomyrtus tomentosa, A4: allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa (p >0.05, *#p < 0.01 vs A-, *p <

0.05 vs A+, **p < 0.01 vs A+).

expression noticeably at 200 and 300 mg/kgBW. There is evidence
that the highest dose of this plant can inhibit IL-1f production
(Figure 3). Kruskal-Wallis tests performed on the nonparametric
data showed that there were significant variations in IL-1f
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expression between the groups (Supplementary Table S3). The
Mann-Whitney test showed that there was a statistically
significant difference between the A+ group and IL-1p expression
(p < 0.01, p = 0.001). Rhodomyrtus tomentosa (100 mg/kg BW) and
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FIGURE 4
Expression of IL-1p on lung histological changes after administration of Rhodomyrtus tomentosa in allethrin-exposed rats. (A-): Control, (A+):

allethrin-exposed rats, (A1): allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3):
allethrin-exposed rats +200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa (*p >0.05,
#p < 0.01vs A-, *p < 0.05 vs A+, **p < 0.01 vs A+).

A2 (100 mg/kg BW) were both below the threshold for statistical
significance required to detect a difference. There were no
statistically significant changes (p > 0.01) between the A+ and
control groups at 100 mg/kg BW, but there were at 200 and
300 mg/kg BW. The analysis results in the table are supported by
histological changes in the lung tissue due to IL-1p expression. The
expression of IL-1 was highest in Group A+ and lowest in Group A-
and Rhodomyrtus tomentosa at 300 mg/kg BW (Figure 4).

3.5 Expression of IL-6 on lung histological
changes and serum after administration of
Rhodomyrtus tomentosa in allethrin-
exposed rats

The comparison group (Al) expressed the most IL-6, followed
by the Vitamin C-treated group (A1) and the control group (A-).
Allethrin exposure via electric mosquito repellent can reduce IL-6
(A+) expression. Even at the lowest dose, R. tomentosa suppressed
the production of this protein (Al). The expression of IL-6 was
upregulated at 200 and 300 mg/kgBW, although the mean value was
the same as in the vitamin C group (Figure 3). The IL-6 expression
levels were substantially different between the groups (p < 0.01).
Expression levels of IL-6 were found to be significantly different
between the A group and the A+ group using the Mann-Whitney
test (p < 0.00, p = 0.002). While there was no statistically significant
difference between 100 and 300 mg/kg BW of R. tomentosa,
histological analysis of alterations in this protein (Figure 5)
showed that there was an overall decrease. Expression of IL-6
was highest in the A- and Al groups (control and vitamin C,
respectively), and lowest in the A4 group.

Frontiers in Pharmacology

3.6 Expression of IL-8 on lung histological
changes and serum after administration of
Rhodomyrtus tomentosa in allethrin-
exposed rats

Figure 3 depicts the expression of IL-8 in the blood serum of rats
exposed to electric mosquito repellents. When this plant was given at
a dose of 100 mg/kg BW, there was no discernible change in IL-8
expression. There was a statistically significant reduction in IL-8
expression at dosages of 200 mg/kg BW (p < 0.05) and 300 mg/kg
BW (A3). According to the results of the Kruskal-Wallis test
presented, there is a statistically significant distinction in IL-8
expression between the groups. According to the Mann-Whitney
test, there was a statistically significant difference between the A+
group and the IL-8 expression group (p < 0.01, p = 0.002). There was
insufficient data to determine whether or not R. tomentosa
(100 mg/kg BW) or A2 (100 mg/kg BW) had any effect. At lower
doses (200 and 300 mg/kg BW), there were no statistically
significant differences (p > 0.05) between the A+ group and the
comparator groups (Al and A-). This can be seen in (Figure 6) The
R. tomentosa at 300 mg/kg BW (A4) group had the lowest levels of
IL-8 expression, followed by group A+ and group A-.

3.7 Expression of IL-9 on lung histological
changes and serum after administration of
Rhodomyrtus tomentosa in allethrin-
exposed rats

Expression of IL-9 in the blood serum of rats exposed to electric
mosquito repellents revealed an increase in IL-9 expression that was
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FIGURE 5

Expression of IL-6 on lung histological changes after administration of Rhodomyrtus tomentosa in allethrin-exposed rats. (A-): Control, (A+):
allethrin-exposed rats, (A1): allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3):
allethrin-exposed rats +200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa.

FIGURE 6

Expression of IL-8 on lung histological changes after administration of Rhodomyrtus tomentosa in allethrin-exposed rats. (A-): Control, (A+):
allethrin-exposed rats, (A1): allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3):
allethrin-exposed rats +200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa ("p >0.05,

#p < 0.01 vs A-, *p < 0.05 vs A+, **p < 0.01 vs A+).

not significantly different at 100 mg/kg BW (A2) and 200 mg/kg BW
(A3). At the greatest dose, 300 mg/kgBW (A3), there was a
significant reduction in IL-8 expression. According to the results
of the Kruskal-Wallis test presented in Supplementary Table S1,
there is a statistically significant difference in IL-9 expression
between the groups. The Mann-Whitney test revealed a

statistically significant disparity between the A+ group and the
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IL-9 expression group (p < 0.01, p = 0.003). Rhodomyrtus
tomentosa doses between 100 and 200 mg/kg body weight
showed no statistically significant difference (p > 0.05) between
groups A+. However, when compared to the A+ group, substantial
differences emerged at 300 mg/kg BW. The expression of IL-9 was
highest in group A+ and lowest in group A- and Vitamin C (A1)
(Figure 7). Nevertheless, the administration of this plant yields
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FIGURE 7

Expression of IL-9 on lung histological changes after administration of Rhodomyrtus tomentosa in allethrin-exposed rats. (A-): Control, (A+):
allethrin-exposed rats, (Al): allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3):
allethrin-exposed rats +200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa ("p >0.05,

#p < 0.01 vs A-, *p < 0.05 vs A+, **p < 0.01 vs A+).

identical outcomes to those of Vitamin C, so enhancing lung
histology, but the histological architecture of the lungs in the
untreated group of rats exhibited damage characterized by the
initial loss of the alveolar septum, together with the presence of
inflammatory cell infiltration and edema, as a result of
chemical exposure.

3.8 Expression of IL-10 on lung histological
changes and serum after administration of
Rhodomyrtus tomentosa in allethrin-
exposed rats

The expression of IL-10 was also evaluated in the blood serum of
rats allethrin exposed to electric mosquitoes, which revealed a
decrease in IL-10 expression that was not substantially different at
100 mg/kg BW (A2) and 200 mg/kg BW (A3). Figure 3 displayed
considerable increase in IL-10 expression at the highest doses of
vitamin C (A1) and 300 mg/kgBW (A3). IL-10 expression differed
significantly (p < 0.01, Supplementary Table SI) between the groups.
The Mann-Whitney U test revealed a statistically significant difference
in IL-10 expression between the A+ group and the other groups (p <
0.00, p=0.001). At 100 mg/kg BW of R. tomentosa, this difference was
not statistically significant. There was a big discrepancy between the
A+ dose and the standard dose of 200-300 mg/kgBW. Figure 8 shows
that IL-10 expression was highest in the control (A-) and vitamin C
(Al) groups and lowest in the A+ group. Histologically, In the
untreated group of rats, the alveoli were coated with macrophages.
An increase in the number of alveoli can be observed, along with an
increase in the number of macrophages or dust cells around the
alveoli. The alveoli exhibit a granular texture and seem smooth on the
alveolar macrophages. The cytoplasm, which has an oval form, is
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visible across the whole field of vision. Moreover, alterations in the
structure of the membrane. The alveoli become apparent due to the
loss of endothelial cells that line the blood vessels around them. This
leads to the enlargement of the blood vessels, allowing the blood cells
to exit and disseminate. Pulmonary edema is characterized by the
swelling of the alveolar surface and widening of the lumen of the
alveoli, which can be observed visually. This leads to pulmonary harm
and impairs the functioning of the respiratory system. Nevertheless,
the administration of this plant yields identical outcomes to those of
Vitamin C, so enhancing lung histology.

3.9 Expression of IL-18 on lung histological
changes and serum after administration of
Rhodomyrtus tomentosa in allethrin-
exposed rats

IL-18 expression was also evaluated in the blood serum of rats
exposed to alltehrin from electric mosquitoes, which showed a
decrease in expression at each dose level where IL-18 expression
was lowest at A-, Al and followed by the highest dose of R. tomentosa,
300 mg/kg BW  (A3). Kruskal-Wallis test results
(Supplementary Table S1) reveal that there is a statistically

namely,

significant difference in IL-18 expression across groups. Using the
Mann-Whitney U test, we found that A+ and B+ groups substantially
differed from one another in IL-18 expression (p < 0.01, p = 0.002).
There was no statistically significant difference between R. tomentosa
(100 mg/kg) and A2 (p > 0.02). Histologically Nonetheless, alterations
appeared at 200 and 300 mg/kg BW (p < 0.05) in Figure 9 when
compared to the A+ group. Group A+ showed the highest IL-18
expression, whereas groups A- and R. tomentosa 300 mg/kg BW (A4)
showed the lowest.
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FIGURE 8

Expression of IL-9 on lung histological changes after administration of Rhodomyrtus tomentosa in allethrin-exposed rats. (A-): Control, (A+):
allethrin-exposed rats, (A1): allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3):
allethrin-exposed rats +200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa ("p >0.05,

##p < 0.01 vs A-, *p < 0.05 vs A+, **p < 0.01 vs A+).

FIGURE 9

Expression of IL-18 on lung histological changes after administration of Rhodomyrtus tomentosa in allethrin-exposed rats. (A-): Control, (A+):
allethrin-exposed rats, (A1): allethrin-exposed rats +0.02 mg Vitamin C, (A2): allethrin-exposed rats +100 mg/Kg BW of Rhodomyrtus tomentosa, (A3):
allethrin-exposed rats +200 mg/Kg BW of Rhodomyrtus tomentosa, (A4): allethrin-exposed rats +300 mg/Kg BW of Rhodomyrtus tomentosa ("p >0.05,

#p < 0.01vs A-, *p < 0.05 vs A+, **p < 0.01 vs A+).

3 Discussion

In rat models subjected to allectrin-containing electric mosquito
repellents, 100-300 mg/kg BW R impacted
hematological parameters. Neutrophils, hematocrit, and urea

tomentosa

were similar. Electric mosquito repellents with allectrins cause
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oxidative stress in model rats’ lung tissue. These modifications
include more hemoglobin, leukocytes, lymphocytes, eosinophils,
and monocytes (Situmorang et al., 2021a). The average diameter
distribution of Haramonting is 600.1 nm * 135.8. The LC50 and
LD50 values for Haramonting are 2,961.535 ppm and 10.4 +
0.135 mg/kg BW, respectively. Therefore, it has a low level of
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toxicity (Situmorang et al., 2021b). The histological examination of
the heart, kidneys, lungs, and brain was conducted to assess toxicity
(Situmorang et al., 2021b). The investigation revealed that a dosage
of 400 mg/kgBW resulted in histological damage to these organs, So
the dosage used in this trial did not exceed 300 mg per kilogram of
body weight (Situmorang et al., 2021b). Rhodomyrtus tomentosa can
control these cells because it contains antioxidants that fight free
radicals (Lai et al., 2015; Zhang et al., 2018). Rhodomyrtus tomentosa
regulated SOD, MDA, and NGAL expression at 200-300 mg/Kg
BW, but the comparison group, Al (Vitamin C), and A4 groups did
not differ. Lack of antioxidants increases lipid peroxide activity,
which enhances MDA and NGAL and lowers SOD. SOD deficiency
increases MDA in injured tissues (Buyukokuroglu et al., 2008). If
superoxide anions remain high, undetected tissue damage can ensue.
Radical superoxide anions are very reactive (Phaniendra et al., 2015).
Haramonting’s antioxidants reduce blood MDA and NGAL,
increasing SOD activity. Rhodomyrtus tomentosa increases SOD
activity, protecting cells against oxidant disturbances and oxidative
stress, which can cause disease and lung tissue injury (Lavanya
et al., 2012).

The A+ (allethrin-exposed) group had the highest IL-1B
expression, while the A- and R. tomentosa 300 mg/kg BW groups
had the lowest. Allethrin can cause bronchitis and lung damage in
asthmatics (Hernandez et al., 2011). The potential hazards of alltehrin
on respiratory health in mosquito coils arise due to suspicions that
producers of these coils do not fully disclose all the components in
their chemical analysis reports (Kasumba et al., 2016). An analysis of
the organic chemistry and elemental makeup of mosquito coil ash is
necessary to determine the specific compounds present in the matrix
(Abdulla Al-Mamun et al., 2017). Indoor usage of mosquito repellant
can result in the accumulation of substantial quantities of ash particles
and toxins. Allethrin is the sole organic ingredient in mosquito
repellent that has environmental and human concerns (Vorselaars
et al,, 2021). IL-1p is a powerful pro-inflammatory cytokine secreted
after infections and traumas (Herndndez et al., 2011). Allethrin, an
iNOS-containing drug, reduced IL-1p levels in lung tissue using
immunohistochemical examination (Indalao et al, 2017). IL-1P
promotes the development of active B lymphocytes into plasma
cells by promoting monocytes to become conventional dendritic
cells (DCs) and macrophages (Indalao et al, 2017). Flow
cytometry was used to detect cytokines at the protein level on IL-
1B, a secreted isoform of IL-1f. Recent mouse studies suggest that IL-
smoke-induced inflammation without
2023).
antioxidants directly react with free radicals, minimizing oxidative

1 stimulation drives
inflammation (Jiang et al, Rhodomyrtus  tomentosa
damage. They indirectly reduce oxidative damage by lowering free
radical-generating enzymes or enhancing antioxidant enzymes in cells
(Zhang et al., 2018). The DPPH assay gave the methanol extract an
IC50 of 107 g/mL, the FRAP assay gave it 0.162 nm at 500 g/mL, and
the Metal Chelating Assay gave it 36% at 100 g/mL. HPLC showed
gallic acid, tannic acid, and quercetin (Sukweenadhi et al., 2020).
Rhodomyrtus tomentosa is utilized as an antioxidant in food to
prevent oxidation (Lavanya et al., 2012; Lai et al,, 2015). It is used
in pharmaceuticals as an alternative antioxidant to protect
biomolecules from free radical damage in a variety of human
illnesses (Lavanya et al., 2012).

Control (A-) and vitamin C (A1) groups expressed the greatest IL-
6, whereas A4 expressed the least. Lung vitamins like vitamin C are
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antioxidants. It helps overcome chronic respiratory disorders.
Oxidative stress from toxins and free radicals damages lung tissue,
especially in chronic lung disease patients (Lei et al., 2022). Vitamin C
protects alveoli and reduces COPD risk (Lei et al., 2022). We employed
Vitamin C as a control due to its previous utilization in lung health
research as a preventive measure and an anti-inflammatory agent
(Hemild and Douglas, 1999; Chambial et al., 2013; Holford et al., 2020).
Allethrin induces IL-6 expression by stimulating the infiltration of
myeloid-derived suppressor cells, neutrophils, and inflammatory
stem-like cells via Janus-activated signal transducers/kinases and
transcription pathway 3 activators (Ibrahim et al, 2020). These
cytokines reduce inflammation (Ibrahim et al., 2020). Rhodomyrtus
tomentosa leaf extract is antioxidant-rich. Antioxidants prevent
oxidation by transforming reactive free radicals into stable ones.
Mouse studies show that mitochondrial antioxidants prevent
inflammation and organ failure (Zhang et al., 2018). IL-6 receptor
signaling reduces oxidative stress and allethrin-induced damage (Qing
et al,, 2020). IL-8 expression was highest in allethrin-exposed groups
and lowest in R. tomentosa 300 mg/kg BW (A4) groups. Allethrin
attacks neutrophils and other immune cells at the infection site,
causing inflammation and IL-8 production. Epithelial, airway
smooth muscle, and endothelial cells generate IL-8 (Pease and
Sabroe, 2002). Even at low doses, IL-8 chemotaxis stimulates
neutrophils to release lysosomal enzymes, upregulate adhesion
molecules, increase intracellular calcium, and increase oxidative
stress, which maintains R. tomentosa expression. Certain leukocytes
and endothelial cells emit IL-8. Hypoxia and chemotherapeutic
medications can also cause fibroblasts and cancer cells to release
IL-8 (Gonzalez-Aparicio and Alfaro, 2020). When given to treat
chronic pulmonary diseases, vitamin C reduced its expression as an
antioxidant. In chronic lung disease patients, toxins and free radicals
cause oxidative stress and lung tissue destruction. A quantitative UV-
Vis spectrophotometer study found that the methanol fraction of
Rhodomyrtus toementosa leaf methanol extract had the strongest
antioxidant activity with an IC50 value of 51.95 g/mL (Idris et al.,
2022). Inflammation-induced oxidative stress may be caused by high
IL-8 and insufficient glutathione. In other words, reactive oxygen
species boost interleukin-8 and decrease glutathione (Cesta et al.,
2022). Thus, interleukin-8 and the oxidant-antioxidant system are
linked (Cesta et al., 2022). In contrast, the control and Vitamin C (A1)
groups expressed the least IL-9. Due to its immunopathological
connection with T helper 2 (TH2), allethrin increased IL-9
expression in rats (Li et al., 2017). Th9 cells, which express IL-9,
are overrepresented in blood and CD4" T cells. Both mast cells and
eosinophils, IL-9’s targets, contribute to allergic disease by releasing
pro-inflammatory chemicals at inflammation sites (Li et al., 2017). IL-
9, a pleiotropic cytokine, can cause allergic inflammation and cause
eosinophilic inflammation, mucosal gland hyperplasia and
hypertrophy, and bronchial hyperreactivity in asthmatics (Li et al.,
2022). Vitamin C’s anti-inflammatory, immune-supportive, and
cofactor role for mono- and dioxygenases may have reduced IL-9
expression after supplementation (Ellulu et al., 2015). Water-soluble
vitamin C protects cells inside and out from free radical damage.
Vitamin C helps free radicals stabilize by providing electrons (Lobo
et al,, 2010). The antioxidant-rich herb haramonting neutralizes free
radicals that damage lung tissue. Free radical damage can cause lung
cancer and other issues. Our bodies produce some antioxidants, but
Haramonting must be obtained from diet or herbal supplements.
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IL-10 expression was highest in the control (A-) and vitamin C
(A1) groups and lowest in the A+ group. Allethrin-exposed rats have
low levels of IL-10, which selectively blocks the CD28 co-stimulatory
pathway in T cells to inhibit and develop antigen-specific immunity
(Dennis et al., 2013). IL-10 only suppresses T cells triggered by a few
activated T cell receptors, hence CD28 costimulation is needed
(Dennis et al, 2013). IL-10 controls innate and cell-mediated
immunity and homeostasis (Iyer and Cheng, 2012). IL-10 inhibits
cell cytokine, activated antigen, and mitogen production. Free radical
damage from allethrin, mutagens, and stimulants like neutrophils and
monocytes is prevented by vitamin C (Rojas et al., 2017). Super Oxide
Dismutase (SOD) converts oxygen to hydrogen peroxide. Zinc
radical
metallothionein (Marreiro et al, 2017). Vitamin C increases

enhances the hydroxyl (OH)-removing  chemical
natural killer cell activity and lymphocyte expansion (Carr and
Maggini, 2017). Terpenoids and steroids in R. fomentosa have
significant antioxidant properties, with IC50 values of 6-50 ppm
(Hamid et al., 2017). Rhodomyrtus tomentosa 300 mg/kg BW (A4)
and A-expressed the least IL-18, while A+ expressed the most. A+ cells
produce more IL-18 because it activates Th1 cells and increases FasL,
which promotes CD8" T and NK cell cytotoxicity (Widowati et al,
2020). IFN- production is another inflammatory cytokine boosted by
IL-18. IL-18, like IL-1, is produced by macrophages, dendritic cells,
possibly lymphocytes, and nonimmune cells. Its function is regulated
by the expression of its receptors by a variety of targets, proteinase
cleavage, and blocking proteins. Since monocytes, macrophages,
keratinocytes, and mesenchymal cells produce IL-18, a dose of
100 mg/kgBW is appropriate. Rhodomyrtus tomentosa’s IL-18
suppression is insufficient. The superiority of Al over A3 is not
always apparent, suggesting that this plant may have advantages over
Vitamin C. Perhaps, it could become an antioxidant-rich medicinal
ingredient in the future. This is strengthened by its phytochemicals
and antioxidants. Rhodomyrtone, a primary plant-derived
component from R. tomentosa (Myrtaceae) leaf extract, may be a
natural antioxidant (Wunnoo et al, 2021). The plant’s herbal
component reduced IL-18 expression at 200-300 mg/kg body
weight. LPS decreased RAW cell NO production with IC50 values
of 3.8-74.3M (Vo and Ngo, 2019). The phloroglucinol derivative
from R. tomentosa leaves had anti-inflammatory properties (Vo and
Ngo, 2019). Another intriguing study found that R. tomentosa
controls immune system gene expression to reduce inflammation.
Kidney head macrophages showed elevated IL-1p, IL-8, and TNFOP
levels, while IL-10 and TGFp expression was boosted (Kany et al,
2019). Rhodomyrtone inhibits the NF-B, ERK, JNK, and p38 signaling
pathways to promote cutaneous organ cultures by decreasing TNF-
and IL-17A transcription and expression (Wunnoo et al, 2021).
Rhodomyrtone also inhibits keratinocyte hyperproliferation,
treating various inflammatory  cytokine-mediated  diseases
(Wunnoo et al., 2021).

4 Conclusion

In Conclusion, the concentrations of pro-inflammatory
cytokines IL-1B, IL-8, IL-9, and IL-18 are elevated in both the
bloodstream and tissues after being exposed to an electric
mosquito repellent that contains allethrin. Nevertheless, the
concentrations of anti-inflammatory cytokines IL-6 and IL-10 are
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reduced. Allethrin stimulates the production of reactive oxygen
species (ROS), which leads to the alteration of the antioxidant
response in this plant through the involvement of IL-6, IL-10 in
Haramonting administration, and Vitamin C. The connection
between autophagy and the antioxidant response will be
established by IL-6 and IL-10, resulting in a reduction of reactive
oxygen species (ROS) in the lungs. This reduction will result in an
elevation of the crucial antioxidant factor NRF2, which will rapidly
migrate to the mitochondria to suppress mitochondrial function and
stimulate mitophagy. Moreover, it is probable that cellular levels of
cyclic adenosine monophosphate (cAMP) play a role in promoting
which is the
mitochondria, in order to decrease the production of reactive

mitophagy, process of removing damaged
oxygen species (ROS). Rhodomyrtus tomentosa has the potential
to enhance alveolar histological changes. Similar to the Vitamin C
group, it reduces the expression of IL-1f, IL-8, IL-9, and IL-18, while
increasing the expression of IL-6 and IL-10. The administration of
Haramonting results in a substantial increase in the levels of IL-6
and IL-10. This study provides Supplementary Material on the
association between the effectiveness of a medicinal plant and the

synthesis of cytokines.
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Bleomycin is an effective antibiotic with a significant anticancer properties, but its
use is limited due to its potential to induce dose-dependent pulmonary fibrosis.
Therefore, this study aimed to assess the therapeutic potential of Capsaicin as an
additional treatment to enhance patient tolerance to Bleomycin compared to the
antifibrotic drug Pirfenidone. Pulmonary fibrosis was induced in rats through by a
single intratracheal Bleomycin administration in day zero, followed by either
Capsaicin or Pirfenidone treatment for 7 days. After the animals were sacrificed,
their lungs were dissected and examined using various stains for macroscopic
and histopathological evaluation. Additionally, the study assessed various
antioxidant, anti-inflammatory, and antifibrotic parameters were assessed. Rats
exposed to Bleomycin exhibited visible signs of fibrosis, histopathological
alterations, increased collagen deposition, and elevated mucin content.
Bleomycin also led to heightened increased inflammatory cells infiltration in
the bronchoalveolar lavage, elevated fibrosis biomarkers such as hydroxyproline,
alpha-smooth muscle actin (a-SMA) and transforming growth factor-beta (TGF-
B1), increased inflammatory markers including tumor necrosis factor-alpha (TNF-
a), interlukine-6 (I1-6), interlukine-1p (Il-1B) nuclear factor-kappa B (NF-xB), and
Cyclooxygenase-2 (COX-2), and transforming growth factor-beta (TGF-p1),.
Furthermore, it reduced the expression of peroxisome proliferator-activated
receptor-gamma (PPAR-y), increased oxidative stress biomarkers like nitric
oxide (NO), malondialdehyde (MDA), myeloperoxidase (MPO) and protein
carbonyl. Bleomycin also decreased the expression of nuclear factor erythroid
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2-related factor 2 (Nrf-2), reduced glutathione (GSH), total antioxidant capacity,
and the activities of catalase and superoxide dismutase (SOD). Treating the animals
with Capsaicin and Pirfenidone following Bleomycin exposure resulted in improved
lung macroscopic and microscopic characteristics, reduced collagen deposition
(collagen | and collagen 1ll) and mucin content, decreased inflammatory cell
infiltration, lowered levels of hydroxyproline, a-SMA, and TGF-f1, decreased
TNF-a, I1-6, Il-1B, NF-xB, and COX-2, increased PPAR-y and Nrf-2 expression,
and improvement improved in all oxidative stress biomarkers. In summary,
Capsaicin demonstrates significant antifibrotic activity against Bleomycin-
induced lung injury that may be attributed, at least in part, to the antioxidant
and anti-inflammatory activities of Capsaicin mediated by upregulation of PPAR-y
and Nrf-2 expression and decreasing. TGF-f1, NF-kB and COX Il proteins

concentrations.

Capsaicin, bleomycin, Pirfenidone, pulmonary fibrosis, TGF-$1, PPAR-y, TNF-a

1 Introduction

Bleomycin is a highly effective chemotherapy used extensively in
the treatment of different types of cancer including; Hodgkin
lymphoma and testicular germ-cell tumors. However, bleomycin
has the potential to cause serious and life-threatening damage to the
lungs (Ayilya et al., 2023). This can manifest as several conditions,
including hypersensitivity pneumonitis, bronchiolitis obliterans
organizing pneumonia (BOOP), acute interstitial pneumonia, and
progressive pulmonary fibrosis (Demirkol et al., 2023). Pulmonary
toxicity is a recognized adverse effect of anticancers, nevertheless, a
mortality rate of 1%-4% from bleomycin is considered unacceptable
for patients with treatable malignancies. The toxic effects of
bleomycin are primarily caused by the generation of free radical
and its lung specificity caused by bleomycin catalyzing hydrolase,
which was not found in lung tissue, rendering this organ vulnerable
to bleomycin toxicity (Usman et al., 2010; Ishida et al., 2023).

The development of lung fibrosis is mostly driven by acute
inflammation; including significant upregulation of mononuclear
macrophages, lymphocytes, and neutrophils. Bleomycin induces the
release of inflammatory cytokines, TNF-q, IL-1, IL-18, IL-22, and IL-
17a, from alveolar macrophages (Kadam and Schnitzer, 2023). It also
stimulates endothelial cells to secrete IL-6. Cytokines stimulate
lymphocytes and increase the expression of adhesion molecules on
endothelial cells, which allows inflammatory cells to stick to the
endothelium, enter the interstitium, and damage endothelial cells via
the Fas-FasL pathway (Yoshizaki et al., 2010; Altintas et al., 2016). The
activation of fibroblasts in pulmonary fibrosis occurs at early stage due
to the stimulation of fibronectin. This stimulation might be caused by
injured endothelial cells or by the presence of cytokines such as TNF-a,
platelet derived growth factor (PDGF), and transforming growth factor-
B (TGF-B) (Kabel et al., 2016; Chen et al., 2023). Prolonged exposure of
the lungs to bleomycin can result in elevated production of collagen and
the accumulation of different matrix proteins such as collagens, elastin,
and proteoglycans. In addition, alveolar macrophages that have been
stimulated by bleomycin promote the production of hyaluronan
(Venkatesan et al,, 2011; Wang et al,, 2023). T cells also contribute
to the lung damage caused by inflammation. Cytokines, such as IFN-y
and IL-13, are released during Th1 and Th2 inflammation, respectively
(Lei et al., 2016).

Frontiers in Pharmacology

Capsaicin, also known as trans-8-methyl-N-vanillyl-6-
nonenamide, is the primary and most potent alkaloid in the
capsaicinoid group, responsible for the characteristic chili flavor
found in chili peppers (Ilie et al., 2019). Capsaicin offers substantial
health benefits, including analgesic, anticancer, neuroprotective, and
gastroprotective properties, which can largely be attributed to its
antioxidant and anti-inflammatory characteristics. Furthermore,
Capsaicin has been shown to modulate macrophage function and
reduce the release of proinflammatory cytokines, reactive oxygen
species (ROS), proteases, and lysosomal enzymes (Zimmer et al.,
2012). Additionally, several studies highlighted the antifibrotic effect
of Capsaicin through the inhibition of TGF-p1 signaling in various
models of fibrosis such as kidney fibrosis (Liu et al., 2022).

Therefore, the present study aims to investigate the potential
therapeutic effects of Capsaicin in mitigating Bleomycin-induced
pulmonary toxicity in rats and elucidating the underlying
mechanisms involved.

2 Materials and methods
2.1 Drugs and chemicals

Capsaicin, Bleomycin sulfate and Pirfenidone were procured
from Sigma Aldrich (St. Louis, MO, United States) under the catalog
numbers M2028, BP971, and P2116, respectively. All chemicals
utilized in this study were of the highest quality available in the
commercial market.

2.2 Animals

A total of 32 adult male Sprague Dawley rats, aged 10-12 weeks
and weighing between 140 and 160 g, were sourced from the
National Research Centre (NRC) in Giza, Egypt, for inclusion in
this study. To allow the rats to adapt to the laboratory environment,
they were acclimated for 1 week before the commencement of the
experiment. Throughout the study, the animals were maintained
under controlled conditions, with a temperature of 28 + 2°C,
humidity 55 + 5% and a 12-h light/dark cycle. They were
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provided with standard chow containing 20% protein, 8% fiber, 4%
fat, 7% ash, and approximately 60% carbohydrates, along with ad
libitum access to water. All procedures involving animals were
carried out following approval from the ethical committee of the
Faculty of Pharmacy at South Valley University, Egypt, under
(PS.V.U 112/23), in with
international guidelines for the use of experimental animals

approval number accordance

(Animal Research: Reporting of In vivo Experiments) guidelines.

2.3 Experimental design

The animals were randomly divided into four groups, each
consisting of 8 rats. They were assigned to different treatment
groups: 1) Group one, serving as the control, received only the
vehicle solutions for Capsaicin and Bleomycin. 2) Group two, the
Bleomycin-only-treated group, received Bleomycin (5 U/kg body
weight) (Razzaque et al., 1998) along with the vehicle solutions
for Capsaicin and Pirfenidone (0.5% sodium carboxymethyl
cellulose, CMC). 3) Group three received Bleomycin and
Pirfenidone (50 mg/kg, administered orally) (Guo et al.,, 2019).
4) Group four received Bleomycin and Capsaicin (3 mg/kg,
(Lee et al, 2003).
administered to the animals, following which a single dose of

administered orally) Anesthesia was
Bleomycin (5 mg/kg) dissolved in saline was introduced via
intratracheal instillation on day zero to induce pulmonary
fibrosis. Conversely, the control rats were administered
equivalent volumes of saline via the same route. Capsaicin and
Pirfenidone were administered orally to the animals starting
from day one and continued for 7 days. Upon concluding the
experiment, the rats were anesthetized using thiopental sodium
to collect bronchoalveolar lavage fluid. Subsequently, blood
samples were collected from the retro-orbital venous plexus.
These blood samples were maintained at room temperature
until serum separation, accomplished by centrifugation at
3,000 rpm for 15 min. The sera were then collected and stored
at —80°C for subsequent biochemical analyses. The lungs were
removed, rinsed with ice-cold saline, and weighed to determine
the lung/body weight index for macroscopic examination. The
left lobe of each animal’s lung was used to prepare lung tissue
while the lobe
histopathological examination.

homogenate, right was isolated for

2.4 Collection of bronchoalveolar lavage
fluid (BALF)

Under deep anesthesia, the thoracic cage was opened, revealing
the rat tracheas, which were then exposed and cannulated. The
lungs were subsequently flushed with 6 mL of 0.9% saline
administered in 2 mL increments. Gentle chest compressions
were performed to recover the saline. The bronchoalveolar
lavage fluid (BALF) was collected and centrifugated at
2,000 rpm, maintained at 4°C for 10 min. The cells that settled
were then resuspended in 500 puL of saline to assess the levels of
inflammatory cells, including total and differential cell counts,
following the method described by Henderson in 2005 (Henderson
and Pathology, 2005).
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2.5 Histopathological examination

The lung tissues of the rats were initially fixed in a 10%
formaldehyde solution for 48 h. Subsequently, they underwent a
dehydration process involving successive ethanol dilutions before
being embedded in paraffin. The paraffin-embedded lung tissues
were then sectioned into slices of 5 um thickness using a sliding
microtome. These tissue sections were subjected to staining
procedures, including hematoxylin and Eosin (H and E), Masson
trichrome stains (MTC), and periodic acid Schiff (PAS) stains, for
histopathological examination. Examination of the slides was
carried out employing a light microscope manufactured by
Olympus Opticals in Tokyo, Japan, at a magnification of x200.
The degree of pulmonary fibrosis was assessed based on the MTC-
stained tissue sections using the following grading system: Grade 0:
Indicates normal lung tissue. Grade 1: Signifies minimal fibrous
changes in alveoli or bronchial walls. Grade 2: Reflects moderate
thickening of alveoli or bronchial walls without disruption of lung
architecture. Grade 3: Represents tissue fibrosis accompanied by
damage to lung architecture. Grade 4: Denotes severe distortion and
architectural damage in addition to forming fibrous areas. Grade 5:
Corresponds to total lung fibrosis. The fibrosis score was determined
by analyzing ten fields within the lung sections. The quantitative
evaluation of mucus production was expressed as the area filled with
mucus relative to the total airway lumen area in the PAS-stained
tissue sections.

2.6 The assessment of
hydroxyproline content

The quantification of hydroxyproline content in lung
homogenates was conducted by utilizing a kit acquired from
Sigma Aldrich (St. Louis, MO, United States, Cat # MAKO008),
following the guidelines provided by the manufacturer. This
assay relies on the oxidation of free hydroxyproline using
chloramine-T, leading to the creation of a pyrrole compound
that generates a chromophore when Ehrlich’s reagent is
introduced. The resulting product’s absorbance can then be
measured at 550 nm, as previously described (Cissell et al., 2017).

2.7 Colorimetric assessments of the
oxidative stress biomarkers

We assessed various parameters, including lipid peroxidation,
which was quantified using malondialdehyde (MDA), a major
thiobarbituric acid reactive species. Additionally, we assessed
carbonyl content, reduced glutathione (GSH), total antioxidant
capacities (TAC), Myeloperoxidase (MPO) as well as catalase and
superoxide dismutase (SOD) activities. These assessments were
carried out in accordance with the manufacturer’s instructions,
employing commercially available kits as follows: MDA assay kit
(Biodiagnostics, Egypt, Cat # MD2529), Protein Carbonyl
Colorimetric Assay Kit (Cayman, Ann Arbor, Michigan,
United States, Cat # 10005020), GSH assay kit (Biodiagnostics,
Egypt, Cat # GR2511), TAC assay kit (Biodiagnostics, Egypt, Cat
# TA2513), (Abcam,

Myeloperoxidase Cambridge,
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United Kingdom, Cat # abl105136), Catalase activity assay kit
(Biodiagnostics, Egypt, Cat # SD2521), and SOD activity assay kit
(Biodiagnostics, Egypt, Cat # CA2517).

2.8 The assessment of the nitrite content

We measured nitrite content, which is indicative of nitric oxide
(NO), through a colorimetric method using the commercially
available NO assay kit (Biodiagnostics, Egypt, Cat # NO2533).
This assay relies on converting NO into nitrous acid, which
subsequently reacts with sulfanilamide and N-(1-naphthyl)
ethylenediamine to produce an azo dye. The absorbances of the
samples were then determined colorimetrically at a wavelength of
540 nm (Archer, 1993).

2.9 Assessment of inflammatory biomarker

We quantified the lung tissue protein content of tumor
necrosis factor-alpha (TNF-a) employing a solid-phase
sandwich ELISA method. This assay utilized the Rat Tumor
Necrosis Factor-a ELISA Kit (Sigma Aldrich, United States, Cat
# RABO0480) and followed the manufacturer’s instructions.
Moreover, the level of the inflammatory mediators TNF- a,
(Sigma Aldrich, United States, Cat # RAB0480), IL-1p (Sigma
Aldrich, United States, Cat # RAB0273) and IL-6 (Sigma Aldrich,
United States, Cat # RAB0311) were determined in the BALF,
following the manufacturer instructions.

2.10 Immunohistochemical staining of
a-SMA, Nrf-2, NF-KB, COX 2, TGF-f1, and
PPAR-y in the rats’ lung tissue

The expression of various proteins, including alpha-smooth
muscle actin (a-SMA), nuclear factor erythroid 2-related factor
2 (Nrf-2), nuclear factor-kappa B (NF-K), cyclooxygenase-2
(COX-2), transforming growth factor-beta 1 (TGF-P1), and
Peroxisome proliferator-activated receptor gamma (PPAR-y),
in the lung tissues was assessed through immunohistochemical
staining. To perform this analysis, sections of lung tissue
obtained from paraffin blocks were sliced into 5um thick
sections. These sections then underwent deparaffinization and
antigen retrieval by heating in steaming water at 80°C for 20 min.
Washing steps, using 0.1 M PBS at pH 7.4, were carried out for
5 min between each stage of the process. Subsequently, the lung
sections were incubated for 18 h with appropriately diluted
rabbit polyclonal primary antibodies, namely, anti-a-SMA,
anti-Nrf-2, anti-NF-Kp, anti-COX 2, anti-TGF p1, and anti-
PPAR-gamma (obtained from Abcam, Cambridge,
United Kingdom, Cat # ab220164, ab31163, ab76302,
ab179800, ab215715, and ab310323, respectively). Following
incubation, the slides were washed and then incubated with a
secondary antibody, HRP Anti-Rabbit IgG antibody (Abcam,
Cambridge, United Kingdom, Cat # ab288151). To stain the
target antigen, the tissue staining anti-rabbit kit (Abcam,
Cambridge, United Kingdom, Cat # ab64261) was employed.
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Visual examination of the immune-stained lung tissues was
conducted using a light microscope (Olympus Opticals,
Tokyo, Japan). A total of five fields per slide were analyzed,
scored, and quantified using Image-Pro Plus 5.0 image analysis
software from the National Institutes of Health, located in
Bethesda, MD, United States.

2.11 Western blot analysis

Tissue proteins were extracted using RIPA buffer (Beyotime)
and their quantities were determined. Equal quantities of proteins
were separated on 10% SDS-PAGE gel, proteins were transferred
onto PVDF membranes (EMD Millipore, Billerica, MA,
United States), treated with 5% BSA for 1 h at room temperature
to stop further reactions. The membranes were subsequently placed
at 4°C and treated overnight with primary antibodies; a-SMA
(ab5694, Abcam), collagen I (ab260043, Abcam), and collagen IIT
(ab7778, Abcam), membranes were washed using TBST solution
and incubated with HRP-conjugated secondary antibodies for
duration of 1h at 36°C. The bands’ intensity was determined by
chemiluminescence technique, the obtained images were analyzed
using ImageJ program.

2.12 Statistical analyses

For parametric data, we expressed the results as the mean +
standard deviation (SD), and we determined statistical significance
using One-way ANOVA followed by Tukey’s multiple comparison
test. Nonparametric data were presented as the median along with
the interquartile range, and we analyzed them using the
Kruskal-Wallis test, followed by Dunn’s post hoc test. The data
analyses were conducted using GraphPad Prism software (Prism
8.1, GraphPad Software), with statistical significance defined
as p < 0.05.

3 Results

3.1 The effects of Bleomycin, Pirfenidone,
and Capsaicin on the white blood cell count
in bronchoalveolar lavage fluid of the
treated rats

Bleomycin administration resulted in a notable increase in both
the total cell count and the proportions of macrophages, neutrophils,
eosinophils, and lymphocytes in the bronchoalveolar lavage fluid
(BALF) of the treated rats when compared to the control
group. Conversely, treatment with Pirfenidone significantly
reduced the total cell count and the proportions of neutrophils
and eosinophils compared to the Bleomycin-only-treated rats. Of
particular interest, Capsaicin treatment elicited a significant
decrease in the total cell count and in the proportions of
macrophages, neutrophils, and eosinophils compared to the
Bleomycin-only-treated rats. Remarkably, these values in the
Capsaicin-treated group nearly approached those of the control
group, as illustrated in Table 1.
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TABLE 1 The effect of Bleomycin, Pirfenidone, and Capsaicin on the white blood cell count in bronchoalveolar lavage fluid.

Total cells (x106/mL)

Macrophage (%)

Neutrophils (%)  Eosinophil (%) Lymphocytes (%)

Control 0.49 + 0.06 89.2 £7.6 4.1 £0.55 22+03 41 +0.32
Bleomycin 1.3* +0.12 62.3* £ 5.5 28.1* 23 3.3* £ 041 8.8* + 0.7
Bleomycin + Pirfenidone 1.1" £ 0.13 68.4 + 7.1 25.6" + 2.1 2.8" £ 0.19 9.68 + 0.8
Bleomycin + Capsaicin 0.65"° + 0.04 81.4%5 + 99 6.2"%+ 0.3 1.6%%+ 0.11 89 + 1.15

Bleomycin (5 mg/kg) was administered via intratracheal instillation on day zero. Capsaicin (3 mg/kg) and Pirfenidone (50 mg/kg) were orally administered daily for 7 days. Results were
analyzed by one-way ANOV A followed by Tukey’s as a post hoc test (n = 8). *, #, and $ are considered statistically significant from the control, Bleomycin-only, and Bleomycin-plus Pirfenidone-

treated group, respectively, at p < 0.05.

Control

Bleomycin +
Pirfenidone

Bleomycin

FIGURE 1

The effects of Bleomycin, Capsaicin, and Pirfenidone on the morphology of the rat lungs. Bleomycin (5 mg/kg) was administered via intratracheal
instillation on day zero. Capsaicin (3 mg/kg) and Pirfenidone (50 mg/kg) were orally administered daily for 7 days.

3.2 The effects of Bleomycin, Pirfenidone,
and Capsaicin on the macroscopic features
of the lungs of the treated rats

In the control group, the lungs displayed a typical, healthy
morphology characterized by a smooth and uniform surface. In
contrast, the Bleomycin-treated group exhibited irregularities,
coarseness, interstitial hemorrhagic lesions, atrophic alterations,
tissue degeneration, notable tissue congestion, collapsed lung areas,
and tissue consolidation, resulting in a loss of tissue elasticity.
Treatment with Pirfenidone and Capsaicin was observed to
enhance the macroscopic appearance of the lungs, leading to

Frontiers in Pharmacology

improved surface smoothness and elasticity. Additionally, there
were decreased levels of congestion, hemorrhagic lesions, and
tissue degeneration, as depicted in Figure 1.

3.3 The effects of Bleomycin, Pirfenidone,
and Capsaicin on the histopathological
features of the lung tissues of the

treated rats

Staining with H and E (Figure 2A) highlighted that lung tissues

from the control group displayed a normal architecture
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FIGURE 2

The effects of Bleomycin, Capsaicin, and Pirfenidone on the histopathological features of the rat lungs examined by hematoxylin and Eosin stain
(Black arrow indicates degenerative alterations, blue arrows indicate predominantly collapsed alveoli, orange arrow indicates thickened inter-alveolar
septa, red arrow indicates congested pulmonary blood vessels and green arrow indicates extensive cellular infiltration) (A), Masson trichrome (B), and
Periodic acid—Schiff (C). Bleomycin (5 mg/kg) was administered via intratracheal instillation on day zero. Capsaicin (3 mg/kg) and Pirfenidone

(50 mg/kg) were administered orally for 7 days. Results were analyzed by one-way ANOVA followed by Tukey's as a post hoc test (n = 8). *, #, and $ are
considered statistically significant from the control, Bleomycin-only, and Bleomycin-plus Pirfenidone-treated group, respectively, at p < 0.05.
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The effects of Bleomycin, Pirfenidone, and Capsaicin on the pulmonary hydroxyproline content. Bleomycin (5 mg/kg) was administered via
intratracheal instillation on day zero. Capsaicin (3 mg/kg) and Pirfenidone (50 mg/kg) were orally administered daily for seven days. Results were analyzed
by one-way ANOVA followed by Tukey's as a post-hoc test (n = 8). *, #, and $ are considered statistically significant from the control, Bleomycin-only, and

Bleomycin- plus Pirfenidone-treated group, respectively, at p < 0.05.

characterized by thin inter-alveolar septa, patent alveoli, healthy
pneumocytes of types I and II, normal nuclei, and unobstructed
bronchioles lined with regular columnar epithelium. In contrast, the
Bleomycin-treated group exhibited extensive tissue damage,
degenerative alterations, and distortion of pulmonary structure.
Alveoli were predominantly collapsed, septa
thickened cellular
infiltration and blood congestion. The bronchioles displayed

inter-alveolar
significantly, and there was extensive
severe infiltration of lymphocytic cells, with noticeable shedding
of bronchiolar epithelial cells into the lumen. The Pirfenidone-
treated group demonstrated moderate lung tissue damage, notably
congested pulmonary blood vessels, mild thickening of intra-
alveolar septa, and profound infiltration of inflammatory cells.
However, in the lung tissue of Capsaicin-treated rats, the degree
of destruction was less pronounced than in the Bleomycin-only and
Bleomycin-plus-Pirfenidone-treated groups.

Furthermore, mild inflammatory cell infiltration was observed.
Blood vessels were not congested, and bronchiolar epithelium
shedding was moderate. In some areas of lung tissue, inter-
alveolar septa were slightly thickened. Subsequent staining with
MTC to assess collagen deposition revealed that the control group
exhibited minimal collagen accumulation in lung tissues, nearly
devoid of tissue fibrosis. In contrast, the Bleomycin-treated rats
displayed dense collagen deposition, extensive thickening of alveolar
walls, and severe lung tissue fibrosis, particularly around blood
vessels and in the peribronchiolar regions.

Conversely, Capsaicin treatment substantially reduced collagen
deposition and accumulation when compared to the Bleomycin
group. There was a notable reduction in observed fibrous tissue in
the bronchiolar and alveolar regions as well as around blood vessels.
This ameliorative effect was less pronounced in the Pirfenidone-
treated group (Figure 2B). Staining with PAS to evaluate mucus
secretion in the bronchiolar lumen revealed low mucus content in
the control group. In contrast, the lung sections of Bleomycin-
treated rats displayed a significant increase in mucus content.
However, both Pirfenidone and Capsaicin administration reduced
mucus content remarkably (Figure 2C).
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3.4 The effects of Bleomycin, Pirfenidone,
and Capsaicin on the pulmonary
Myeloperoxidase (MPO) and hydroxyproline
content of the treated rats

The data analysis revealed that Bleomycin administration
resulted in a significant increase in the MPO and hydroxyproline
content in the treated rats. Conversely, following the induction of
lung fibrosis with Bleomycin, treatment with Pirfenidone and
Capsaicin led to a significant reduction in both MPO and
treated  with
Bleomycin alone. Capsaicin exhibited notably more promising

hydroxyproline contents compared to rats

results in this regard than Pirfenidone, as illustrated in Figure 3.

3.5 The effects of Bleomycin, Pirfenidone,
and Capsaicin on the pulmonary oxidative
stress biomarkers of the treated rats.
intratracheal

Data revealed that a

administration of Bleomycin induced oxidative stress, as

analyses single
evidenced by a significant increase in MDA levels and protein
carbonyl content. Additionally, it led to a decrease in the levels of
GSH, total antioxidant capacities, and the activities of both catalase
and SOD when compared to the control group. However, when the
Bleomycin-treated animals were challenged with either
these effects

reversed. Notably, Capsaicin exhibited more potent antioxidant

Pirfenidone or Capsaicin, were significantly

activity, with results comparable to those observed in the control
animals, as depicted in Figure 4.

3.6 The effects of Bleomycin, Pirfenidone,
and Capsaicin on the pulmonary NO levels

The administration of a single intratracheal dose of
Bleomycin resulted in a notable increase in NO levels when
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The effects of Bleomycin, Pirfenidone, and Capsaicin on the pulmonary malondialdehyde levels (A), carbonyl content (B), reduced glutathione levels
(C), catalase activity (D), Superoxide dismutase activity (E), and the total antioxidant capacity (F). Bleomycin (5 mg/kg) was administered via intratracheal

instillation on day zero. Capsaicin (3 mg/kg) and Pirfenidone (50 mg/kg)

were orally administered daily for 7 days. Results were analyzed by one-way

ANOVA followed by Tukey's as a post hoc test (n = 8). *, #, and $ are considered statistically significant from the control, Bleomycin-only, and

Bleomycin-plus Pirfenidone-treated group, respectively, at p < 0.05.
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FIGURE 5
The effects of Bleomycin, Pirfenidone, and Capsaicin on the pulmonary
intratracheal instillation on day zero. Capsaicin (3 mg/kg) and Pirfenidone

nitric oxide (NO) levels. Bleomycin (5 mg/kg) was administered via
(50 mg/kg) were orally administered daily for 7 days. Results were analyzed by

one-way ANOVA followed by Tukey's as a post hoc test (n = 8). *, #, and $ are considered statistically significant from the control, Bleomycin-only, and

Bleomycin-plus Pirfenidone-treated group, respectively, at p < 0.05.

compared to the intratracheal saline administration. Subsequent
treatment of the Bleomycin-exposed animals with Pirfenidone
did not lead to a significant decrease in NO levels. In contrast,
the administration of Capsaicin significantly reduced the NO
levels compared to the rats treated only with Bleomycin, as
illustrated in Figure 5.
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3.7 The effects of Bleomycin, Pirfenidone,
and Capsaicin on the pulmonary TNF-
a levels.

The administration of Bleomycin resulted in a significant
elevation in the protein levels of the inflammatory biomarker,
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The effects of Bleomycin, Pirfenidone, and Capsaicin on the pulmonary tumor necrosis factor-alpha (TNF-a) levels in BALF and serum, IL-1p in BALF

and IL-6 in BALF. Bleomycin (5 mg/kg) was administered via intratracheal instillation on day zero. Capsaicin (3 mg/kg) and Pirfenidone (50 mg/kg) were
administered orally for 7 days. Results were analyzed by one-way ANOVA followed by Tukey's as a post hoc test (n = 8). *, #, and $ are considered
statistically significant from the control, Bleomycin-only, and Bleomycin-plus Pirfenidone-treated group, respectively, at p < 0.05.

TNF-a, compared to the levels in the saline-treated animals.
However, treatment with Pirfenidone and Capsaicin significantly
mitigated the increase in TNF-a levels induced by Bleomycin.
Notably, Capsaicin’s effect in reducing the elevated TNF-a level
was significantly more pronounced when compared to Pirfenidone,
as depicted in Figure 6.

3.8 The effect of Bleomycin, Pirfenidone,
and Capsaicin on the immunohistochemical
reactivity of a-SMA, Nrf-2, NF-Kj, COX 2,
TGF-pB1, and PPAR-y in the rats’ lung tissue.

Sections from rats treated solely with Bleomycin exhibited a
significant increase in the immunoreactivity of a-SMA, NF-K@,
COX 2, and TGF-B1. Furthermore, there was a significant decrease
in the immunoreactivity of Nrf-2 and PPAR-y compared to the control
rats. Conversely, the administration of Pirfenidone significantly
mitigated the impact of Bleomycin on a-SMA, Nrf-2, COX 2, TGF-
B1, and PPAR-y, although it did not significantly affect the
immunoreactivity of NF-KP.Remarkably, Capsaicin administration
substantially ~attenuated the on the

effects of Bleomycin

Frontiers in Pharmacology

immunoreactivity of all the assessed parameters. Rats treated with
Bleomycin and  Capsaicin  exhibited significantly  reduced
immunoreactivity of NF-Kf and TGEF-p1, along with increased
immunoreactivity of PPAR-y when compared to the rats treated
with Bleomycin and Pirfenidone, as shown in Figure 7.

3.9 Western blot results

In the present study, western blot technique was used to determine
the levels of a-SMA, Collagen I and Collagen III in the pulmonary
tissue, and it was found that both capsaicin and perfinidone
administration could significantly ameliorate the increased levels of
a-SMA, Collagen I and Collagen III proteins due to bleomycin
intratracheal administration and the ameliorative effect of capsaicin
was significantly higher than pirfenidone effect as shown in Figure 8.

4 Discussion

Bleomycin, a highly effective antibiotic with anticancer
properties, but its therapeutic applications is limited since it has
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FIGURE 7
(Continued).

a tendency to induce lung fibrosis, which is depending on the dosage
administered (Ezzie et al,, 2011). Consequently, there has been a
concerted effort to identify adjunct therapies that can mitigate this
side effect. The present study represents the inaugural attempt to
elucidate the therapeutic potential of Capsaicin in countering
Bleomycin-induced pulmonary fibrosis.

The findings of this study underscore Bleomycin’s capacity to
induce marked morphological and histopathological alterations in
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lung tissue, indicative of its potent fibrogenic effect. Macroscopic
examination of the lungs revealed distinct manifestations of
Bleomycin’s impact, including an irregular, coarse surface,
interstitial hemorrhagic changes, tissue
degeneration, significant tissue congestion, lung collapse, and

lesions, atrophic

tissue consolidation resulting in a loss of tissue elasticity. These

observations align with prior research that has investigated the
necroscopic effects of Bleomycin on lung tissues (Bahri et al,
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(Continued). The effects of Bleomycin, Pirfenidone, and Capsaicin on the pulmonary immunohistochemical reactivity of alpha-smooth muscle actin
(a-SMA), nuclear factor erythroid 2—-related factor 2 (Nrf-2), nuclear factor-kappa B (NF-Kp), cyclooxygenase-2 (COX-2), transforming growth factor-
beta 1 (TGF-p1), and Peroxisome proliferator-activated receptor gamma (PPAR-y). Bleomycin (5 mg/kg) was administered via intratracheal instillation on
day zero. Capsaicin (3 mg/kg) and Pirfenidone (50 mg/kg) were orally administered daily for 7 days. Results were analyzed by one-way ANOVA
followed by Tukey's as a post hoc test (n = 8). *, #, and $ are considered statistically significant from the control, Bleomycin-only, and Bleomycin-plus

Pirfenidone-treated group, respectively, at p < 0.05.

2020). Such changes can be attributed to the inflammation, epithelial
injury, and excessive extracellular deposition induced by Bleomycin
(Birnhuber et al., 2020). At the microscopic level, Bleomycin led to
tissue degeneration, alveolar collapse, thickening of inter-alveolar
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septa, extensive cellular infiltration, congested blood vessels,
infiltration of lymphocytic cells, and shedding of bronchiolar
epithelial cells. Additionally, there was an increase in collagen

and mucin content. These features of bleomycin-induced
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FIGURE 8

The effects of Bleomycin, Pirfenidone, and Capsaicin on the pulmonary protein expression of alpha-smooth muscle actin (a-SMA), Collagenl and
Collagenlll. Results were analyzed by one-way ANOVA followed by Tukey's as a post hoc test (n = 8). *, #, and $ are considered statistically significant
from the control, Bleomycin-only, and Bleomycin-plus Pirfenidone-treated group, respectively, at p < 0.05.

pulmonary fibrosis were also evident in the previous studies
(Demirkol et al., 2023; Gul et al., 2023).

Significantly, the outcomes of this study underscore the
effectiveness of Capsaicin treatment the
macroscopic lung characteristics as well as the histopathological

in  improving
distortions induced by Bleomycin in a comparable and even more
substantial restorative effect when compared to the commercially
available antifibrotic drug, Pirfenidone. These effects can be
attributed to the anti-inflammatory and antifibrotic properties of
Capsaicin (Huang et al., 2022; Mansouri et al., 2023), which were
further highlighted through the assessment of fibrotic and
inflammatory markers.

Pulmonary fibrosis is a characteristic condition observed in
patients undergoing Bleomycin treatment. The disruption of
alveolar epithelial cells and subsequent alveolar collapse trigger
the activation of fibroblasts, which engulf the collapsed alveoli
and deposit collagen and other fibrotic proteins (Carneiro et al.,
2017). The excessive deposition of collagen enhances the tensile
strength of the pulmonary interstitium, contributing to the
restrictive nature of fibrotic lung diseases (Danaei et al., 2023).
Hydroxyproline is a major component of the fibrillar collagen, and it
is increased in case of increased collagen production and decreased
turnover after injury (Yang et al., 2023). Mucins, the most common
glycoprotein components of mucus, are secreted into the
extracellular space. Mucus can capture, retain, and release
biologically active molecules such as cytokines and growth
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factors. At the same time, the secreted mucins can regulate
inflammatory and immune responses (Schultz and Stick, 2015).
a-SMA serves as a crucial marker of lung fibrosis, where
significant polymerization of a-SMA occurs in proliferating
fibroblastic cells within the alveolar interstitium (Song et al,
2013; Wang et al, 2019). Another key mediator of fibrosis is
TGF-B, a profibrotic cytokine that plays a central role in the
induction of fibrogenesis. It is upregulated and activated during
lung fibrosis and promotes myofibroblast activation, proliferation
and trans-differentiation and matrix preservation (Liu et al., 2019).
TGF-B1 binding to its receptor induces a-SMA expression and
subsequent myofibroblast differentiation, resulting in increased
collagen deposition, as explained by (Abbas et al., 2023).
Similarly, in the current study, intratracheal administration of
Bleomycin elicited an increase in the fibrosis score according to the
Ashcroft scoring system. Additionally, there was an evident rise in
CollagenI and CollagenIII proteins expression as determined by
western blot technique in addition to collagen and mucin
pulmonary content, as demonstrated by MTC and PAS staining,
respectively. These effects were associated with a significant increase
in pulmonary fibrotic markers such as hydroxyproline, TGF-p1 and
a-SMA.
Interestingly, ~ Capsaicin ~ administration ~ demonstrated
promising antifibrotic activity in lung tissue evidenced by the
significant reduction in the fibrosis score, Collagenl and
CollagenIII proteins expression, collagen deposition, mucin
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content, hydroxyproline content, and the immunohistochemical
reactivity of a-SMA and TGF-B1, mirroring the effects of the
approved antifibrotic Pirfenidone. Prior studies on Capsaicin
have also substantiated its antifibrotic properties in various
models, including its inhibition of TGF-f1
ameliorate kidney fibrosis (Liu et al., 2022).

To understand the mechanisms involved in the antifibrotic and

signaling  to

ameliorative effects of Capsaicin in the Bleomycin-induced
pulmonary fibrosis, we examined its impact on inflammatory
cells besides some key mediators of inflammation and oxidative
stress in the BAL and lung tissue.

Studies conducted on animal models involving intratracheal
Bleomycin injection have revealed alterations in lavage fluid
composition during fibrosis, characterized by a significant influx
of inflammatory cells. Neutrophils are the first to appear,
accompanied by increased percentages of lymphocytes and a
transient influx of eosinophils, as documented by Fahey et al.
(1982). Furthermore, Bleomycin-induced lung toxicity is marked
by an augmentation in alveolar macrophages, as described by
Kseibati et al. (2020). Protein molecules secreted by these
inflammatory cells act as chemo-attractants and play a pivotal
role in stimulating collagen synthesis by lung fibroblasts,
contributing to lung fibrosis (Prasse et al., 2006).

The findings of the present study align with previous reports,
wherein Bleomycin was found to increase both the total cell count
and the percentages of macrophages, neutrophils, eosinophils, and
lymphocytes. However, Capsaicin administration significantly
mitigated the increase in the inflammatory cell count induced by
Bleomycin. Capsaicin has previously demonstrated its ability to
reduce inflammatory cell counts in BAL fluid in a model of lung
ischemia-reperfusion injury in rabbits (Wang et al,, 2019). These
findings further underscore the anti-inflammatory effects elicited
by Capsaicin.

The onset of pulmonary fibrosis is frequently preceded by acute
inflammation of the lungs, triggered by viral and bacterial infections,
radiation, chemotherapy, irritants, and pollutants. If left unresolved,
this inflammation leads to the accumulation of fibrotic tissue in the
lungs, causing respiratory dysfunction (Della Latta et al., 2015).
Acute lung inflammation is characterized by the activation of
inflammatory processes in response to lung injury, resulting in
heightened permeability of lung capillary arteries and widespread
destruction to the alveoli associated with fibrotic changes (Dorababu
and Maraswami, 2023).

Upon lung injury, macrophages undergo a transformation into
pro-inflammatory M1 phenotypes and start releasing pro-
inflammatory cytokines (TNF-a, IL-6, IL-1P) and chemokines
(IL-8, CCL7, CCL2). This results in an enhanced movement of
monocytes and neutrophils towards the alveolar spaces, leading to
their gradual accumulation (Brill et al., 2015; Frey et al.,, 2021).
Neutrophils, in response, secrete a multitude of inflammatory
mediators, reactive oxygen species, and proteinases, which cause
damage to surfactant, basal membranes, and the epithelia-
endothelial barrier, eventually leading to pulmonary fibrosis.
Surfactant is a lipid-protein complex produced by alveolar
epithelial type II cells (Dhooghe et al., 2014). It acts to reduce
surface tension in the alveoli, preventing their collapse. During the
development of acute lung injury, the loss of type II alveolar
epithelial cells (AEC II) causes a notable reduction in surfactant
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production. Consequently, the collapse of alveoli occurs, allowing
lung proteins to permeate into the alveolar space (Carignon et al.,
2023; Ye et al., 2023).

The possible mechanisms of pulmonary tissue damage, fibrosis
and cell death is disruption of tight-junction mediated cell-to-cell
contacts, changes in extracellular matrix components and their
with
communication between epithelial and immune cells (Della Latta
et al., 2015; Evangelista-Leite et al., 2023).

The current study revealed that Bleomycin increased the
expression of inflammatory mediators such as TNF-a (BALF and
lung tissue), NF-xB, TGF-f, IL-6 and II-B along with elevated
expression of the inducible COX-2 and increased NO production.

interaction epithelial ~ cells, and disturbances in

Whereas, prostaglandins produced due to increased COX-2
expression have also been associated with the acceleration of
pulmonary fibrosis (Oga et al., 2009).

Capsaicin ~ administration  effectively counteracted the
inflammatory effects induced by Bleomycin by reducing the
expression of TNF-a, NF-kB, TGF-fl and COX-2, as well as
decreasing NO production. These results align with previous
studies demonstrating Capsaicin’s anti-inflammatory effects
against cyclophosphamide and acrylamide toxicities, as elucidated
by Melekoglu et al. (2018); Abd Al Haleem et al. (2022).

Bleomycin was observed to decrease the immunoreactivity of
PPAR-y, a member of the nuclear hormone receptor family known
for its role in modulating immune responses. PPAR-y inhibits the
expression of inflammatory mediators and influences immune cell
differentiation toward anti-inflammatory phenotypes (Pascual et al.,
2005). Additionally, PPAR-y has been found to inhibit fibroblast
proliferation, induce cell cycle arrest, and impede TGF-f1-induced
myofibroblast differentiation and collagen secretion, hence
effectively inhibit fibrosis (Milam et al, 2008). These findings
suggest the potential of PPAR-y agonists as therapeutic agents
against pulmonary fibrosis. Interestingly, the present study
demonstrated that capsaicin increased the expression of PPAR-y
in lung tissue, thereby we may postulate that the antifibrotic and
anti-inflammatory properties of Capsaicin may be mediated in part
through PPAR-y activation.

The initial cellular injury accompanying lung fibrosis is
mediated by reactive oxygen species (ROS) produced by
infiltrating inflammatory cells. Activated macrophages, for
instance, produce NO and peroxynitrite (Barnes and Belvisi,
1993). Moreover, inflammation and oxidative
interrelated, as NF-kB is activated in response to ROS
production (Sen and Packer, 1996). Additionally, activated
inflammatory cells produce ROS, which, in turn, recruit other
inflammatory cells and amplifying the damage (Nathan, 2003).
Nuclear factor erythroid 2-related factor 2 (Nrf-2) is a master

regulator of cellular resistance to oxidative stress via modulation of

stress are

the expression of genes encoding antioxidant enzymes and genes

controlling immune and inflammatory tissue

remodeling and fibrosis (Hao et al, 2022). Alterations in the
redox state activate Nrf2 which upregulates the production of

responses,

antioxidant, xenobiotic-metabolizing, and cytoprotective enzymes,
safeguarding cells against ROS (Chan and Kan, 1999). In the
present study, Bleomycin significantly induced oxidative stress
with increased ROS production, upregulated MPO pulmonary
tissue elevated NO levels, elevated

concentration, lipid
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peroxidation and protein oxidation products (MDA and protein
decreased GSH total
antioxidant capacity and reduced activity of antioxidant

carbonyls respectively), levels, and
enzymes (catalase and SOD). This disturbance in the oxidative
balance was associated with downregulation Nrf-2. Similar
findings were reported by previous studies (Han et al, 2019),
Capsaicin administration markedly alleviated oxidative stress by
upregulating Nrf-2 expression, increasing antioxidant enzyme
activities, GSH levels, and total antioxidant capacity, and
reducing the products of oxidative stress, including MDA and
protein carbonyls. Our results were in accordance with several
studies highlighting the antioxidant effects of Capsaicin (Beltran
et al., 2007; Nascimento et al., 2014; Thongin et al., 2022).

Collectively, Capsaicin exhibited promising antifibrotic activity
against Bleomycin-induced pulmonary fibrosis and demonstrating
efficacy comparable to the commercially available and approved
antifibrotic drug, Pirfenidone. These antifibrotic effects may be
attributed, at least in part, to the antioxidant and anti-
inflammatory activities of Capsaicin mediated by upregulation of
PPAR-y and Nrf-2 expression.

5 Study limitations

Moving forward, there are several promising avenues for
further research and clinical applications regarding Capsaicin’s

potential in treating pulmonary fibrosis. Firstly, deeper
investigations  into the precise molecular mechanisms
underlying Capsaicin’s antifibrotic and anti-inflammatory

effects are warranted. Understanding how Capsaicin interacts
with specific signaling pathways involved in fibrosis, such as
TGF-B1, PPAR-y, and NF-kB, can provide valuable insights and
potential targets for drug development. Additionally, optimizing
the dosage and administration regimen of Capsaicin is crucial.
Future studies should explore various dosages and treatment
durations to determine the most effective and safe therapeutic
regimen. This will help establish standardized protocols for clinical
applications. Combination therapies could hold great promise in
enhancing treatment outcomes. Exploring the potential synergies
between Capsaicin and existing medications like Pirfenidone or
Nintedanib may lead to more potent treatment strategies for
pulmonary fibrosis. Transitioning from preclinical studies to
clinical trials is a critical step. Well-designed clinical trials are
needed to evaluate the safety and efficacy of Capsaicin in patients
with pulmonary fibrosis. These trials should assess parameters
such as lung function, quality of life, and fibrosis progression.
Identifying specific biomarkers associated with Capsaicin’s
therapeutic effects can aid in patient selection and monitoring
of treatment responses, allowing for more personalized treatment
approaches.

6 Conclusion

This study sheds light on the potential therapeutic efficacy of
Capsaicin in mitigating the detrimental effects of Bleomycin which
is an effective anticancer agent with high potential to cause dose-
dependent pulmonary fibrosis. Our findings reveal that Capsaicin
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treatment exerts a considerable positive impact on both the
macroscopic and microscopic aspects of lung tissue affected by
Bleomycin. Intratracheal administration of bleomycin produced
visible signs of fibrosis, histopathological alterations, increased
collagen deposition, elevated mucin content, inflammatory cell
infiltration and elevated fibrosis markers such as hydroxyproline,
a-SMA and TGF-pI. Inflammatory markers such a TNF-q, IL-1f,
IL-6, NF-xB and COX-2 as well as oxidative stress markers such as
NO, MDA, and protein carbonyl were induced by bleomycin.
Moreover, anti-inflammatory and antoioxidant mechanisms were
compromised by bleomycin as evident by decreased the expression
of PPAR-y and Nrf-2, reduced GSH, total antioxidant capacity, and
the activities of catalase and SOD.

On the other hand, treatment with Capsaicin following
Bleomycin exposure improved lung macroscopic and microscopic
characteristics and reversed the histopathological distortions
induced by Bleomycin compared to the approved antifibrotic
drug Pirfenidone. These effects were evidenced in the form of
reduced collagen deposition, fibrosis score and mucin content,
decreased inflammatory cell infiltration, lowered levels of fibrosis
markers (hydroxyproline, a-SMA, and TGF-f1), downregulated
inflammatory markers (TNF-qa, IL-1f, IL-6, NF-xB, and COX-2)
and oxidative stress markers (NO, MDA, and protein carbonyl).
Parallel to these effects, Capsaicine enhanced the anti-inflammatory
and antioxidant pathways (PPAR-y, Nrf-2, GSH, total antioxidant
capacity, and the activities of catalase and SOD.

In summary, Bleomycin-induced pulmonary fibrosis is closely
associated with inflammatory responses and oxidative stress.
Capsaicin emerges as a promising candidate for the treatment of
Bleomycin-induced pulmonary fibrosis, with its multifaceted
benefits
antioxidant activities. These findings pave the way for further

encompassing anti-inﬂammatory, antifibrotic, and
research and clinical investigations and potentially offer new
therapeutic avenues for managing pulmonary fibrosis and

enhancing the quality of life for affected individuals.
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malformation by regulating neural
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Medicine of the Ministry of Education of China, Jinan University, Guangzhou, China

Hyperglycemia in pregnancy can increase the risk of congenital disorders, but
little is known about craniofacial skeleton malformation and its corresponding
medication. Our study first used meta-analysis to review the previous findings.
Second, baicalin, an antioxidant, was chosen to counteract high glucose-induced
craniofacial skeleton malformation. Its effectiveness was then tested by exposing
chicken embryos to a combination of high glucose (HG, 50 mM) and 6 uM
baicalin. Third, whole-mount immunofluorescence staining and in situ
hybridization revealed that baicalin administration could reverse HG-inhibited
neural crest cells (NCC) delamination and migration through upregulating the
expression of Pax7 and Foxd3, and mitigate the disordered epithelial-
mesenchymal transition (EMT) process by regulating corresponding adhesion
molecules and transcription factors (i.e., E-cadherin, N-cadherin, Cadherin 6B,
Slug and Msx1). Finally, through bioinformatic analysis and cellular thermal shift
assay, we identified the AKR1B1 gene as a potential target. In summary, these
findings suggest that baicalin could be used as a therapeutic agent for high
glucose-induced craniofacial skeleton malformation.

KEYWORDS

baicalin, diabetes mellitus, hyperglycemia in pregnancy, NCC delamination and
migration, craniofacial skeleton

Introduction

The generation of neural crest cells (NCCs) occurs when primary neurulation occurs,
i.e., the process of dorsal fusion of the neural plate borders (Osorio et al., 2004). Neurulation
is defined as the morphogenetic process in which the neural plate transforms into a neural
tube, and then the neural progenitor cells in the neural tube differentiate into the cellular
components of the brain and the spinal cord (Colas and Schoenwolf, 2001). Failure of
primary neurulation, i.e., defective formation of neural tube, will lead to malformations
known as neural tube defects (NTDs), the second most prevalent congenital anomaly (Copp
et al,, 2003; Mitchell, 2005). It was reported that NTDs were closely associated with the
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abnormal development of NCCs (Stevenson et al., 2004; Wang et al.,
2016). During early vertebrate development, NCCs are derived from
the dorsal-most aspect of the neural tube (Achilleos and Trainor,
2012). Thereafter, primitive NCCs undergo a succession of events in
chronological order, including NCC induction, delamination,
(EMT),
differentiation, and eventually contribute a variety of NCC-
derived cells (Zhang et al., 2017). Obviously, NCCs are endowed
with the remarkable ability of migration and differentiation, thereby

epithelial-mesenchymal  transition migration  and

making up various cells and tissues of the neural crest (Takahashi
et al.,, 2013; Simdes-Costa and Bronner, 2015). The neural crest
derivatives comprise the whole craniofacial skeleton, cerebral
ganglions, enteric nervous system, and Schwann cells, while
cranial NCCs contribute cranial bones, cartilage, smooth muscle,
dentin, melanocytes, corneal endothelial cells, and neurons and glial
cells in the peripheral nervous system (Cordero et al., 2011; Ishii
et al., 2012). Regarding the regulation of NCC development, the
interaction of transcription factors and cell signaling molecules has
been suggested to involve the aforementioned morphogenetic
formation, such as bone morphogenetic proteins (BMPs), Snai2
(Slug), Wnts, and fibroblast growth factors (FGFs), etc. (Barembaum
and Bronner-Fraser, 2005). Given the close correlation between
NCC development and NTDs (Takahashi et al., 2013; Reid et al,,
2015), we investigated the treatment strategy for alleviating NCC
malformation resulting from hyperglycemia in pregnancy (HIP)
using chicken embryos, an early developmental vertebrate model.

HIP can cause very serious pregnancy-specific health problems
(Negrato and Gomes, 2013). HIP is generally classified as either
diabetes mellitus in pregnancy (DIP) or gestational diabetes mellitus
(GDM), which is deemed damaged glucose tolerance during pregnancy.
In other words, HIP could be regarded as a consequence of either
preexisting diabetes or GDM (L6pez Stewart, 2014; Hod et al,, 2015).
Approximately 80% of diabetic pregnancies are vested in GDM (Virjee
etal,, 2001). Noticeably, GDM is usually not diagnosed in the clinic until
the 24th to 28th week of gestation, but then it is too late to implement
treatment since the most important period for embryonic/fetal
development is the early stage of embryo development. Thus,
maternal HG could have already impacted the early development of
the fetus. It was reported that maternal hyperglycemia greatly increased
the risk of congenital abnormalities in the cardiovascular and nervous
systems. For example, hyperglycemia could lead to NTDs, including
exencephaly, anencephaly and rachischisis (Dheen et al., 2009; Sukanya
et al,, 2012). Up to 17% of neonates of diabetic mothers suffer from
congenital heart diseases (e.g., atrioventricular septal defects (AVSDs)
and tetralogy of Fallot) (Corrigan et al., 2009). Obviously, understanding
and treating diabetes during pregnancy would help prevent or lower
maternal and fetal complications (Negrato and Gomes, 2013).

As a flavone glycoside (ie., glucuronide of baicalein), baicalin is
produced from the combination of glucuronic acid and baicalein. In
nature, baicalein exists in the roots of Scutellaria lateriflora and Cutellaria
baicalensis, which have been used as herbal medicine to prevent
miscarriage by improving the developmental competence of embryos
(Abel, 1984; Qi et al., 2016; Preventive et al., 2023). Furthermore, in most
Asian countries, baicalin is also largely used as an herbal supplement
because of its broad scope of health benefits, such as anti-
neuroinflammation (Wang et al, 2016), anticancer (Wang et al,
2015), anti-anxiety (Wang et al,, 2008), and increased lung capability
(Baek et al., 2014) as well as fertility (Zhang et al., 2015). Regarding its
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biological mechanism, baicalin is believed to perform effectively by
suppressing oxidative stress (Yin et al, 2011). Our previous study
showed that baicalin administration could attenuate HG-induced
malformations of the cardiovascular and nervous systems during
embryonic/fetal development (Wang et al, 2018a; Wang et al,, 2020).
However, whether baicalin can prevent or rescue the malformation of
the neural crest-derived craniofacial skeleton under HG conditions
remains elusive. Thus, this study focused on the beneficial effects of
baicalin and its corresponding mechanism on challenging HG-induced
damage to neural crest development using early chick embryos as an
experimental model, which has been previously proven effective (Wang
et al, 2015; Wang et al,, 2018a).

Materials and methods
Meta-analysis

The meta-analysis was carried out using Stata version 13.1 (Stata
Corp, College Station, TX, United States). The literature search was
performed by querying PubMed, Embase, Cochrane Library and Web of
Science for studies up to 1 January 2022, and the scientific question
focused on the association between craniofacial anomalies and maternal
diabetes. The flowchart of the search process is shown in Figure 1A. The
inclusion criteria were as follows (Osorio et al,, 2004): articles reporting
information on the association between gestational diabetes and
craniofacial anomalies (Colas and Schoenwolf, 2001); articles in
English or another European language; and (Copp et al,, 2003) study
design: cross-sectional studies, case—control studies, epidemiologic
studies, population-based studies, observational studies, clinical trials
or cohort studies. The articles were excluded if they (Osorio et al,, 2004)
did not investigate the aims of the study (Colas and Schoenwolf, 2001);
did not provide an explicit definition of gestational diabetes (Copp et al,,
2003); lacked cranial and facial bone defect definitions; or (Mitchell,
2005) did not report original data (eg., editorial, review or
congress abstract).

A summary of the studies included in the meta-analysis is
reported in Supplementary Table SI. For the risk of bias
assessment, the quality of the studies was evaluated
independently by the two assessors via the qualitative evaluation
of observational studies, i.e., Newcastle Ottawa Scale (NOS). The
Newcastle Ottawa Scale is shown in Supplementary Tables S2, S3.
Any disagreement in quality assessment was resolved through
consensus. Studies scoring >7 were considered at low risk of bias,
scores between 5 and 7 indicated a moderate risk of bias, and scores
below 5 indicated a high risk of bias. Heterogeneity among studies
was assessed by using the Q and I* statistics. For the Q statistic,
statistical significance was set at p < 0.1. Publication bias was
evaluated using funnel plots and Egger’s regression test, and the
results are shown in Supplementary Figures SIA, B. p < 0.1 was
considered to indicate statistical significance.

Avian embryos and treatment

Fertilized chick eggs were obtained from the Avian Farm of the
South China Agriculture University. The eggs were incubated until the
chick embryos reached the desired developmental HH stage
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FIGURE 1

Meta-analysis for the correlation between hyperglycemia in pregnancy and craniofacial anomalies (A) Flow diagram of systematic literature search

on hyperglycemia and craniofacial skeleton malformations. (B) Forest plot of effect sizes of studies examining the association of hyperglycemia in
pregnancy and craniofacial anomalies included in the meta-analysis. Lowercase letters following the study year represent study arms within the same
research. Effect size estimates (ES) are depicted by filled circles, with horizontal whiskers corresponding to 95% Cls. The length of the horizontal lines
represents the 95% Cls for the effect size of hyperglycemia in pregnancy on craniofacial anomalies from each study. The weight of each study assigned to
the meta-analysis expressed as a percentage is listed in the last column. The vertical solid line represents a mean difference of zero or no effect. I is a
measure of variation beyond chance among studies used in the meta-analysis. The hollow diamond indicates the overall mean effect size. (C) Summary
and classification of potential mechanisms of craniofacial abnormalities caused by hyperglycemia during pregnancy mentioned in 10 included studies.

Abbreviations: ES, effect size; Cl, confidence interval.

(Hamburger and Hamilton, 1992) in a humidified incubator (Yiheng
Instrument, Shanghai, China) at 38°C and 70% humidity. For the later
stage chick embryos, 1.5-day preincubated chick embryos were exposed
to either different concentrations of baicalin (Santa Cruz Biotechnology,
Dallas, TX, United States), 50 mM glucose (Sigma, United States), or the
same amount (approximately 200 uL) of 50 mM mannitol (osmotic
control, Sigma, United States) through careful injection into windowed
eggs in vivo (Figure 2A). For early gastrula embryos, HHO (Hamburger
and Hamilton, 1992) chick embryos were prepared and incubated with
50 mM mannitol, 6 uM baicalin, or/and 50 mM glucose (Wang et al.,
2015) using early chick culture (EC culture) (Figure 3A) (Chapman
et al, 2001).

Alizarin red staining of whole embryos
The craniofacial skeleton was visualized in 12-day (E12) chick

embryos by staining with alizarin red dye (Solarbio, Beijing, China).

Frontiers in Pharmacology

Briefly, the embryos were fixed in 95% ethanol for 3 days, after which the
skin and viscera were carefully removed before they were postfixed in
95% ethanol for 1 day. The embryos were then treated with 0.5% KOH
(Jinan University, Guangzhou, China) for 48 h and stained with 0.001%
alizarin red dye for 3 days. Finally, the embryos were cleared in a graded
series of glycerol (diluted with water), and the craniofacial skeleton was
photographed using a stereomicroscope (Olympus MVXI10, Japan).

Immunofluorescence staining

Chick embryos were harvested after a given incubation time and
fixed in 4% PFA overnight at 4°C. Immunofluorescence staining was
performed on either whole-mount embryos or transverse sections using
the following antibodies: Pax7 (1:200, DSHB, United States), E-cadherin
(1:200, DSHB, United States), N-cadherin (1:200, DSHB, United States),
and Cadherin6B (1:100, DSHB, United States), and HNK-1 (1:400,
Sigma, United States). Briefly, the fixed embryos or transverse sections
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FIGURE 2

Assessing the development of the skulls of chicken embryos exposed to HG and/or baicalin (A) A schematic illustration showing that chicken
embryos (preincubated for 1.5 days) were injected with an equal volume of mannitol (control, 50 mM HG, or/and 6 uM baicalin) every 3 days and then
incubated at day 12. (B) Representative skull images of alizarin red-stained chicken embryos from the control, Baicalin, HG, and HG + Baicalin groups. (C)
Bar charts showing the comparisons of the mortality of 12-day chick embryos among the control, Baicalin, HG, HG + Baicalin groups. (D—F)
Comparisons of the frequency of PA defects (D), length of the premaxilla (E) and area of the PA (F) in chicken embryos from the control, Baicalin, HG, and

HG + Baicalin groups. Abbreviations: HG, high glucose; SQ, squamosal bone; PA, parietal bone. Scale bars = 1 mm in (B).

were then incubated with these primary antibodies at 4°C overnight on a
shaker. Following extensive washing, the embryos were incubated with
an anti-rabbit IgG conjugated to Alexa Fluor 488 or Alexa Fluor
555 overnight at 4°C on a rocker. All the samples were later
counterstained with DAPI (1:1000, Invitrogen, United States) at
room temperature for 1 h.

In situ hybridization

Whole-mount in situ hybridization of chick embryos was
performed according to a standard in situ hybridization protocol

Frontiers in Pharmacology

(Henrique et al, 1995). Digoxigenin-labeled probes were
synthesized against Slug, Msxl, FoxD3, and FGF8 (Li et al,
2022). The chick embryos
photographed by a stereomicroscope (Olympus MVX10, Tokyo,
Japan) and then prepared for cryosectioning at a thickness of 16 pm
on a cryostat microtome (Leica CM 1900).

stained whole-mount were

RNA isolation and quantitative PCR

Total RNA was extracted from chick embryos using a TRIzol kit
(Invitrogen, United States). PCR amplification of the cDNA was
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FIGURE 3

Assessing Pax7-labeled NCCs delaminated from chicken embryos exposed to HG and/or baicalin (A) A schematic illustration showing that gastrula
chicken embryos were incubated with HG and/or baicalin from HHO to HH10 in EC culture. (B) A schematic of the distribution of early NCCs on the neural
tube. (C) Representative images of the cranial region of whole-mount Pax7 immunofluorescence, as well as the corresponding cross-sections at the
levels indicated by dotted lines from the control, Baicalin, HG, and HG + Baicalin groups. (D) Comparisons of Pax7* areas in whole-mount cranial
regions of chick embryos from the control, Baicalin, HG, and HG + Baicalin groups. (E) Quantitative PCR data showing the mRNA expression of Pax7 in
chicken embryos from the control, Baicalin, HG, and HG + Baicalin groups. Abbreviations: HG, high glucose. Scale bars = 200 pm in whole-mount;
100 pm in cross-section of (C)

structure and predict the target on the Swiss Target Prediction
website (http://www.swisstargetprediction.ch/).

implemented using the corresponding specific primers (note: the
sequences are provided in Supplementary Table S4). The PCRs were
implemented in a Bio-Rad S1000TM Thermal cycler (Bio-Rad,

United States).
Protein-protein interaction (PPI)

network analysis

Drug-target interaction prediction

STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins, https://string-db.org) was used for protein-protein
interaction (PPI) network analysis.

For target prediction, the SMILES of baicalin from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) was employed to visualize the
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Molecular docking

The crystal structure of AKR1B1 (PDB: 1AZ1) was downloaded
from the RSCB protein data bank (PDB) (http://www.rcsb.org/).
Before molecular docking, open-source PyMOL (https://pymol.org)
was employed to remove nonstandard amino acids, crystal water,
and impurity chains from the initial structure of AKR1B1 and then
hydrogenate and recalculate the charge. AutoDock Tools (ADT,
version 4.2.6) was used to convert the protein into the PDBQT
format. The structure of Baicalin (Molecule ID: MOL002776) was
obtained from TCMSP and converted into mol2 format. Then,
molecular docking studies were performed using AutoDock-Vina
1.1.2-. PyMOL 2.3.0 and Discovery Studio 2016 Client were used to
visualize the best conformations and analyze the molecular
interactions.

Cell culture and cellular thermal shift
assay (CETSA)

The SH-Y5Y cell line (human neuroblastoma cells) was cultured
in high glucose DMEM (Gibco, United States, 4.5 g/mL glucose),
which contained 10% FBS (fetal bovine serum, ExCell, Shanghai,
China) and 1% P/S (double antibody: penicillin 100 U/mL +
streptomycin 100 pg/mL, Gibco, United States). Then, the flask
was placed in an incubator at 37°C and 5% CO2. The cells were
cultured in vitro and divided into two groups (control and baicalin).
After baicalin treatment, the cells were lysed, supernatant was
removed after centrifugation for gradient heating, and the
proteins were denatured and precipitated by heating and
removed by centrifugation. Western blotting was used to detect
and quantify AKRIBI, and expression curves were drawn.

Western blot

The proteins were isolated from the cells via homogenates using
(RIPA, Sigma, MO,
United States). Western blotting was implemented based on the

a radio-immuno-precipitation  assay
standard procedure as previously described (Wang et al., 2018b).
Primary antibodies were used to detect the expression of AKRIB1
(1:1500, Proteintech, 15439-1-AP, Wuhan Sanying). The loading
control was a B-actin antibody (1:1000, Abcam, ab32572, New
Territories, HK). After incubation with secondary antibodies
(HRP-conjugated goat anti-rabbit IgG 1:4000, EarthOx, 7074S,
Millbrae, United States), the samples were developed with
SuperSignalTM ~ West Femto Chemiluminescent Substrate
(ThermoFisher, Rockford, United States) and the Gel Doc™ XR
+ System (Bio-Rad, CA, United States).

Data analysis

The various markers’ positive cell rates and relative mRNA
expressions in the different experimental samples were analyzed
using Image Pro-Plus 5.0 software (He et al., 2014). Statistical
analysis was performed using the SPSS 13.0 statistical package
program for Windows. The data are presented as the mean + SE.
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Statistical significance was assessed by one-way ANOVA and
Tukey’s multiple comparisons test. p < 0.05 was considered to be
statistically significant.

Results

Meta-analysis revealed the correlation
between hyperglycemia in pregnancy and
craniofacial malformation

correlation  between

First, to assess the

hyperglycemia in pregnancy and craniofacial malformation, we

systemically

employed a meta-analysis (Gurevitch et al, 2018) at the four
typical steps (identification, screening, eligibility, and inclusion)
on the literature available in PubMed, Embase, Cochrane Library
and Web of Science databases (Figure 1A). In the final included
studies (Janssen et al., 1996; Moore et al., 2000; Aberg et al., 2001;
Stott-Miller et al., 2010; Balsells et al., 2012; Trindade-Suedam et al.,
2016; Yang et al., 2019; Tinker et al., 2020; Maniglio et al., 2022;
Zhang et al., 2022), we selected all types of deformities involved in
the development of head and facial bones, such as orofacial clefts,
cleft lip and/or palate, and positional plagiocephaly. In the context of
type I or II or gestational diabetes (Figure 1B). In the context of
hyperglycemia in pregnancy, the effect size (ES) at the risk of fetal
craniofacial abnormalities was 1.98 [95% confidence interval (CI):
1.39, 2.83] (Figure 1B). Publication bias was evaluated using funnel
plots and Egger’s regression test, and the results are shown in
Supplementary Figure S1. Taken together, the results of the
meta-analysis demonstrated that there are almost certainly
associations between diabetes in pregnancy and craniofacial
abnormalities, as shown here, but it is simultaneously suggested
that there is still a lack of an effective therapeutic approach, which is
at least partially due to the underlying biological mechanisms having
not yet been completely elucidated. Therefore, we summarized and
classified potential
caused by hyperglycemia

various mechanisms of craniofacial

abnormalities during pregnancy
mentioned in the 10 included studies, including impaired

oxidative stress and glucose tolerance, as shown in Figure 1C.

Baicalin demonstrated its capacity to reverse
the craniofacial malformation induced by
high glucose

Our previous study not only revealed the antioxidant effects of
baicalin but also confirmed its protective effect on embryonic
development in a hyperglycemic environment (Wang et al,
2018a; Wang et al., 2020). To assess the impact of baicalin on
countering craniofacial malformation induced by high glucose
during pregnancy, we exposed chicken embryos to HG or
HG + baicalin before harvesting them at 12 days of incubation
(Figure 2A). Alizarin red staining was performed on chicken
embryos treated with HG and/or baicalin, and then the skulls
from the control, baicalin, HG, and HG + baicalin groups were
photographed (Figure 2B). The results showed that HG increased
the mortality of chick embryos and frequency of parietal bone (PA)
defects, and additional application of baicalin reversed this tendency
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Assessing the expression of E-cadherin, N-cadherin, and cadherin 6B in the cranial regions of chicken embryos exposed to HG and/or baicalin (A—C)
Representative images of the cranial region of whole-mount immunofluorescence of N-cadherin (A), E-cadherin (B) and cadherin 6B (C), as well as the
corresponding cross-sections at the levels indicated by dotted lines from the control, Baicalin, HG, and HG + Baicalin groups. (D—F) Quantitative PCR data
showing the mRNA expression of N-cadherin (D), E-cadherin (E) and cadherin 6B (F) in chicken embryos from the control, Baicalin, HG, and HG +
Baicalin groups. (G) The diagram indicates that baicalin rescues the early EMT process inhibited by a HG environment. Abbreviations: HG, high glucose
Scale bars = 200 pm in whole mounts of (A-C); 100 um in cross-sections of (A-C).

(Figures 2C, D). The corresponding quantitative analysis showed
that HG treatment significantly reduced the length of the premaxilla
and area of the parietal bone (PA), but these effects were reversed by
baicalin treatment (Figures 2E, F). This suggested that baicalin
indeed able the
malformation glucose

administration was to efficiently rescue

craniofacial induced by  high

concentrations during pregnancy.

Baicalin administration reversed HG-
inhibited delamination of cranial NCCs on
the dorsal side of the developing neural tube

To examine whether the aforementioned craniofacial malformation
phenotype occurred in the early stage of neural crest development,
we exposed gastrula chicken embryos to HG (50 mM) and/or baicalin
(6 uM) in EC culture and then evaluated neural crest delamination
after 42h of incubation (Figure 3A). Whole-mount Pax7
immunofluorescence staining showed that baicalin did not only
affect Pax7-labeled NCC delamination compared to the control, but
it could significantly reverse the HG-induced reduction in Pax-7-
labeled NCC delamination (Figures 3C, D), which was verified by
quantitative PCR data (Figure 3E).

Loss of expression of EMT-related adhesion molecules is
indispensable for EMT in NCC delamination (Gheldof and Berx,
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2013). Whole-mount immunofluorescence staining against adhesion
molecules, including N-cadherin, E-cadherin, and Cadherin 6B, was
subsequently carried out (Figures 4A-C), and the results showed that
the addition of baicalin could reverse the HG-increased expression of
N-cadherin, which was confirmed by quantitative PCR data
(Figure 4D), as well as E-cadherin and Cadherin 6B (Figures 4E,
F). To examine whether the expression of EMT-related transcription
factors (Duband et al., 1995) was affected, we implemented whole-
mount in situ hybridization against Slug and Mxsl in embryos
exposed to HG or/and baicalin (Figures 5A, B). Baicalin
the inhibition of HG-inhibited Slug
(Figure 5C) and Msx1 (Figure 5E) expression on the dorsal side of

significantly  reversed
neural tubes. The quantitative PCR data were generally the same as
those from in situ hybridization (Figures 5D, F). This implied that
baicalin could successfully rescue HG-inhibited NCC delamination by
regulating the expression of EMT-related transcription factors and
adhesion molecules.

Baicalin administration reversed HG-
inhibited migration of cranial NCCs in cranial
neural crest development

To determine whether the migration of NCCs in cranial
neural crest development was affected, we implemented whole-
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Assessing the expression of Slug and Msx1 in the cranial regions of chicken embryos exposed to HG and/or baicalin (A) Representative images of the
cranial region of whole-mount Slug in situ hybridization, as well as the corresponding cross-sections at the levels indicated by dotted squares from the
control, Baicalin, HG, and HG + Baicalin groups. (B) Representative images of the cranial region of whole-mount Msx1 in situ hybridization, as well as the
corresponding cross-sections at the levels indicated by dotted squares from the control, Baicalin, HG, and HG + Baicalin groups. (C) Bar chart
showing the comparisons of Slug* areas in the cranial regions of chicken embryos from the control, Baicalin, HG, and HG + Baicalin groups. (D)
Quantitative PCR data showing the mRNA expression of Slug in chicken embryos from the control, Baicalin, HG, and HG + Baicalin groups. (E) Bar chart
showing the comparisons of Msx1" areas in the cranial regions of chicken embryos from the control, Baicalin, HG, and HG + Baicalin groups. (F)
Quantitative PCR data showing the mRNA expression of Msx1 in chicken embryos from the control, Baicalin, HG, and HG + Baicalin groups. Abbreviations:
HG, high glucose. Scale bars = 200 pm in whole mounts of (A,B); 100 um in cross-sections of (A,B).

mount immunofluorescence staining against HNK-1 (Bronner-
Fraser, 1986) on chicken embryos treated with HG and/or
baicalin. The results clearly indicated that combinational
application of baicalin could resume HG-inhibited HNK-1-
labeled NCC migration at both the whole-mount and section
levels (Figures 6A-C).

Foxd3 and FGF8 are required for NCC migration (Stewart
2006; 2011),
immunofluorescence staining

et al., Sato et al., carried out
Foxd3

Foxd3 in situ hybridization (Figure 7A; Supplementary Figure

S0 we

after whole-mount
S2A). The combinational application of baicalin significantly
reversed the HG-inhibited Foxd3 expression on the dorsal side
of the neural tubes (Figure 7B), which was verified by subsequent
quantitative PCR data (Figure 7C). However, in contrast to
Foxd3 expression, the additional application of baicalin did
not rescue HG-inhibited FGF8 expression (Supplementary
Figure S2B). This suggests that baicalin administration could
rescue HG-inhibited NCC migration through the involvement of
Foxd3 gene expression regulation.

Frontiers in Pharmacology

Baicalin may modulate NCC development by
specifically binding to AKR1B1

To identify the potential targets of baicalin, we drew the
chemical structure of baicalin (Figure 8A) and predicted its target
proteins based on the Stitch website and Swiss Target Prediction
(Figures 8B-D), which indicated that 28% of the top 15 targets
were associated with the enzyme class. The potential target genes
and proteins were enriched and analyzed for different biological
pathways (Figure 8E), in which EGFR, PDGF, insulin pathways,
TGF-beta, biological oxidations and cell adherins were involved.
The most strongly correlated gene was AKR1B1 (Figure 8D). We
performed a molecular docking analysis of baicalin and AKR1B1,
and the results showed that the binding energy for baicalin and
AKRIB1 was —8.4 kcal/mol. The three-dimensional diagram
showed that baicalin bound to amino acid residues in the
AKRI1BI pocket, where baicalin formed hydrogen bonds with
Gln47, pi-sulfur with Tyr45 and an attractive charge with Asp102
(Figure 8F). To confirm the potential link between AKR1B1 and
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Assessing HNK-1-labeled migratory NCCs from chicken embryos exposed to HG and/or baicalin (A) Representative images of the cranial region of
whole-mount HNK-1 immunofluorescence, as well as the corresponding cross-sections at the levels indicated by dotted lines from the control, Baicalin,
HG, and HG + Baicalin groups. (B,C) Bar chart showing the comparisons of HNK-1* areas in whole-mount (B) and histological sections (C) of chicken
embryos from the control, Baicalin, HG, and HG + Baicalin groups. Scale bars = 200 pym in whole mount of (A); 100 pym in cross-section of (A).

NCC development, bioinformatics analysis was employed to
construct a protein—protein interaction network. The results
indicated that AKR1B1 may affect NCC-related genes through
EGFR signaling. (Figure 8G). Finally, the direct binding of
baicalin to AKR1B1 was further confirmed by an in vitro

Frontiers in Pharmacology

cellular thermal shift assay. With increasing temperature, the
expression level of AKR1BI in cells treated with baicalin was
greater than that in the control (DMSO), especially at 54°C.
AKRI1BI1 was verified to be the target of baicalin and to play a
protective role intracellularly (Figures 9A-C).
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Assessing the expression of Foxd3 in the cranial regions of chicken embryos exposed to HG and/or baicalin (A) Representative images of the cranial
region of whole-mount Foxd3 in situ hybridization, as well as the corresponding cross-sections at the levels indicated by dotted squares from the control,
Baicalin, HG, and HG + Baicalin groups. (B) Bar chart showing the comparisons of Foxd3* areas in the cranial regions of chicken embryos from the control,
Baicalin, HG, and HG + Baicalin groups. (C) Quantitative PCR data showing the mRNA expression of Foxd3 in chicken embryos from the control,
Baicalin, HG, and HG + Baicalin groups. Scale bars = 200 pm in whole mount of (A); 50 um in cross-sections of (A).

Discussion

Growing evidence has shown that overt diabetes mellitus
during pregnancy is closely associated with a dramatically
increased risk of various perinatal disorders in nervous,
cardiovascular and musculoskeletal system defects (Moore et al.,
2000). In this study, we focused on craniofacial malformation in
the presence of hyperglycemia in pregnancy, so a meta-analysis
was first employed to comprehensively and systemically review the
results of all previous studies in this area. From the view of the
meta-analysis results, we could see that both preexisting diabetes
before pregnancy and gestational diabetes could increase the risk of
various craniofacial malformations but that this risk was worse in
patients with preexisting diabetes than in those with gestational
diabetes (Figure 1B). This definitely tamped down the previous
observation that the exposure to hyperglycemia in pregnancy
would adversely impact craniofacial skeleton development,
thereby raising the possibility of having congenital and
postnatal diseases (Mussatto et al., 2015). Meanwhile, there is
no doubt that this highlights an obvious need to seek new
medications to prevent or confront the developmental defects
induced by diabetes in pregnancy.

Frontiers in Pharmacology

As we know, chickens have not gained widespread use as an
animal model in diabetes research primarily due to their
with  their
approximately 70% homologous to that of humans (King, 2012;
Shi et al., 2014). Among vertebrates, chicken embryos are favored
models in developmental biology. They are easily accessible, have a

nonmammalian nature, genetic makeup being

short incubation period, and exhibit phenotypes similar to
mammalian developmental abnormalities in a hyperglycemic
environment (Datar and Bhonde, 2005; Datar and Bhonde, 2011;
Bozkurt et al., 2021). Therefore, we chose chicken embryos as the
model to proceed for our study.

From the literature included in the meta-analysis, we found
that there are various mechanisms of craniofacial malformation
caused by hyperglycemia, such as oxidative stress and ROS
10). an extract of traditional Chinese
medicine, has been extensively used as a traditional medicine to

(Figure Baicalin,
reduce inflammation in many East Asian countries for a long time
(Ishimaru et al., 1995). In addition to anti-inflammation, baicalin
also exhibits many other pharmacological properties, such as
anticancer and anti-pruritic effects (Li-Weber, 2009; Trinh
et al, 2010), which inspired us to employ it in this study.
Another important factor in its favor is that baicalin could go
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Bioinformatics analysis and target gene prediction of baicalin. (A) The two-dimensional structure of baicalin according to SwissTargetPrediction. (B)
Prediction of the potential target protein of baicalin by using the Stitch website. (C) Pie chart shows the categories of baicalin-regulated targets based on
SwissTargetPrediction. (D) The table shows the information about the predicted most likely targets for baicalin. (E) The enrichment and anlysis of potential
target genes and proteins of baicalin from (B,D) for different biological pathways. (F) The proposed three- and two-dimensional binding models of

the interaction between baicalin and AKR1B1 derived from Open-Source PyMOL and Discovery Studio 2016 Client software. In the three-dimensional
interaction, baicalin is presented by carton, AKR1B1 is presented by ball-stick, and the binding residues are presented by sticks. (G) PPl analysis of

AKR1B1 and NCC-related genes in this study using the Stitch website.

through the placental barrier at different gestational stages after
being absorbed in the maternal intestine and entering maternal
circulation (Song et al., 2010). Most of the abovementioned effects
of baicalin result from its antioxidative and anti-inflammatory
effects through upregulating antioxidant enzymes and suppressing
NF-kB signaling pathways (Wu et al., 2018). Thus, baicalin is ideal
for use in confronting diabetes in pregnancy since diabetes mellitus
is regarded as an inflammatory disorder (Tsalamandris et al.,
2019). Regarding the potential embryotoxicity of baicalin, our
previous study showed that 6 uM baicalin itself did not have a
significantly negative influence on embryo development (Wang
et al., 2020). After deliberate choice (i.e., baicalin as the chosen
compound) and exclusion of embryotoxicity, we first evaluated the
effect of 6 uM baicalin on developing chicken embryos by
observing the effect of the combined application of HG and
baicalin on craniofacial skeleton development, and this in vivo
experiment clearly showed that baicalin administration could
successfully rescue high glucose-induced craniofacial skeleton
malformation (Figure 2).

Frontiers in Pharmacology

Embryos at an early stage of development are extremely
vulnerable to environmentally harmful influences since their own
immune system has not yet been well established (Hamdoun and
Epel, 2007). Craniofacial bone is principally derived from the cranial
neural crest at the early stage of embryo development, so we
naturally started our study based on the spatiotemporal
development of the neural crest at the initial stage, ie, NCC
delamination, EMT, migration, and differentiation, using a
gastrula chicken embryo model. To determine the delamination
of NCCs, we employed Pax7 as a marker for premigratory NCC
generation (Basch et al., 2006) in gastrula chicken embryos exposed
to HG or/and baicalin, mannitol was used as an osmotic control due
to the HG. The results unmistakably demonstrated that baicalin
administration indeed significantly rescued high glucose-restricted
NCC production (Figure 3). In subsequent experiments to decipher
the underlying mechanism, we found that baicalin could
downregulate the HG-increased expression of adhesion molecules
(N-cadherin, E-cadherin and cadherin 6B) in cranial neural tubes
(Figure 4), indicating that the high glucose-restricted EMT process
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and NCC delamination were lifted by baicalin administration. It is
widely known that EMT is intensely associated with a reduction in
cell—cell adhesion, i.e., the expression of these adhesion molecules
must be downregulated, which is controlled by some EMT-related
transcription factors, such as the zinc finger gene Slug (Duband
et al, 1995). Likewise, we observed that the HG-suppressed
expression of Slug and Msx1 on the dorsal side of neural tubes
bounced back after baicalin administration (Figure 5), implying that
baicalin administration is conducive to restoring the expression of
these key EMT-related transcription factors, thereby promoting the
process of neural crest EMT and delamination. After NCC
delamination, NCCs migrate long distances to populate various
peripheral sites. Immunofluorescence staining of HNK-1 was
utilized to identify the influence of migratory NCCs by baicalin
administration, and the results showed that the HG-inhibited HNK-
1-labeled NCC migration was significantly rescued by baicalin
administration (Figure 6). Therefore, what is the expression of
genes controlling NCC migration in this scenario? For this
purpose, we detected the expression of Foxd3 and FGF8
(Thomas and Erickson, 2009) in chicken embryos exposed to HG
and the results showed that HG-inhibited
increased

and/or baicalin,
Foxd3
administration (Figure 7), suggesting gene expression evidence

expression again  following  baicalin

underlying NCC migration improvement.
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Finally, to further explore the mechanism of baicalin, we used the
molecular informatics website to predict the potential target genes and
proteins of baicalin and carried out enrichment analysis of these genes in
biological pathways. The gene with the highest correlation was AKR1B1,
which has been associated with multiple complications of diabetes and
plays a role in ROS production and promoting EMT (Wu et al., 2017;
Wu et al, 2020). We used molecular docking software to simulate
docking with baicalin molecules and obtained ideal results. Molecular
docking simulations also showed ideal results for the interaction between
baicalin and AKR1BI1. Therefore, we hypothesize that baicalin may
target AKRIBI to rescue craniofacial malformations in hyperglycemic
pregnancy. However, AKR1B1 may influence the key genes involved in
the epithelial-mesenchymal transition (EMT) process of neural crest cells
through EGEFR signaling (Zhang et al., 2021), a crucial pathway in NCC
development (Gassmann et al., 1995; Golding et al., 2000). Additionally,
Wu et al. (2020) suggested that the overexpression of AKR1BI could
suppress AMPK activation, thus promoting the EMT process in lens
epithelial cells during diabetic cataract formation.

In recent years, the cell heat transfer assay (CETSA) has become
widely used in drug discovery workflows. CETSA based on Western blot
is mainly used to verify the target binding of a molecule to its target
protein (Tolvanen, 2022). Therefore, we performed a CETSA of baicalin
and AKRI1BI in our final research. Surprisingly, the thermal stability of
AKRIBI in cells treated with baicalin was significantly greater than that
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in the control (DMSO), which was manifested as an increase in
AKRIBI expression, further confirming our speculation that baicalin
can play a protective role in cells by targeting on AKR1B1 (Figure 9).

In summary, baicalin was chosen to confront high glucose condition
was firstly verified in skull formation by exposing chicken embryos to the
combined application of HG and baicalin. Based on the events in NCC
development, baicalin administration was found to reverse HG-inhibited
NCC delamination and EMT, as well as the expression of corresponding
adhesion molecules and key EMT-related transcription factors.
Additionally, HG-restricted NCC migration was significantly rescued
by baicalin administration. Molecular docking and cell heat transfer
assay revealed the possible target gene AKRIBI of baicalin in
confronting the craniofacial skeleton malformation caused by high
glucose. The study suggests that baicalin’s significant effect on
confronting hyperglycemia-induced craniofacial skeleton
malformation occurs mainly at the early stage of NCC development,
although more comprehensive studies are needed to reveal the
precise mechanism.
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The incidence of inflammatory bowel disease (IBD) and the associated risk of
colon cancer are increasing globally. Traditional Chinese medicine (TCM)
treatment has unique advantages. The Sishen Pil, a common Chinese
patented drug used to treat abdominal pain and diarrhea, consists mainly of
Psoraleae Fructus, Myristicae Semen, Euodiae Fructus, and Schisandra Chinensis.
Modern research has confirmed that Sishen Pill and its active secondary
metabolites, such as psoralen, muyristicin, evodiamine, and schisandrin, can
improve intestinal inflammation and exert antitumor pharmacological effects.
Common mechanisms in treating IBD and colon cancer mainly include regulating
inflammation-related signaling pathways such as nuclear factor-kappa B,
mitogen-activated protein kinase, phosphatidylinositol 3-kinase, NOD-like
receptor heat protein domain-related protein 3, and wingless-type MMTV
integration site family; NF-E2-related factor 2 and hypoxia-inducible factor la
to inhibit oxidative stress; mitochondrial autophagy and endoplasmic reticulum
stress; intestinal immune cell differentiation and function through the Janus
kinase/signal transducer and activator of transcription pathway; and improving
the gut microbiota and intestinal barrier. Overall, existing evidence suggests the
potential of the Sishen pill to improve IBD and suppress inflammation-to-cancer
transformation. However, large-scale randomized controlled clinical studies and
research on the safety of these clinical applications are urgently required.

KEYWORDS

inflammatory bowel disease, colon cancer, Sishen Pill, molecular mechanism,
natural product

1 Introduction

Inflammatory bowel disease (IBD) is a chronic disease of the intestine that mainly
includes ulcerative colitis (UC) and Crohn’s disease (CD). Its incidence has shown an
upward trend worldwide (Ng et al., 2017). UC, the most important type of IBD, progresses
gradually from the rectum to the proximal segments of the colon, with its lesions often
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localized to the mucosal epithelium. UC can occur in any part of the
gastrointestinal tract and is commonly found in the terminal ileum
and right colon. In addition to common discomfort symptoms,
such as abdominal pain, diarrhea, and bloody stools, IBD is
associated with an increased risk of various metabolic diseases,
such as diabetes (Lu et al., 2020; Li et al., 2021b), acute coronary
2023; Zaka et al, 2023),
nonalcoholic fatty liver disease (Chen et al., 2020c), and

syndrome (D’Ascenzo et al,

autoimmune skin diseases (Fu et al., 2018) such as rheumatoid
arthritis and psoriasis. More importantly, IBD can increase the
risk of various cancers, such as colon cancer (Gatenby et al., 2021;
Piovani et al., 2022). A survey of patients with UC revealed that
the estimated cumulative risk of UC-associated colorectal cancer
was 0.7% within 10 years, but by 30 years, the risk rose to 33.2%
(Kim et al., 2009). Treatment of IBD with 5-aminosalicylates can
significantly reduce the incidence of colon cancer (Bonovas et al.,
2017; Hsiao et al., 2022). In recent studies, targeted nutritional
interventions (Cassotta et al., 2023), probiotics, and other
intestinal microecological agents (Lee et al., 2022) were found
to be effective in treating colitis-associated colon cancer (CACC).
The process of IBD transformation into cancer involves complex
molecular mechanisms, such as gene mutations, epigenetic
alterations, persistent chronic inflammation, gut microbiota
disorders, and others (Xue et al., 2018). Further exploration is
warranted to limit intestinal inflammation and inhibit its
transformation into colon tumors.

Natural botanical drugs have the therapeutic advantage of
multiple pathways and multiple targets; numerous studies have
confirmed that botanical drugs or their extracts could improve
IBD, inhibit its progression to colon cancer, exerting an
integrated pharmacological “anti-inflammatory + anti-cancer”
effect (Yang et al, 2023b). Traditionally, the Sishen Pill is a
Chinese patent drug commonly used to treat diarrhea and is
mainly composed of Psoraleae Fructus, Myristicae Semen,
Euodiae Fructus, and Schisandrae Chinensis at a dosage ratio
of 4:2: 2 : 1. Jujubae Fructus and Zingiberis Rhizoma were also
used as excipients in this formula. In traditional Chinese
medicine (TCM), Sishen Pill is believed to “warm the kidneys
to dispel cold and astringing the intestines to stop diarrhea.”
modern clinical studies showed that it could effectively treat IBD
and other intestinal inflammatory injury (Li et al., 2018; Long and
Cao, 2021b; Xu et al., 2022b). The main active metabolites in this
formula, such as myristicin (Ismail Abo El-Fadl and Mohamed,
2022), psoralen (Zhou, 2020), deoxyschizandrin (Zhang et al.,
2016), evodiamine (Ding et al., 2020), and others could improve
the intestinal mucosal damage caused by IBD through various
molecular mechanisms. Recent studies also found that the Sishen
Pill can effectively treat colon cancer (Jiang et al., 2023) and
prevent the progression of inflammatory cancer transformation
(Caoetal.,, 2012; Cao, 2013; Cao et al., 2013); various metabolites
in this formula could also suppress the growth of colonic tumor
cells. This review comprehensively summarizes the experimental
research on the treatment of IBD and colon cancer with Sishen
Pill and its active phytochemicals, screens for core effective
phytochemicals, clarifies key targets of action, generalizes the
potential common molecular mechanism of Sishen Pill to treat
IBD and colon cancer, and proposes a future research outlook
based on the current research.
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2 Metabolites investigation of
Sishen Pill

The earliest records of the Sishen Pill can be traced back to the Hua
Tuo Shen Yi Mi Zhuan during the Han Dynasty. The main disease it
treats is “predawn diarrhea” (Wang et al.,, 2015). Modern research has
found that this formula not only treats diarrhea but also has curative
effects on multiple intestinal diseases such as UC (Long and Cao,
2021a), irritable bowel syndrome (Li et al., 2018a), colorectal cancer
(Sun et al,, 2021), and extraintestinal diseases such as depression (Luo
et al,, 2023) and breast cancer (Xu et al., 2022a). The multiple active
metabolites contained in the Sishen Pill determine its multi-target
therapeutic effects. Several studies have applied advanced technology
to analyze qualitative or quantitative the metabolites in the Sishen Pill.
Briefly, high performance liquid chromatography (HPLC) (Wei et al,,
2021; Guo et al,, 2023), HPLC-electrospray ionization-tandem mass
spectrometry (HPLC-ESI-MS/MS) (Zhang et al, 2018), and flash
evaporation-gas chromatography/mass spectrometry (FE-GC/MS)
(Huang et al, 2019) have been used to identify effective metabolites
in this formula. Sishen Pill contains various effective metabolites such as
coumarins, lignin, alkaloids, terpenoids, and others (Guo et al., 2023).
The main metabolites with potential therapeutic effects on IBD and/or
colon cancer are shown in Figure 1.

Psoraleae Fructus is the dried ripe fruit of Psoralea corylifolia Linn.
The Leguminosae family and its metabolites include coumarins,
flavonoids, benzofurans, monoterpenes, and some trace elements
(Mu et al, 2018). Other studies focused on psoralen, isopsoralen,
and psoralidin in coumarins; bavachin, bavachinin, and
neobavaisoflavone in flavonoids; and bakuchiol in monoterpenoids
(Chopra et al,, 2013). In addition to antibacterial, anti-inflammatory,
antitumor, antiviral, and antioxidant effects, Psoraleae Fructus can
regulate bone cell metabolism, enhance skin pigmentation, and act
like estrogen, expanding its utility in orthopedics, dermatology, and
gynecology (Ren et al.,, 2020; Sharifi-Rad et al., 2020). The coumarin
content in Psoraleae Fructus is an important indicator that the Sishen
Pill meets quality standards (Huang et al., 2019). Several studies have
confirmed that intestinal bacteria play an important role in metabolic
processes. Wang et al. developed a rapid, sensitive, and selective ultra-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS)
isopsoralenoside could be metabolized to psoralen and isopsoralen
by gut microbiota through de-glucosylation (Wang et al, 2014).
Furthermore, Liu et al. investigated the metabolic profiles of

method and found that psoralenoside and

psoralen and isopsoralen under intestinal conditions and confirmed
that some metabolites, such as 6,7-furano-hydrocoumaric acid and 5,6-
furano-hydrocoumaric acid, have stronger activities in antioxidant
stress and as anti-inflammatories (Liu L. et al., 2019).

Myristica Semen, the dried seeds of Myristica fragrans Houtt. plants
in the Myristiceae family are a common TCM medicinal and edible
homologous that contains lignans such as dehydrodiisoeugenol and
macelignan; phenylpropanoids such as myristicin, eugenol, isoeugenol,
and elemicin; and terpene alcohols such as linalool, all found to have
multiple pharmacological properties (Liu et al., 2023). In addition to the
therapeutic effects on the digestive system, such as peptic ulcer and
diarrhea, Myristicae Semen has also been shown to be active against
Parkinson’s disease and has anti-depressant, anti-epileptic, and anti-
dementia effects (Liu et al,, 2023). The combination of Myristicae
Semen and Psoraleae Fructus, known as the traditional Ershen Pill
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formula, is also used to treat intestinal diseases such as diarrhea and
abdominal cold pain. Gao et al. (2017) used HPLC to “fingerprint”
Ershen Pill-medicated serum and found that psoralen, isopsoralen,
bakuchiol, corylin, and dehydrodiisoeugenol were the main metabolites
absorbed into the blood.

Euodiae Fructus is a nearly ripe, dry fruit of the Rutaceae plant
Euodia rutaecarpa (Juss.) Benth. or E. rutaecarpa (Juss.) var.
officinalis (Dode) Huang, or E. rutaecarpa (Juss.) Benth. var.
bodinieri (Dode) Huang; it contains mainly alkaloids, terpenoids,
flavonoids, phenylpropanoids, anthraquinone, and sterols; research
has now focused on metabolites such as evodiamine, rutaecarpine,
rutaevine, and limonin (Kong et al., 2023). Euodiae Fructus is widely
used in clinical practice and has multiple effects, including pain
effects,
central

relief, anti-inflammatory gastrointestinal  protection,

antitumor effects, nervous system protection,

cardiovascular protection, and glycolipid metabolism regulation.
Recently, to
bioavailability of evodiamine, attempts have been made to

solve the problems of low solubility and
develop novel phospholipid and nanocomplex drug carriers to
deliver evodiamine, achieve better clinical efficacy and reduce
side effects (Luo et al., 2021).

Schisandrae Chinensis originates from the dried and ripe fruits
of the Magnoliaceae plant Schisandra Chinensis (Turcz.) Baill, or

Schisandra Sphenanthera Rehd. et Wils; the former is called
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Schisandrae Sphenantherae Fructus, whereas the latter is called
Schisandrae Chinensis Fructus. The effective metabolites of

Schisandrae  Chinensis  contain  lignans, volatile oils,

polysaccharides, organic acids, terpenoids, and flavonoids.

Among them, lignans are considered the primary active
metabolites, including mainly schizandrin A, schizandrin B,
schizandrin C, schizandrol A, schizandrol B, schistenherin A, and
schistenherin B. Studies found that schisandrins could regulate the
central nervous, cardiovascular, digestive, endocrine, and immune
systems, and are often used for sleep promotion, regulation of
glucose and lipid metabolism, and as anti-inflammatory and anti-
diarrhea agents (Xing et al, 2021). Similar to evodiamine,
schisandrins have relatively low bioavailability; new technologies
such as self-emulsifying drug delivery systems and solubility have
been improved to some extent (Shao et al., 2010).

3 Research progress on Sishen Pill in
the treatment of IBD and colon cancer

3.1 Sishen Pill in the treatment of IBD

The clinical efficacy of the Sishen Pill in treating UC has been
confirmed by multiple clinical studies. Long et al. conducted a meta-
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TABLE 1 Pharmacological effects and molecular mechanisms of Si Shen Wan in the treatment of IBD.

Experimental

model

Dosage
form

Dosage

Pharmacological effect

Molecular mechanism

References

BALB/c mice formula 2.5 g/kg/d Regulating immune cells: Treg cellT, | Inhibiting STAT/SOCS signaling Huang et al. (2022),
granules Tir cell], PD-1 and PD-L1 cells|, pathway: protein expression levels of = Kang et al. (2022)
Tth9 and Tfh17 cells| p-STAT3, STAT3, p-STAT6 and
STAT6 are decreased, and protein
expression level of SOCS are
increased
BALB/c mice volatile oil 0.075 g/kg/d Regulating inflammatory factors: IL- | Inhibiting TLR/MyD88 signaling Huang et al. (2021)
107, IL-4], IL-17A |, IL-21|, IFN-y| = pathway: the levels of TLR2, MyD88,
Racl, IRAK4, IRAK1, TRAF6, TABI,
TAB2, MKK6, p38MAPK, and CREB
proteins are downregulated
Wistar rat water 25g5g, 10 g/kg/d = Regulating oxidative stress and Regulating TLR4/IRAK-M signaling | Wang et al. (2019a)
decoction immune factors: IgE|, MDA |, IL-2T, = pathway: the protein expression level
SODT, FT3T, FT47 of TLR-4 is downregulated and
IRAK-M protein is upregulated
Wistar rat water pill 0.8 g,1.6 g and Regulating inflammatory factors: IL- | Inhibiting PI3K/Akt/mTOR Liu et al. (2021)
3.2 g/kg/d 1B/, IL-10T signaling pathway: the levels of
p-PI3K, p-Akt, p-mTOR are
decreased
BALB/c mice water pill 5 g/kg/d Regulating the dendritic cell Inhibiting PI3K/Akt/mTOR Liu et al. (2022)
immunity: CD40|, CD24|, CD135], = signaling pathway: the level of PI3K,
CD107b|, CD115], CCR6], Akt, p-Akt, nTOR, p-mTOR, Raptor
CD172aT, F4/80T and Rictor are decreased
SD rat water pill 2.5 g/kg/d Regulating T lymphocyte subsets: Regulating the expression of RORyt | Liu et al. (2016)
CD4'T cell|, CD8'T cellf, CD4/ and STAT5a: the protein expression
CD8], CD4'CD25'T cellf, of RORyt is decreased and STAT5a is
CD4*CD25"Foxp3*TT, Th17 cell|, increased
Treg/Th17T
BALB/c mice water pill 2.5 g/kg/d Reduce inflammatory response: TLR- | Regulating the gut microbiota Jin et al. (2023)
2], TLR-4] disorders: the abundance of
pathogenic bacteria such as
Eubacterium_fissicatena was
downregulated, and the abundance of
beneficial strains for protecting the
intestinal mucosa, such as
Lachnospiraceae_NK4A136,
Muribaculaceae and Akkermansia
was upregulated
C57BL/6 Ethanol extract = 20 g/kg/ Regulating inflammation and Regulating the Nrf2/HO-1 signaling | Zhang et al. (2021b)
d,40 g/kg/d oxidative stress factors: IL-6], TNF- | pathway: protein and mRNA
al, MDA| ROS|, T-AOCT expression levels of Nrf2, HO-1,
NQO-1 upregulated
SD rat water 6 8,12 g.24 g/kg/d Regulating inflammation and Regulating the gut microbiota Wang et al. (2022b)
decoction immune factors: IL-6], IL-17], disorders: the relative abundance of
STAT3|, IL-107T, TGF-B1T, PPARYT, | Lactobacillus and the concentration
the proportion of Th17 cells|, the of butyric acid are increased
proportion of Treg cellsT
BALB/c mice water pill 2.5 g/kg/d Regulating inflammatory factors: Regulating the gut microbiota Chen et al. (2020b)
CD11¢"CD103"E-cadherin® cells], disorders: the Simpson index and the
IL-1f], IL-4],IL-9], IL-17A] relative abundance of Akkermansia
spp. and Corynebacterium spp. are
increased, and the relative abundance
of the Lachnospiraceae NK4A136
group are decreased
BALB/c mice water pill 2.5 g/kg/d Regulating inflammation and Regulating the PI3K/Akt signaling Ge et al. (2020)

immune factors: Tcm cellsT, the
balance of CD4" Tem and CD8" Tem
cells is recovered; IL-2|, IL-7], IL-
12], IL-15], IL-107

pathway: the levels of PI3K, Akt,
p-Akt, Id2, T-bet, FOXO3, Noxa, and
C-myc proteins are decreased, and
the levels of Rictor, Raptor, TSC1,
TSC2, p-AMPKa, AMPKa, 4E-BP2,
Kif2a and p70S6K are increased
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TABLE 1 (Continued) Pharmacological effects and molecular mechanisms of Si Shen Wan in the treatment of IBD.

Experimental
model

Dosage
form

Dosage

Pharmacological effect

Molecular mechanism

References

SD rat water 6g, 12 g and Regulating inflammatory factors: IL- | Inhibiting the TLR-2/NF-kB signaling | Zhaohua et al. (2022)
decoction 24 g/kg/d 18], TNF-a] pathway: the expression levels of TLR2,
MyD88, IRAK4, and NF-kB p65 in the
colon tissue are decreased
BALB/c mice water pill 2.5 g/kg/d Regulating immune cells: CD4" Regulating the JAK/STATS5 signaling = Wang et al. (2022a)
TemT, CD4* mTth cellsT, and the pathway: the levels of JAK1, PIAS3,
percentages of CD4" and CD8* STATS5, p-STATS5, BIM, BAX,
expressions on central memory caspase-3, and B-casein are decreased,
T cells are enhanced and the levels of JAK3, PISA1, Bcl-2,
and caveolin-1 are decreased
SD rat water pill 5 g/kg/d Regulating inflammation and Inhibiting the ubiquitination of Wang et al. (2019d)
oxidative stress factors: IFN-y|, IL- | NEMO/NLK signaling pathway: the
1Bl, IL-17], IL-4|, calprotectin|, expressions of NF-kBp65, NLK,
MPO|, MDA |, NO|, iNOS|, ubiquitinated NEMO and
T-AOCT, SODT, eNOST downstream proteins TAK, CYLD,
P38 are decreased
SD rat water pill 5 g/kg/d Regulating inflammatory factors and | Regulating the expression of wnt/B- | Zhao et al. (2019)
enzyme activity of ATPase: TNF-a|, | catenin pathway related proteins:p-
1L-2], IL-15], SICAM-1], SDHT, catenin, ubiquitination of Ub-NARF
LDH|, Na+K + -ATPaseT, and Ub-TCF, and expression of Wnt/
Ca2+Mg2+-ATPase] B-catenin downstream proteins are
downregulated
BALB/c mice water pill 2.5 g/kg/d Regulating inflammatory factors and | 1. Inhibiting TLR-4/NF-kB signaling = Ge et al. (2022)
the differentiation of inflammatory pathway: the activation of the TLR4,
dendritic cells: TNF-a|, IL-1B], IL- | MyD88, TRAF6, TAB2, and NF-
6], IL-12p70], IL-10T, iNOS + DCs|, | «Bp65 proteins and activated IkB are
TNF-a+DCs|, E-cadherin + DCs|, inhibited
MHC-II + DCs|, GM-CSER + DCs|
2. Regulating the gut microbiota
disorders: the enrichment of
Aerococcus is inhibited, and the
relative abundance of norank f
Lachnospiraceae, Lachnospiraceae
UCG-006, Parvibacter, Akkermansia,
and Rhodococcus is increased
BALB/c mice water pill 2.5 g/kg/d Regulating the differentiation of Tfh: = Activating the BCL-6/Blimp-1 signaling | Liu et al. (2020)
Tfh107, TfrT, Tth17|, BCL-6+T pathway: the expression of Bcl-6,
cells|, PD-1+ T cells|, Blimp-1+ STAT3 and p-STATS3 are inhibited, and
T cellsT the level of Blimp-1 is increased
SD rat water pill 5 g/kg/d Improved the intestinal barrier Regulating PI3K/Akt and Rho/ROCK | Zhang et al. (2021c¢)
integrity: Claudin-5T, JAM17T, VE- signaling pathways: the proteins
cadherinT, and ConnexinT expression levels of p-RhoA, ROCK1,
PI3K, Akt, Notchl and p-Rac are
decreased, and levels of
p-AMPKaand PTEN are decreased
SD rat water 3.4 g/kg/d Regulating inflammatory factors: IL- | Activating autophagy and restoring the = Yu et al. (2024)
decoction 18], TNF-a| balance between autophagy and
apoptosis: the levels of LC3I1/l and
Beclin-1 are upregulated, and the
number of autophagosomes is increased
C57/BL mice Freeze-dried 5 glkg Regulating inflammatory and Inhibiting p38 MAPK signaling Zhao et al. (2013)

powder

apoptotic factors: TNF-a|, Bax|, Bcl-
27, Bcl-2/BaxT

pathway: the mRNA expressions of
p38 MAPK, p53, caspase-3, c-jun,
c-fos are decreased

Abbreviations: Akt: protein kinase B, AMPK: AMP-activated kinase, BAX: BCL-2, associated X, Blimp-1: B lymphocyte-induced maturation protein-1, BIM: Bcl-2-like protein 11, CREB:
cAMP-response element binding protein, 4E-BP2: eukaryotic translation initiation factor 4E-binding protein 2, eNOS:endothelial nitric oxide synthase, FOXO3: forkhead box O3a, FT3: free
triiodothyronine, FT4: free thyroxin, IL: interleukin, IFN-yInterferon gamma, iNOS:inducible nitric oxide synthase, IRAK: human interleukin-1, receptor-associated kinase, JAK: janus kinase,
JAM-1: Junctional Adhesion Molecule-1, Kif2a: kinesin family member 2a, LDH: layered double hydroxide, p38MAPK: phosphorylated form of P38 mitogen activated protein kinase, MDA:
malondialdehyde, MKK6: Mitogen-activated Protein Kinase Kinase 6, mTOR: mammalian target of rapamycin, MyD88: Myeloid differentiation primary response gene 838, NEMO: NF-kB,
essential modulator, PD-1: programmed death-1, PD-L1: programmed death-ligand 1, PI3K: phosphatidylinositol 3-kinase, PTEN: phosphatase and tensin homolog deleted on chromosome
ten, Racl: ras-related C3 botulinum toxin substrate 1, RORyt: retinoic acid-related orphan receptor gamma t, ROCK: rho kinase, PPAR:peroxisome proliferator-activated receptor, p70S6K: 70-
kDa ribosomal protein S6 kinase, PIAS: Protein inhibitors of activated STATSs, ROS: reactive oxygen species, STAT: SATA: signal transducer and activator of transcription, SOCS: suppressor of
cytokine signaling, SOD: superoxide dismutase, SICAM-1: Soluble intercellular adhesion molecule-1, TAB: Transforming Growth Factor $-Activated Protein Kinase 1 binding Protein, TRAF6:
TNF, receptor associated factor 6, TLR: toll like receptor, T-AOC: total antioxidant capacity, TGF-p1: transforming growth factor-beta 1, TSC: tuberous sclerosis complex, Tth: follicular helper

T cell, Tfr: follicular regulatory T cells, Ub-NARF: ubiquitinated Nemo-like-kinase-associated ring finger protein, Ub-TCF: ubiquitinated T-cell factor.
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analysis of nine randomized controlled trials (RCTs) including
680 patients and found that, compared to sulfasalazine and
mesalazine, the combined use of Sishen Pill could effectively
improve the effectiveness of treatment, reduce C-reactive protein
levels, and have a lower incidence of adverse reactions (Long and
Cao, 2021b), however, among the original studies included in this
meta-analysis, different studies adopted different forms of
administration of Sishen Pills (oral or enema), and it remains to
be further explored which administration route can achieve better
therapeutic effects. Zhang et al. used network pharmacology and
bioinformatics methods to screen 22 key targets of the Sishen Pill in
treating UC (Zhang et al., 2019) and suggested that it could improve
intestinal inflammatory state, repair intestinal mucosal injury, and
inhibit disease progression by regulating multiple targets, however,
further experimental research is needed to confirm the relevant
conclusions based on bioinformatics analysis. Table 1 lists the
relevant basic research progress on the Sishen Pill for the
treatment of IBD. Briefly, several studies focused on the
inhibitory effects of Sishen Pill on the toll-like receptor (TLR):
Huang (Huang et al, 2021) and Zhao (Zhaohua et al, 2022)
found that the formula could inhibit expression levels of myeloid
differentiation factor 88 (MyD88), interleukin-1 receptor associated
kinase 4 (Irak4), and nuclear factor-kappa B(NF-«kB) by down-
regulating the activation of TLR2. Wang (Wang et al., 2019a) and Ge
(Ge et al, 2022) confirmed that TLR4 was the key target, and
downregulating TLR4 could inhibit the occurrence of subsequent
inflammatory responses through MyD88-dependent and MyD88-
independent pathways. In addition, Zhang (Zhang et al., 2021c),
Wang (Wang et al., 2022a) and Zhao (Zhao et al., 2013) explored the
molecular mechanism of the Sishen Pill in inhibiting the
inflammatory response and promoting intestinal mucosal repair
via phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/
Akt), Janus kinase (JAK)/signal transducer and activator of
transcription 5 (STAT5), and mitogen activated protein kinase
(MAPK) signal pathways. Moreover, the regulation of intestinal
immune cells by Sishen Pill mainly manifests in different subsets of
T lymphocytes and regulatory T cells (Treg) (Liu et al., 2016), helper
T cells (Th) (Liu et al., 2016), follicular helper T cells (Tth) (Liu et al.,
2020), follicular regulatory T cells (Tfr) (Huang et al., 2022; Kang
et al., 2022), memory T cells (TM) (Ge et al., 2020), and dendritic
cells (Liu et al,, 2022). For regulating the gut microbiota, Sishen Pill
has been shown to increase the relative abundance of beneficial
bacteria, such as Lactobacillus and Akkermansia, and to promote an
increase in intestinal butyrate content (Chen et al., 2020b; Wang
et al., 2022b; Ge et al., 2022). In summary, the above studies have
elucidated the mechanism of action of Sishen Pill in treating IBD
from different perspectives, but there is still a lack of deeper
exploration on the key targets of action, and the application of
molecular inhibitors/activators or gene knockout animal model and
other experimental methods is necessary and anticipated in
future research.

3.2 Sishen Pill in the treatment of
colon cancer

The RCT carried out by Sun et al. confirmed that the additional
application of Sishen Pill in chemotherapy could significantly
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improve the patient’s discomfort symptoms, enhance the
treatment effectiveness, reduce the probability of chemotherapy
side effects (e.g., leukopenia, thrombocytopenia, liver and kidney
function injury), and regulate immune cell levels (CD8" cells |, CD3"
and CD4" cellsT) (Sun et al., 2021). Another clinical study revealed
the therapeutic mechanism of the Sishen Pill in treating colon cancer
from the perspective of gut microbiota. Researchers found that the
richness and diversity of fecal microbiota in postoperative colon
cancer patients were lower compared to healthy individuals; the
Sishen Pill could improve this trend (Tan et al., 2023). For patients
undergoing radical resection of colorectal cancer, Sishen Pill could
not only alleviate clinical symptoms such as abdominal distension,
tiredness, knee pain, waist acid, and cold but also reduce the tumor
marker CEA and immune function indexes CD8* and CD8*/CD4"
and increase the level of CD4" (Zhang Y. et al., 2021). It should be
pointed out that all three clinical studies mentioned above exist some
methodological flaws, for example, not using a double-blind study
design, and lacking relevant descriptions about allocation
concealment, which to some extent reduces the reliability of
clinical trial results; besides, these studies have not adopted the
core indicators of clinical research on colon cancer, such as whether
it can improve the survival rate of patients? Longer follow-up
periods are necessary in the further research. The cell experiment
on the molecular mechanism of Sishen Pill treating colon cancer
Sishen Pill could

downregulate the viability of HCT116 cells and the expression

showed that serum medicated with 10%

level of glucose transporter 1 (GLUT-1) and promote the
activation of enzymes related to aerobic glycolysis, such as
hexokinase and fructose-6-phosphate kinase. It could also
decrease the overexpression of methyltransferase-like 3 protein
and inhibit m°A RNA methylation, suggesting that Sishen Pill
could regulate the glycolysis process by intervening in epigenetic
modification, thereby inhibiting the proliferation of colon cancer
cells (Jiang et al., 2023). In addition to the direct anticancer effect,
Cao et al. also carried out research on the molecular mechanism of
the Sishen Pill in inhibiting the transformation of colonic
inflammatory lesions to colon cancer and found that the formula
could downregulate the expression levels of nuclear factor e2-related
factor 2 (Nrf2) and cyclooxygenase-2 (COX-2) in colon tissue,
reducing the cancer formation rate of dextran sodium sulfate
(DSS)-induced colitis mice; both oral and enema administrations
had significant curative effects (Cao et al., 2012; Cao, 2013). In short,
some studies also indicated the clinical effectiveness and molecular
mechanism of Sishen Pill in the treatment of colon cancer; however,
higher-quality clinical research and deeper mechanistic explorations
are needed.

4 Research progress on metabolites of
Sishen Pill in the treatment of IBD and
colon cancer

4.1 Psoralea fructus
Zhou et al. studied the pharmacological effects and molecular
mechanisms of psoralen, isopsoralen, and bakuchiol in treating IBD

and confirmed that psoralen is the core pharmacodynamic substance
and that the mechanism might be associated with the homeostasis of
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bile acids regulated by farnesoid X receptor (FXR)-fibroblast growth
factor 15 (FGF15) pathways (Zhou, 2020). Ami et al. applied network
pharmacology to identify 13 metabolites with good bioavailability
after the oral administration of Psoraleae Fructus; and 11 metabolites
could significantly reduce the overproduction of nitric oxide (NO),
tumor necrosis factor- a (TNF-a) and interleukin-6 (IL-6) in
macrophages induced by lipopolysaccharide (LPS) (Lee et al,
2023). Besides, network pharmacology analysis has also been used
to explore molecular mechanism of isobavachalcone, an active
metabolite of Psoralea Fructus, in the treatment of IBD, and Yang
et al. confirmed AKT1, matrix metalloprotein 9 (MMP9), epidermal
growth factor receptor (EGFR), insulin-like growth factor 1(IGF1),
and steroid receptor coactivator (SRC) were its core targets (Yang
et al, 2023a). The identification of effective metabolites is a key focus
of botanical drug research, and the above studies is mainly based on
the drug concentration in the blood, or bioavailability as the main
screening criterion, which may inevitably overlook the indispensable
effects of some metabolites with poor bioavailability, and they may
exer intestinal protective effect by regulating the gut microbiota or
microbial metabolites, rather than entering the peripheral loop. In
addition, bakuchiol (Lim et al., 2019) and bavachin (Hung et al., 2019)
have been shown to have ideal anti-inflammatory activities, and can
they effectively treat IBD? Further research is needed for
confirmation.

In recent years, the anticancer activity of various metabolites
contained in Psoraleae Fructus has received widespread attention.
For example, psoralen can inhibit the invasion and metastasis of
human colon cancer HCT-116 cells, and its mechanism may be
related to the downregulation of P-catenin, TCF4 proteins, their
downstream target genes, vascular endothelial growth factor
(VEGF), and MMP-9. Similarly, psoralidin was confirmed to
reduce cell viability and enhance cell apoptosis by inhibiting the
NF-kB and Bcl-2/BCL-2 associated X (Bax) signaling pathways (Jin
et al,, 2016); concurrently, it could also trigger oxidative damage-
mediated apoptosis via rapidly boosting reactive oxygen species
(ROS) generation (Sun et al,, 2022). Bakuchiol can activate c-Jun
N-terminal kinase (JNK) phosphorylation, induce ROS generation,
and regulate the expression of death receptors and various anti-
apoptotic proteins (Park et al., 2016). In addition, bavacin and 8-
methoxypsoralen activate caspases by suppressing the MAPK and
PI3K/AKT pathways, thereby promoting cancer cell apoptosis
(Bartnik et al, 2017; Wang et al, 2023a) (see Table 2 for
further details).

4.2 Myristica semen

Studies found that myristicin and linalool, two main metabolites
in Myristica Semen, could exert anti-inflammatory and antioxidant
effects by regulating the expression levels of NF-k B and Nrf-2
(Tekeli et al., 2018; Ismail Abo El-Fadl and Mohamed, 2022).
Compared to using diclofenac alone, the composite formulation
of diclofenac and eugenol could better inhibit the nuclear
translocation of NF-kB by activating the Nrf2/heme oxygenase-1
(HO-1) signaling pathway, thereby demonstrating better
therapeutic effects against UC (Wang et al., 2023c). Zhang et al.
developed a new phospholipid nanovesicle containing the volatile oil
medicine eugenol to treat UC and confirmed that it was more
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conducive to percutaneous absorption and had better clinical
efficacy (Zhang et al., 2020c).

In investigating Myristica Semen in treating colon cancer, Chen
et al. used a network pharmacology method to screen nine active
metabolites including galbacin and 24 core targets (Chen et al,
2023). Piras et al. (2012) identified the anticancer activity of essential
oils and myristicin extracted from Myristicae Semen, confirming
that they had a significant inhibitory effect on the growth of a colon
cancer cell line (undifferentiated Caco-2 cells). In addition, Duan
et al. (2020) showed that myristicin could inhibit the proliferation,
migration, and invasion of colon cancer cells and induce cellular
apoptosis by regulating the mitogen-activated protein kinase
(MAPKK/MEK)/extracellular regulated protein kinase (ERK)
signaling pathway. In addition, the regulatory effect of linalool on
the oxidative response was beneficial for the treatment of colon
cancer; it was confirmed that cellular apoptosis was induced by
promoting the production of hydroxyl radicals and 4-HNE (a
marker of oxidative stress due to increased lipid peroxidation)
(Twasaki et al., 2016). Moreover, some studies focused on the
effects of
dihydrodiiisoeugenol on colon cancer cells, showing that their

inhibitory eugenol, isoeugenol, and
anti-cancer mechanisms involve the regulation of metabolic
pathways, apoptosis/metastasis-related gene expression, and the
activation of endoplasmic reticulum stress-induced inhibition of
autophagy (Li et al,, 2021a; Ghodousi-Dehnavi et al., 2021; Bilgin
et al., 2023). In above studies, Iwasaki et al. (Iwasaki et al., 2016) and
Li et al. (Li et al., 2021b) used the tumor xenograft model in their
experiments, while evidence from other studies mainly came from
cell experiments. Generally speaking, the anti-tumor effects of
botanical drugs are not single target or single pathway, and there
exist complex interactions between different molecular pathways. It
is crucial to explore the overall effects in tumor xenograft animal
models, which greatly increases the credibility of research results.
Further details are presented in Table 3.

4.3 Euodiae fructus

Studies suggested that NF-kB was the key target of
evodiamine in the treatment of IBD, and downregulating NEF-
kB pathway proteins and inhibiting NOD like receptor heat
protein domain related protein 3 (NLRP3) expression could
alleviate inflammation-induced cell damage and repair the
intestinal mucosal barrier (Shen et al., 2019; Ding et al., 2020).
Simultaneously, evodiamine could also promote the regulation of
the gut microbiota, especially by increasing the relative
abundance of the beneficial bacterium Lactobacillus and
intestinal acetate content, inhibiting the proliferation of the
pathogenic Escherichia coli, and reducing plasma LPS and
various inflammatory factor levels (Shen et al, 2019; Wang
et al., 2020¢; Ding et al.,, 2020). Another study suggested that
kelch-like ECH-associated protein 1 (KEAPI) is a key target of
rutecarpine, inhibiting the interactions between KEAPI and
Nrf2 by binding to the KEAP1 kelch domain, thereby
activating  Nrf2, promoting its nuclear translocation,
upregulating the Nrf2-mediated antioxidant response, and
achieving the pharmacological effect of improving intestinal

mucosal injury (Zhang et al., 2020b).
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TABLE 2 Pharmacological effects and molecular mechanisms of the metabolites of Psoralea fructus in the treatment of IBD and colon cancer.

Disease Category Metabolites Experimental Dosage Pharmacological Molecular References
model action mechanism
IBD coumarin psoralen C57BL/6 5,10,20 mg/kg Regulating inflammatory Promoting he Zhou (2020)
factors: IL-6], IL-1B], intestinal bile acid
TNF-a| metabolism: the

expression of Fxr,
Fgf15 and some bile
acid transporters are

increased
IBD flavone corylin C57BL/6] 10,30,90 mg/kg | Regulating inflammatory Regulating the gut Wang et al.

factors: IL-6], TNF-a| microbiota, (2023f)
tryptophan

Improving the intestinal metabolism and 5-

barrier and blood-brain HT expression: 5-

barrier: ZO-1|, Occludin|, HT is reduced and 5-

Ibal | (hippocampus) HTP is accumulated

in the colon due to
the binding of
corylin and 5-
HTDPC; besides, the
concentration of
tryptophan and the
relative abundance
of Bacteroides,
Escherichia-Shigella,
and Turicibacter is
decreased and
Dubosiella,
Enterorhabdus and
Candidatus
Stoquefichus is
increased

IBD flavone neobavaisoflavone | In vivo: C57BL/6] In vivo: Regulating immune cells: Decreasing IL-9 Guo et al.
30 mg/kg Ty9 cell differentiation| production of CD4* | (2021a)

T cells by targeting
In vitro: T helper 9 In vitro: PU.1: the expression
(TH9) cell 1 pmol/L of PU.1 (T9-related
transcription
factors) is decreased

colon cancer = coumarin psoralen HCT 116 20, 40 and Inhibiting the cellular growth | Inhibiting B-catenin/ | Feng et al.
80 ug/mL and metastasis: proliferation =~ TCF4-MMP- (2021)
rate|, migration rate], 9 signaling pathway:
invasive ability| the levels of p-

catenin, TCF4,
VEGF and MMP-9
are decreased

colon cancer = coumarin psoralidin SW480 5,10,20 pg/mL Promoting the cellular Inhibiting the NF- Jin et al. (2016)
apoptosis: cell viability|, kB and Bcl-2/Bax
apoptosis ratel, caspase-3 signaling pathways:
activityT the levels of NF-kB

p65 and Bcl-2
protein expression
are reduced, and Bax
protein expression is

increased
colon cancer = coumarin psoralidin HT-29 and HCT-116 5,10,20 pg/mL Promoting the cellular Regulating the Sun et al. (2022)
apoptosis: apoptosis cell oxidative stress: the

rateT, caspase 3/7 activityT ROS generation is
rapidly boosted and
in turn triggering the
DNA damage,
mitochondria
membrane potential
decrease, and JUN 1/
2 activation

(Continued on following page)
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TABLE 2 (Continued) Pharmacological effects and molecular mechanisms of the metabolites of Psoralea fructus in the treatment of IBD and colon cancer.

Disease Category Metabolites Experimental Dosage Pharmacological Molecular References
model action mechanism
colon cancer  flavone bavachin In vitro: HT-29 and In vitro: 20, 30, = Promoting the cellular Up-regulating Wang et al.
HCT 116 40 pmol/L™" apoptosis: cell viability|, Gadd45a by (2023a)
apoptosis rate, cleaved activating the
In vivo: mouse In vivo: PARPT, cleaved Caspase-37 | MAPK signaling
xenograft model of 100 mg/kg/d pathway: the levels
human colorectal of Gadd45a and the
cancer phosphorylation
levels of p38/ERK/
JNK are upregulated
colon cancer = monoterpene | bakuchiol HCT116 and HT-29 1,5,10 ug/mL Promoting the cellular Activating the ROS/ | Parketal. (2016)
apoptosis: DR4T, DR5T, JUN signaling
cFLIP|, Bcl2|, XIAP|, pathway: the JNK
cleaved caspase-3, -8, -9 and = phosphorylation is
PARPT activated and the
ROS generation is
induced
colon cancer | coumarin 8- SW 620 50, 100, Promoting the cellular Inhibiting the PI3K/ | Bartnik et al.
methoxypsoralen 200 ug/mL apoptosis: Bcl2|, BaxT, AKT signalling (2017)
cleaved-3, -8, -97 pathway: the
phosphorylation of
AKT308 is
decreased

Abbreviations: Akt: protein kinase B, BAX: BCL-2, associated X, BCL: B-cell lymphoma, cFLIP: cellular fasassociated death domain-like interleukin-1B-converting enzyme-like inhibitory
protein, DR: death receptor, ERK: extracellular regulated protein kinases, FXR: farnesoid X receptor, FGF15: fibroblast Growth Factor 15, 5-HTP: 5-hydroxytryptamine, Ibal:ionized calcium
binding adaptor molecule 1, JUN: c-Jun N-terminal kinase, MAPK: mitogen activated protein kinase, MMP-9: Matrix metalloproteinase 9, NF-kB: nuclear factor-kappa B, PARP: Poly-ADP,

ribose polymerase, PI3K: phosphatidylinositol 3-kinase, ROS: reactive oxygen species, TCF4: T cell factor 4, XIAP: X-linked inhibitor of apoptosis.

In parallel, Chien et al. found that evodiamine could activate
the MAPK signaling pathway and induce cell apoptosis and G2/M
arrest by upregulating the phosphorylation levels of ERK and JNK
proteins (Chien et al., 2014). Other researchers (Huang et al,
2015), Zhu (Zhu et al, 2021), and Zhang (Zhang et al., 2022)
suggested that the anti-inflammatory effects of evodiamine also
involved PI3K, STAT3, and NF-kB signaling pathways. In
addition, evodiamine can reverse the epithelial-mesenchymal
transition of tumor-associated fibroblasts induced by promoting
the phosphorylation of Smad2 and Smad3, thereby reducing the
migration and invasion abilities of tumor cells (Yang et al., 2019).
In addition, Woong et al.’s research confirmed that rutecarpine
could also inhibit wingless-type MMTYV integration site family
(Wnt)/B-catenin-mediated ~ signaling  pathway,  thereby
downregulating the expression levels of epithelial mesenchymal
transition biomarkers such as MMP-7, Snail, and N-cadherin
(Byun et al., 2022). Li et al. developed an EGFR targeting
evodiamine-encapsulated polyamino acid nanoparticles to
resolve the issue of low solubility and bioavailability and
compared it with the traditional evodiamine formulation. The
new preparation significantly increased the cytotoxicity of colon
cancer cells and inhibited cell adhesion, invasion, and migration
(Li et al., 2019a). Others have designed new metabolites based on
evodiamine that have shown promising antitumor activity (Wang
et al.,, 2020a; Li et al., 2020b). It should be pointed out that the
dosage of evodiamine is still controversial in different studies. The
minimum dose is 1 mg/kg, while the maximum dose is 40 mg/kg. It
can be seen that a more detailed dose-response and dose-toxicity
relationships of evodiamine needs to be further determined, which
is crucial for guiding the clinical application. Further details are
presented in Table 4.
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4.4 Schisandra chinensis

Multiple schisandrins have definite therapeutic effects in IBD.
For example, schisandrin A (Wang et al., 2023b), schisandrin B (Liu
et al., 2015), schisandrin C (Kim et al., 2022) and deoxyschizandrin
(Yu and Qian, 2021) inhibited the NF-«kB nuclear translocation and
downstream pro-inflammatory signaling pathway activation;
schisandrin B could also regulate AMPK/Nrf2, affect
NLRP3 inflammasome, and then alleviate cell pyroptosis and
intestinal epithelial damage caused by immune inflammation. In
addition, Wang et al. conducted a pharmacokinetic analysis of seven
different types of lignin in Schisandrae Chinensis and found that
Cax and AUC, , of schisandrin were significantly higher than
those of other lignans; they also confirmed that it could treat UC by
inhibiting the serum/glucocorticoid regulated kinase 1 (SGK1)/
NLRP3 pathway and regulating the gut microbiota (Wang
et al.,, 2023d).

Some studies focused on the therapeutic effects of metabolites in
Schisandra Chinensis on colon cancer. Casarin et al. found that two
types of lignins in Schisandrae Chinensis, (+)-deoxyschisandrin (1)
and (-)-gomisin N, could induce the apoptosis of colon
adenocarcinoma cells (LoVo); the mechanism was related to the
downregulation of cyclin B protein expression, mediating G2/M
phase arrest (Casarin et al., 2014). Schisandrin A has also been
proven to have a regulatory effect on the cell cycle; it could
downregulate the expression of HO-1 protein through the Nrf-2
signaling pathway, thereby reducing the production of reactive
oxygen species and nitrogen oxides. However, it could also block
NF-kB nuclear translocation and the activation of MAPKs to inhibit
inflammatory response (Wan et al., 2019). Some studies focused on
the therapeutic potential of Schisandrae Chinensis in inhibiting the
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TABLE 3 Pharmacological effects and molecular mechanisms of the metabolites of Myristicae semen in the treatment of IBD and colon cancer.

Disease Category Metabolites Experimental model Pharmacological action Molecular mechanism References
IBD phenylpropanoid | myristicin SD rat 150 mg/kg/d Regulating inflammatory factors, oxidative = Regulating NF-kB and Nrf-2/HO- Ismail Abo El-Fadl and
stress and ERS: TNF-a|, IL-1B|, COX-2|, | 1 signalling pathway: the expression | Mohamed (2022)
IL-10T, SODT, GPx], MDA |, MPO|, ERS | levels of NF-kB are decreased, and
markers GRP78 and CHOP| Nrf-2 and HO-1 are increased
IBD phenylpropanoid | linalool Wistar rat 200 mg/kg/d Regulating inflammatory factors and Regulating the NF-kB and Nrf-2: the | Tekeli et al. (2018)
oxidative stress: MDA, IL-1f], IL- expression levels of NF-kB and COX-
6],TNF-a|, COX-2|, CATT 2 are decreased and the expression
level of Nrf-2 are increased
colon cancer  phenylpropanoid | myristicin HCT116 and LOVO 2 and 5 pg/mL Promoting the cellular apoptosis: survival | Regulating the MEK/ERK signaling = Duan et al. (2020)
rate|, migration ability |, invasion rate|, pathway: the expression level of
apoptosis rate| E-cad is increased, and p-MEK1/2,
p-ERK1/2, CyclinD1, MMP-2,
MMP-9 are decreased
colon cancer = phenylpropanoids | linalool In vitro: HCT 116 In vitro: 1, 10, 100,250, 500, Promoting the cellular apoptosis: cell Inducing the cancer-specific Iwasaki et al. (2016)
1,000 pmol L™ viability rate|, cell apoptosisT, tumor size | oxidative stress: the production of
and weight| spontaneous hydroxyl radical is
In vivo:SCID mice xenografted | In vivo: 100 and 200 pg/kg™ promoted, and 4-HNE, a marker of
with human cancer cells oxidative stress due to increased lipid
peroxidation, is accumulated in the
tumor tissue
colon cancer = phenylpropanoids | eugenol HT-29 cell 500 pg ml™ Inhibiting the gene expression related to Regulating metabolic pathways: (1) Ghodousi-Dehnavi et al.
cancer progression: APC and p53 genes], | aminoacyl-tRNA biosynthesis; (2) (2021)
KRAS oncogene gene|, cell survival valine, leucine, and isoleucine
percentage | biosynthesis; (3)biotin metabolism;
(4) steroid biosynthesis; (5)
pantothenate and CoA biosynthesis;
(6) glycerolipid metabolism; (7)
galactose metabolism; and (8)
glutamine and D-glutamate
metabolism
colon cancer = phenylpropanoids | isoeugenol HT-29 cell 6.25,12.5,25,50,100 and Promoting the cellular apoptosis: cell Downregulating the expression of cell | Bilgin et al. (2023)
200 pg ml™* viability |, migration ability|, BaxT, p53T, | metastasis related genes: the mRNA
caspase-3,7,8,97 and the ratio of Bax/Bcl-2T | expressions of MMP2, MMP9, VEGF
and HIF-ladecreased
colon cancer = lignan dehydrodiisoeugenol | In vitro: HCT 116 and In vitro: 20, 40, and Inhibiting the cell growth: cell viability|, Activating endoplasmic reticulum Li et al. (2021a)

SW620 cells

60 pmol L™

In vivo:CDX and PDX tumor
xenograft model

In vivo: 40mg/kg™!

cell inhibition rateT, and the cell cycle arrest
at the G1/S phase is induced

stress-induced inhibition of
autophagy via PERK/elF2a and
IRE1a/XBP-1s/CHOP pathways:
protein expression levels of PERK,p-
elF2a, IRE1a, XBP-1s and CHOP are
increased

Abbreviations: CAT: catalase activity, CHOP: CCAAT/enhancer-binding protein homologous protein, COX-2: cyclooxygenase-2, ERS: endoplasmic reticulum stress, el[F2a:eukaryotic translation initiation factor 2, ERK: extracellular regulated protein kinases, GPX:
glutathione peroxidase, GRP78: glucose-related protein 78, HIF-1a: hypoxia-inducible factor 1a, HO-1: heme oxygenase, IREla: inositol-requiring enzyme 1a, IL:interleukin, MDA: malondialdehyde, MPO: myeloperoxidase, MEK: Ras/Raf/MAP, kinase-ERK, kinase,
MMP: matrix metalloproteinase, NF-kB: nuclear factor-kappa B, Nrf-2: nuclear erythroid factor, SOD: superoxide dismutase, TNF-a: tumor necrosis factor-a, VEGF: vascular endothelial growth factor, XBP-1s: X Box Binding Protein-1.
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“inflammation-cancer transformation.” Li et al’s experiment
confirmed that schisandrin B could inhibit the occurrence of
colitis-associated cancer by regulating the gut microbiota and
activating the phosphorylation of focal adhesion kinase and its
downstream kinase (Li et al., 2019b). Pu et al. (2021) found that
the pharmacological effect of schisandrin B in inhibiting the
proliferation and metastasis of colitis-related tumors was related
to the downregulation of silencing regulatory protein 1(SIRT1) and
inducing the expression of smad ubiquitination regulatory factor 2
(SMURE2) (Pu et al., 2021). The anti-tumor activity of some non-
specific active substances of Schisandrae Chinensis, such as citral,
cannot be ignored either; the experiment by Sheikh et al. confirmed
that citral could inhibit the proliferation of HCT116 and HT29 cells
in a dose-dependent and time-dependent manner; its mechanism
was related to mediating the phosphorylation of p53 protein and
promoting the mitochondrial release of apoptogenic factors (Sheikh
et al., 2017). See Table 5 for more details.

5 Discussion on the common molecular
mechanism of Sishen Pill in treating IBD
and colon cancer

5.1 Regulating inflammation related
signaling pathways

Chronic inflammation is not only an important feature of IBD
but also a driver of the onset and development of colon cancer.
Studies have found that chronic intestinal inflammation can cause
DNA double chain breaks, oxidative stress damage, and epigenetic
changes in intestinal epithelial cells, upregulate oncogenes,
downregulate cancer suppressor genes, and promote the
occurrence of dysplasia and cancer (Shah and Itzkowitz, 2022).
Regulation of the inflammatory response is the core mechanism of
Sishen Pill in treating IBD and inhibiting inflammation-cancer
transformation, which involves multiple inflammation-related
signaling pathways (Figure 2).

Many mechanistic studies on Sishen Pills focus on the regulatory
effects of the NF-xB pathway (Wang et al., 2019d; Ge et al., 2022;
Zhaohua et al, 2022). NF-xB is a classical key inflammatory
modulator. LPS and other pro-inflammatory factors activate
TLRs, induce NF-«kB nuclear translocation, and regulate the gene
expression of a variety of inflammatory mediators. In particular, LPS
can promote the increase of TNF-a and multiple interleukins that
act on macrophages to produce many inflammatory mediators and
continuously induce NF-kB nuclear translocation to form a positive
feedback cascade amplification effect. The basic activity of NF-«B is
necessary for the normal proliferation and differentiation of cells to
maintain the immune balance of epithelial tissue and inhibit the
interference of inflammation on pithelial tissue homeostasis
(Tacobazzi et al., 2023). Recently, a number of studies have
focused on the role of NF-kB in promoting tumor cell apoptosis.
As a landmark cell cycle protein, cyclinDI is also the target gene of
NF-kB. The continuous activation of NF-xB can initiate
cyclinD1 transcription, promote the GI1/GO phase-to-S phase
transition, and lead to abnormal cell proliferation and cancer.
Thus, inhibiting NF-kB activation or blocking its downstream

key proteins is considered an important target for developing
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new antitumor drugs (Taniguchi and Karin, 2018; Deka and
Li, 2023).

The pharmacological effects of the Sishen Pill in the treatment of
IBD and colon cancer are also related to the regulation of the MAPK
and PI3K/Akt signaling pathways. Extracellular regulated protein
kinases (ERK)1/2, ¢-JNK, p38, and ERK5 are the main members of
the MAPK family, and there is also extensive cross talk between
different pathways: ERK mainly regulates cell growth and
differentiation; JNK and p38 play more important roles in stress
responses such as inflammation and cell apoptosis; and ERK5 can
regulate pathological processes such as cell cycle acceleration and
endothelial cell proliferation caused by growth factors and stress
(Ronkina and Gaestel, 2022). In general, the MAPK signaling
pathway can mediate the release of TNF-a, IL-1, IL-6, IL-8, and
other inflammatory factors, cell apoptosis, and neutrophil
activation, induce the expression of intracellular nitric oxide,
improve the activity of intracellular inducible nitric oxide
synthase, and induce the occurrence and development of IBD
and colon cancer (Yong et al, 2009). In addition, PI3K is a key
target that is closely related to inflammation and tumor
development. In the inflammatory state, PI3K phosphorylates

phosphatidylinositol ~ 4,5-bisphosphate ~ (PIP2) to generate
phosphatidylinositol-3,4,5-triphosphate (PIP3), recruiting
downstream proteins such as Akt. The activated AKT

subsequently phosphorylates substrate

proteins. PI3K can also promote the activation of NF-kB and

multiple downstream

regulate the inflammatory response by phosphorylating and
inhibiting IkB kinase (IKK); it can also regulate biological
processes such as cell proliferation, survival, apoptosis, and
metabolism and then promote tumor progression. Briefly, it can
1) act on mammalian rapamycin target protein complex 1
(mTORC1) to promote protein synthesis and cell growth; 2)
phosphorylate forkhead box O (FOXO) transcription factors,
inhibit its transcriptional activity, and affect cell cycle, apoptosis,
and metabolism; 3) inhibit the activity of glycogen synthase kinase 3
(GSK3) and regulate glycogen synthesis and cell cycle; 4)
phosphorylate and activate the pro-apoptotic protein Bad,
making it unable to bind to Bcl-2 or Bcl-XL, and thus reducing
the occurrence of normal cell apoptosis (Mayer and Arteaga, 2016;
Wang et al, 2023e¢). In the above study, Sishen Pill improved
intestinal inflammatory factors, immune cell disorders, and a
series of symptoms of IBD by downregulating the expression of
key proteins in the MAPK (Zhao et al., 2013) and PI3K/Akt (Ge
et al,, 2020; Zhang et al.,, 2021¢; Liu et al, 2021; Liu et al., 2022)
signaling pathways, and its active metabolites bavachin (Wang et al.,
2023a), myristicin (Duan et al., 2020), evodiamine (Chien et al.,
2014), schisandrin B (Jiang et al., 2015), 8-methoxypsoralen (Bartnik
et al.,, 2017), and schisandrin B (Dai et al., 2018). Consequently, the
Sishen Pill could inhibit the progression of colon cancer by
regulating the MAPK and PI3K pathways.

The NLRP3 inflammasome and Wnt signaling pathways affect
pyroptosis and cell differentiation/apoptosis, respectively, and are
potential targets for regulating colon inflammation-cancer
transformation. NLRP3 inflammasome is composed of NLRP3,
apoptosis-associated speck-like protein containing CARD (ASC)
and effector pro-caspase-1, and can affect the occurrence and
development of IBD and even cancer via regulating the
maturation, secretion, and pyroptosis of IL-1p and IL-18. Studies
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TABLE 4 Pharmacological effects and molecular mechanisms of the metabolites of Euodiae fructus in the treatment of IBD and colon cancer.

Disease

IBD

Category

alkaloid

Metabolites Experimental model

evodiamine C57BL/6 mice

20, 40 and 80 mg/kg

Pharmacological action

Regulating inflammatory factors and
oxidative stress: IL-6], IL-1B|, TNF-
al, MPO|

Molecular mechanism References

1. Regulating NF-«B signal and Shen et al. (2019)
NLRP3 inflammasome: the levels of
p-p65, p-IkB, NLRP3, ASC, Caspase-1

and IL-1Pare decreased

2. Regulating the gut microbiota and
intestinal barrier: the expression levels of
Z0-1 and occludin are increased, the
concentration of LPS is decreased, and
the abundance of Escherichia coli and
Lactobacillus is re-balanced

IBD

alkaloid

evodiamine In vitro: Human THP-1 cells

In vivo: C57BL/6 mice

In vitro: 10 umol/L

In vivo: 20, 40 and 60 mg/kg

Regulating inflammatory factors: IL-1f],
IL-18]

Inducing autophagosome-mediated
degradation of inflammasome via
inhibiting NLRP3 and NF-kB pathways:
the protein expression level of P62 is
decreased, and LC3-II is increased;
meanwhile, expression levels of key
pathway proteins NLRP3, cleaved-
caspase-1, ASC, NF-kBp65 and IkB are
decreased

Ding et al. (2020)

IBD

IBD

IBD

alkaloid

alkaloid

terpenoid

evodiamine SD rat

rutaecarpine In vitro: HCT 116 cell and primary

intestinal epithelial cell

20 mg/kg

In vitro: HCT 116 cell: 2.5, 5 and
10 umol/L; primary intestinal
epithelial cell: 10 pmol/L and

20 pmol/L

In vivo: C57BL/6 mice

limonin In vitro: RAW 264.7

In vivo: 80 mg/kg

In vitro: 12.5, 25 and 50 pg/mL

In vivo: C57BL/6 mice

In vivo: 25,50,100 mg/kg

Regulating inflammatory factors: TNF-
al, IL-6, IL-1B}, IL-107

Regulating inflammatory factors: Cox2],
Len2], TNE-al, IL-6]

Regulating inflammatory factors: TNF-
al, IL-1B], IL-6], COX-2, iNOS|

Regulating the gut microbiota, intestinal = Wang et al.
barrier and circulating metabolite levels: = (2020c)

the abundance of Lactobacillus

acidophilus, the concentration of

protective acetate production and the

expression level of colonic claudin-1 is

increased, and the levels of branched

chain amino acids and aromatic amino

acids are regulated

Inhibiting KEAP1-NRF2 interaction and | Zhang et al.
upregulating NRF2-mediated (2020b)
antioxidant response: KEAP1 kelch

domain is bound and NRF2 nuclear

translocation is increased; meanwhile,

H,0,-induced cytotoxicity and

intracellular ROS accumulation are

suppressed

Inhibiting PERK-ATF4-CHOP pathway = Song et al. (2021)
of ER stress and NF-kB signaling:

expression levels of BIP, p-PERK,

p-elF2a, ATF-4, CHOP are decreased,

and the nuclear translocation of NF-kB is

inhibited
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Category Metabolites

terpenoid

alkaloid

Experimental model

In vitro: NCM460

In vitro: 2.5, 5, 10, 20, 40, 80 and

160 pg/mL

In vivo: C57BL/6 mice

HCoEpiC and CCD-18Co cells

In vivo: 40, 80 and 160 mg/kg

16,160 and 320 nmol/L

TABLE 4 (Continued) Pharmacological effects and molecular mechanisms of the metabolites of Euodiae fructus in the treatment of IBD and colon cancer.

Pharmacological action

Regulating inflammatory factors: TNF-
al, IL-6], IL-107

Inhibiting the epithelial mesenchymal
transition of colon epithelial cells: the
tumour-associated fibroblasts-induced
tumour-associated fibroblasts-like
phenotype is reversed and their migration
is inhibited

Molecular mechanism

Regulating STAT3/miR-214 signaling
pathway: expression levels of

pSTAT3 and miR-214 are reduced and
the expression levels of PTEN and
PDLIM2 are restored

Mediating the expression of
phosphorylated Smad2/3: the expression
of ZEB1/Snail is downregulated, and the
expression of phosphorylated Smad2/3 is
upregulated, meanwhile, the ratios of
pSmad2/Smad2 and pSmad3/Smad3 are
increased

alkaloid

alkaloid

COLO205 and HT-29 cells

C57BL/6 mice

2.5,5 and 10 pmol/L

40 mg/kg

Promoting the cellular apoptosis and G2/
M arrest: cleaved-3 and -PARPT, cycB1T,
cde25¢T

Regulating inflammatory factors and
inhibiting the tumor development: TNF-
al,IL-10T,IL-6], IL-1B|, the number and
size of tumors|

Promoting the activation of MAPK
signaling pathway: the protein
phosphorylation levels of ERK and JNK
are increased

Regulating the gut microbiota and their
metabolites: SCFAs-producing bacteria
is enriched, the levels of the pro-
inflammatory bacteria is reduced, and
some microbiota metabolites (especially
the tryptophan related metabolites) are
regulated

Improving the intestinal barrier via
multiple pathways: expression levels of
occludin, ZO-1 and E-cadherin are
increased, and some gene expressions of
What signaling pathway, Hippo signaling
pathway and IL-17 signaling pathway are
regulated

Bioruisianuody

alkaloid

alkaloid

In vitro: LoVo cells

In vivo: athymic nude mice

In vitro: HCT116 cells

In vitro: 0.25,0.5,1,2,4 pg/mL

In vivo: 5, 10 and 20 mg/kg

In vitro: 0.5, 1 and 2 pg/mL

In vivo: athymic nude mice

In vivo: 10 mg/kg

141

Inhibiting the cell proliferation and
promoting the cellular apoptosis: PCNA |,
apoptosis rateT, caspase-3T

Promoting the cellular apoptosis: Bcl-2],
BadT, apoptosis rateT

Decreasing HIF-1a expression though
IGF-1/PI3K/Akt signaling: the
phosphorylation of Akt1/2/3, HIF-1aand
IGF-1 are downregulated

Regulating BMP9 and HIF-1a/

P53 signaling pathway: the expression
levels of BMP9 and HIF-laare
upregulated and the phosphorylation of
P53 is increased

(Continued on following page)
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TABLE 4 (Continued) Pharmacological effects and molecular mechanisms of the metabolites of Euodiae fructus in the treatment of IBD and colon cancer.

Disease

Category

Metabolites

Experimental model

Pharmacological action

Molecular mechanism

References

colon cancer  alkaloid evodiamine HT29, HCT15 and SW480 cells 200 and 500 nmol/L Inhibiting the cell proliferation and Suppressing the gene expression of Kim et al. (2019)
inducing G2/M arrest: number and controlling the proliferation of cancer
volume of tumor |, G2/M accumulation] | stem cells: key genes of the Notch and
Wnt signaling pathways are regulated
colon cancer = alkaloid evodiamine SW 480 cells 5,10 and 20 pg/mL Promoting the cellular apoptosis: cell Activating the autophagy: the protein Wang et al.
viability rate], cell apoptosisT expression levels of LC3 II and Beclin (2019b)
1 are increased
colon cancer  alkaloid evodiamine In vitro: HCT116 cells In vitro: 6 pmol/L Inhibiting the tumor growth: survival Regulating the gut microbiota: the Zhu et al. (2021)
ratio |, number and volume of tumor| relative abundance of Campylobacter,
Bifidobacterium and Lactobacillus is
increased, and Enterococcus faecalis and
Escherichia coli are decreased
In vivo: C57 mice In vivo: 10 mg/kg Downregulating the inflammatory IL6/
STAT3/P65 signaling pathway: the
expression of IL-6, p-STAT3, p-65 and
the ratio of p-STAT3/STAT3 are
decreased
colon cancer  alkaloid evodiamine In vitro: HCT116 cells In vitro: 0,1 and 5 umol/L Promoting the cellular apoptosis: cell Targeting HSP70 and inactivating the Hyun et al. (2021)
viability |, cleaved PARPT, cleaved HSP system: the N-terminal ATP-
In vivo: SCID mice xenografted with | In vivo: 20 mg/kg caspase-3T binding pocket of HSP70 is bound and
human cancer cells causing its ubiquitin-mediated
degradation
colon cancer | alkaloid evodiamine In vitro: SW480 cells In vitro:100 and 200 pmol/L Inhibiting inflammatory factors and Inhibiting NF-kB signaling pathway: the =~ Zhang et al.
inducing G2/M arrest: IL-1B], IL-2|, IL- = phosphorylation levels of NF-kB, IKKa/ = (2022)
In vivo: C57BL/6 In vivo: 10 mg/kg 6], IL-17|, IL-22], TNF-a|, IL-15T; G2/ | P, IkBa and the expression level of
M accumulation] S100a9 is decreased
colon cancer = alkaloid evodiamine In vitro: Lovo human colon cancer cells | In vitro: 7.5, 15, 30 and 60 pmol/L  Inducing the cellular apoptosis and S N/A Zhang et al.
phase arrest: procaspase-3,8,9], caspase- (2010)
In vivo: human colon carcinoma lovo | In vivo: 1 mg/kg 3,8,97, Bax], Bcl-2/Bax ratiol; cyclinA |,
xenograft mice cyclinB1 |, CDK1 |, CDK2|,cdc25¢|
colon cancer  alkaloid evodiamine In vitro: LoVo cells In vitro:1,2,8 ug/mL Inhibiting the cellular activity: cell Targeting EGFR protein to exert anti- Li et al. (2019a)
viability, invasion and metastasis|, tumor | tumor effects: protein expression levels
In vivo: BALB/c male athymic nude In vivo: 4 mg/kg volume | of EGFR, VEGF, and MMP-2 are
mice decreased
colon cancer = alkaloid rutaecarpine In vitro: RKO, SW480, HCT-15, In vitro: 5,10 and 20 pmol/L Induced GO/G1 cell cycle arrest and Inhibiting the Wnt/f-catenin-mediated Byun et al. (2022)

HCT116, and Ls174T

In vivo: xenograft nude mouse model

In vivo: 10 and 30 mg/kg

142

apoptotic cell death: total cell death|,
migration rate|, invasion rate],
prolification rate|, tumor volume and
weight|, GO/G1 accumulation

signaling pathway: the expression levels
of B-catenin and Wnt/(-catenin
signaling pathway related proteins
c-Myc, survivin, and cyclin D1 are
downregulated; epithelial mesenchymal
transition biomarkers such as MMP-7,
Snail, and N-cadherin are downregulated
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TABLE 4 (Continued) Pharmacological effects and molecular mechanisms of the metabolites of Euodiae fructus in the treatment of IBD and colon cancer.
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Experimental model

Category Metabolites

Disease

Ishak et al. (2021)

Regulated Nrf2, SOD2 and the

Inhibit the initiation of colitis-associated-
cancer: TNF-a|, prostaglandin E2|,

tumor incidence/number |

50 mg/kg

Balb/c mice

limonin

terpenoid

IBD

immunophenotyping of lymphocytes:

the expression levels of Nrf2 and SOD
2 are increased; T cells (CD4 and CD8)

and B cells (CD19) in spleen tissues are

Frontiers in Pharmacology

increased, and the CD335 (natural killer

cells) is restored to normal level

Abbreviations: ATF2: activating transcription factor 2, Akt: protein kinase B, ASC: apoptosis-associated speck-like protein containing CARD, BMP9: bone morphogenetic protein-9, CHOP: CCAAT/enhancer-binding protein homologous protein, COX-2:

cyclooxygenase-2, EGFR: epidermal growth factor receptor, ERK: extracellular regulated protein kinases, eIF2a:eukaryotic translation initiation factor 2, HIF-1a: hypoxia-inducible factor 1a, HSP: heat shock protein, IGF-1: insulin-like growth factor 1, iNOS:inducible

nitric oxide synthase, IL: interleukin, IkB: inhibitor of NF-kB, JNK: c-Jun N-terminal kinase, Keap1: Kelch-like ECH-associated protein 1, LPS: lipopolysaccharide, LCN2: lipocalin-2, MAPK: mitogen activated protein kinase, MPO: myeloperoxidase, NF-kB: nuclear
factor-kappa B, NLRP3: NOD, like receptor heat protein domain related protein 3, N/A: not applicable, Nrf2: NF-E2-related factor 2, PI3K: phosphatidylinositol 3-kinase, PCNA: proliferating cell nuclear antigen, PARP: poly ADP-ribose polymerase, PERK: Protein

kinase R (PKR)-like endoplasmic reticulum kinase, PTEN: phosphatase and tensin homolog, SATA: signal transducer and activator of transcription, SCFA: short-chain fatty acid, SCID: severe combined immunodeficient, SOD: superoxide dismutase, STAT: signal

transducer and activator of transcription, $100a9: S11 calcium binding protein A9, TNF-a: tumor necrosis factor-a, VEGF: vascular endothelial growth factor, ZO-1: zonulin-1.

10.3389/fphar.2024.1375585

found that for IBD patients during the active period, the production
of IL-1P and IL-18 and the activity of caspase-1 increase, thereby
mediating the occurrence of intestinal cell apoptosis (Qi et al., 2021).
Cell apoptosis is an important pathological basis for the
transformation from inflammation to cancer and can induce the
release of pro-inflammatory cytokines and promote tumor
infiltration into local tissues, thus increasing the risk of tumor
occurrence and metastasis (He et al., 2024). In addition, the
Wnt/B-catenin  signaling pathway has been confirmed to
influence the differentiation fate of cell development to a certain
extent, affecting cancer cell proliferation, stemness, apoptosis,
autophagy, and metabolism. The modification and degradation of
B -catenin are key events in the occurrence and development of
colon cancer (Zhao et al., 2022). The research indicates that Sishen
Pills (Zhao et al., 2019) and their active metabolites, schisandrin B
(Zhang et al., 2021a), schisandrin (Wang et al., 2023d), evodiamine
(Kim et al, 2019; Shen et al., 2019; Ding et al., 2020), and
rutaecarpine (Byun et al, 2022) could affect cell fate by
regulating the NLRP3 and Wnt signaling pathways, thus offering
a therapeutic role in IBD and colon cancer.

5.2 Inhibiting the oxidative stress

Research has shown that during chronic inflammation, innate
immune cells such as macrophages produce large amounts of
reactive oxygen species (ROS) and reactive nitrogen species
(RNS), leading to the aggravation of oxidative stress. During the
active phase of IBD, the expression of ROS in the intestinal mucosa
increases, and the subsequent reaction of ROS with DNA can lead to
chromosomal breakage, carcinogenesis, and tumor cell proliferation
(Wu and Liu, 2022). Regulating the Nrf2/HO-1 pathway may be a
way to treat IBD with Sishen Pills (Zhang et al., 2021b), involving
their active metabolites such as myristicin (Ismail Abo El-Fadl and
Mohamed, 2022), linalool (Tekeli et al., 2018), rutaecarpine (Zhang
etal., 2020b) and schisandrin B (Zhang et al., 2021a). Under normal
physiological conditions, the Nrf2 in cells binds to the kelch-like
ECH-associated protein 1 (Keapl) in the cytoplasm and remains in a
steady state; when Keapl receives an oxidative stress signal, it can
release Nrf2 and then transfer it to the nucleus and upregulate the
expression of downstream antioxidant proteins, such as HO-1
(Ibrahim et al., 2023). At the same time, HO-1 can also block the
NF-kB activation and downregulate the transcription of
inflammatory factors and chemokines by inhibiting the
production of cytokines and ROS (Wang and He, 2022); this
may contribute to the treatment of IBD by inhibiting intestinal
inflammation-cancer transformation (Lu et al., 2023).

As the a subunit of hypoxia inducible factor-1 (HIF-1), HIF-1a
mediates the adaptive response of cells to a hypoxic environment. In
general, HIF-1 is activated under cellular hypoxia; it can activate
multiple target genes involved in regulating the cellular redox status
to reduce ROS generation; it can also regulate the expression levels of
mitochondria-specific genes to adapt to hypoxic environments and
improve mitochondrial function. As the above studies showed, the
anti-colon cancer effects of evodiamine (Huang et al., 2015; Li et al.,
2020a) and isoeugenol may be mediated by HIF-1a. The activation
of HIF-1a and its signaling pathway has bidirectional regulatory
effects. Studies have confirmed that moderate activation can
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promote cell survival and increase the protective effect against injury
stimuli, whereas excessive activation can aggravate damage to
intestinal cells (Taylor and Colgan, 2007). Due to the abnormal
vascular microenvironment and inadequate local blood and oxygen
supply to the tumor, hypoxia is a common feature of colon cancer;
HIF-1a in the activated state can supply energy to tumor cells by
upregulating glucose transporters and glycolysis related enzymes,
helping cells adapt to the hypoxic environment. Previous studies
confirmed that regulating aerobic glycolysis is an important factor
for Sishen Pill to treat colon cancer (Zhang et al., 2021d; Jiang et al.,
2023); whether it is related to HIF-1a remains to be determined. In
addition, the activation of HIF-la can also promote the tumor
angiogenesis and metastasis by up regulating the expression of
VEGF and MMP. As the above studies showed, several effective
metabolites of Sishen Pill, such as psoralen, isoeugenol, and
evodiamine, can downregulate the expression of VEGF and
MMP proteins (Li et al., 2019a; Feng et al., 2021; Bilgin et al,
2023), thus promoting the apoptosis and having a therapeutic effect
in colon cancer (Figure 3A).

5.3 Regulating the mitochondrial autophagy

Research has shown that impaired autophagy can disrupt the
function of intestinal epithelial cells and affect innate and adaptive
immune responses, ROS production, and endoplasmic reticulum
stress (ERS), ultimately promoting the occurrence or progression of
IBD (Alula and Theiss, 2023). Antimicrobial peptides secreted by
intestinal Paneth cells are an important component of the intestinal
mucus layer; however, owing to autophagy dysfunction, patients
would experience decreased secretion of defensins and lysozymes by
Paneth cells, leading to a weakened ability of the intestinal mucosa to
resist the colonization of bacteria in the gut, hindering bacterial
clearance, and damaging the intestinal mucosal barrier (Cray et al.,
2021). At the same time, autophagy also participates in the mucus
secretion and degradation metabolism of goblet cells, maintaining a
stable balance of interactions between the intestinal mucosa and the
gut microbiota (Naama et al, 2023). In the pathological
environment of IBD, sustained inflammatory stimulation can
lead to protein imbalance and abnormal folding in the lumen of
the endoplasmic reticulum, exacerbating ERS. Autophagy can
reduce the negative effects of ERS by clearing abnormal proteins
and damaged organelles. Previous studies found that the Sishen Pill
(Yu et al.) and its metabolites, myristicin (Ismail Abo El-Fadl and
Mohamed, 2022) and evodiamine (Ding et al, 2020) promote
autophagy and exert a positive influence on downregulating
intestinal inflammatory responses.

Other studies have shown that dehydrodiisoeugenol (Li et al.,
2021a) and evodiamine (Wang et al., 2019b) promote tumor cell
apoptosis and exert anti-colon cancer effects by activating
autophagy. Current research suggests that autophagy has a
dual role in cancer occurrence. Autophagy is a surveillance
system in normal cells that removes damaged organelles and
aggregated proteins through lysosomes, consequently reducing
DNA damage
transformation (Yamazaki et al., 2021). Clinical studies have

and protecting cells from malignant

shown that a lack of autophagy-related proteins such as LC-
311, ATGS5, and Beclin 1 can indicate poor prognosis in colon
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cancer patients (Choi et al., 2014). Autophagy can also provide
key nutrients for tumor growth and metabolism and support
tumor formation by inhibiting apoptosis (Galluzzi et al., 2015).
Autophagy plays different roles in the different stages of
malignant tumor development; a deeper exploration of the
inflammation-cancer

pharmacological ~ mechanism  of

transformation as a whole is needed (Figure 3B).

5.4 Regulating intestinal immune cells

The regulatory effects of Sishen Pill on intestinal immune cells
are also important for inhibiting the progression of IBD
inflammation and its transformation into colon cancer. Taking
Tregs as an example, the number of Tregs in the inflammatory
mucosa of patients with IBD often shows a compensatory increasing
trend, but the degree of increase is insufficient to control mucosal
inflammation, leading to a relatively insufficient state
(Hovhannisyan et al., 2011). Peripheral blood cell analysis has
shown that the number of Tregs decreases, and the number of
pro-inflammatory Th17 cells increases in IBD patients (Eastaff-
Leung et al., 2010). Animal experiments have shown that the
adoptive transfer of Tregs can alleviate enteritis by inhibiting
Thl and Th17 inflammatory responses, further confirming the
regulatory effects of Tregs on intestinal inflammation (Boschetti
et al, 2017). Multiple studies have shown that Sishen Pill can
upregulate Tregs while downregulating the proportion of
Th17 cells, thereby inhibiting the progression of IBD (Liu et al.,
2016; Wang et al, 2022b; Huang et al, 2022). Schisandrin B
upregulates the expression of forkhead box protein P3 (FoxP3)
and promotes Treg proliferation and differentiation, regulating the
intestinal immunity of IBD (Liu et al., 2015). The possible role of
Tregs in treating intestinal tumors has also received widespread
attention, but there is still debate over how Tregs affect the
occurrence and progression of tumors. Some studies suggest that
Tregs can lead to tumor growth and deterioration by inhibiting anti-
tumor immune responses (Saito et al., 2016), associated with poor
prognosis of the disease; however, further research is needed to
investigate the effect of the Sishen Pill on Tregs in colon
cancer models.

Memory T cells (Tms) are a crucial part of inflammatory
immune responses. Tms can usually be divided into three main
groups: central memory T cells (Tcm), effective memory T cells
(Tem), and tissue-resident memory T cells (Trm). Zhao et al. found
that the specific activation of Tm can prevent the recurrence of
Crohn’s disease (Zhao et al., 2020). Two studies found that Sishen
Pills can increase the level of Tcm cells and inhibit intestinal
inflammatory factors through the PI3K/Akt and JAK/
STAT5 pathways (Ge et al, 2020; Wang et al, 2022a). In
addition, Tcm has self-renewal and replication capabilities, can
recognize tumor antigens, and exerts long-lasting anti-tumor
effects (Wang et al, 2020d). However, there is currently no
relevant report on the Sishen Pill and its active metabolites in
treating colon cancer by regulating Tcm; a deeper understanding
of the pharmacological mechanisms is urgently needed.

JAK/STAT is one of the central communication nodes of cell
function and is essential for innate

initiating immunity,

coordinating adaptive immune mechanisms, and regulating
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TABLE 5 Pharmacological effects and molecular mechanisms of the metabolites of Schisandra chinensis in the treatment of IBD and colon cancer.

Disease Category Metabolites  Experimental Pharmacological Molecular References
model action mechanism
IBD lignan schisandrin A SD rats 20, 40 and Regulating the oxidative N/A Zhang et al.
80 mg/kg stress factors: GSH-PxT, (2020a)
SODT, eNOST, iNOST,
T-AOCT; NO|, MPO|
IBD lignan schisandrin A Kunming mice 20, 40 and The symptoms of colitis and | Inhibiting NF-kB/COX- Wang et al.
80 mg/kg intestinal inflammation are | 2 pathway:the mRNA and = (2023b)
improved protein expression of NF-
kB and COX-2 are
decreased
IBD lignan schisandrin B SD rat 20, 40 and The symptoms of colitisand = Regulating the expression =~ Chen and Chen
80 mg/kg intestinal inflammation are | level of RORyt and FoxP3: = (2018)
improved the protein and gene
expression levels of
FoxP3 increased, and
RORYy are reduced
IBD lignan schisandrin B In vitro: HCT-116 cells | In vitro: Regulating inflammatory Inhibiting NF-kB and Liu et al. (2015)
40 umol/L factors: TNF-al, IL-6], IL- = MAPKs signal pathways:
18], IEN-y| the expression levels of
In vivo: C57BL/6 mice | In vivo: pIkBa, NF-kBp65, MAPK,
10 mg/kg JUN and ERK are
decreased
IBD lignan schisandrin B C57BL/6 mice 10, 40 and Regulating inflammatory Regulating the pyroptosis = Zhang et al.
100 mg/kg factors: TNF-a|, IL-6], IL- = via AMPK/Nrf2/ (2021a)
18], IL-1B] NLRP3 inflammasome:
the protein expression
level of NLRP3, pro-
caspased and ROS-
induced mitochondrial
damage are decreased, and
PAMPK/AMPK and
Nrf2 are increased
IBD lignan schisandrin B In vitro: CACO2 and | In vitro: 1. Regulating inflammatory 1. Activating FAK and its = Li et al. (2019b)
HCT116 cells 6.25 umol/L  factors: TNF-a|, IL-1B|, IL- ~ downstream signal: the
and 6,IL-12], IL-23| ratio of p-FAK/FAK,
125 umol/L p-JUN/JUN, p-P38/P38,
p-AKT/AKT and p-ERK/
ERK are increased
In vivo: C57BL/6 mice = In vivo: 2. Protecting the intestinal 2. Regulating the gut
15 and epithelial barrier: FITC- microbiota: the relative
30 mg/kg dextran permeabilization|, | abundance of
E-cadherinT, OccludinT Rhodospirillaceae,
Mollicutes,
3. Inhibit the initiation and  Gastranaerophilales and
promotion of colitis- Lachnospiraceae is
associated-cancer decreased, and the relative
abundance of Bacteroide,
Rikenellaceae RC9 gut
group, Odoribacter laneus
YIT 12061 and
coprostanoligenes is
increased
IBD lignan schisandrin C57BL/6 mice 20, 40 and Regulating inflammatory 1. Inhibiting the SGK1/ Wang et al.
80 mg/kg factors: TNF-a|, IL-18], IL- = NLRP3 signaling pathway: = (2023d)

18], IL-6]

the protein expression
level of NLRP3, Caspase-
1, SGK1 are decreased

2. Regulating the gut
microbiota: the relative
abundance of Lactobacilli
spp is increased, the
relative abundance of
Bacteroides decreased, and
the conversion of primary
bile acids to secondary bile
acids is promoted
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TABLE 5 (Continued) Pharmacological effects and molecular mechanisms of the metabolites of Schisandra chinensis in the treatment of IBD and colon

cancer.

Disease

Category Metabolites

Experimental
model

Dosage

Pharmacological
action

Molecular
mechanism

References

IBD lignan schisandrin C HT-29 and Caco-2 In vitro: 5, Protecting the intestinal Inhibiting NF-kB and Kim et al. (2022)
cells, intestinal 10 and epithelial barrier: FITC- p38MAPK/
organoid, C. elegans 20 umol/L dextran permeabilization|, ATF2 pathways: the
wild-type N2 strain MLCK and p-MLC|, ZO- phosphorylation of NE-
In vivo: 10, | 17, Occludin] KB, p38 MAPK, and
25, 50 and ATEF2 are decreased, and
100 pmol/L the nuclear localization of
NF-KkB and ATF2 are
inhibited
IBD lignan deoxyschizandrin | SD rat 20, 40 and Regulating inflammatory Inhibiting the TLR4/NF- = Yu and Qian
80 mg/kg factors and oxidative stress = kB signaling pathway: the = (2021)
factors: TNF-a|, IL-1B|, IL- | expression levels of TLR4,
6], SODT, MDA|, CATT MyD88, and NF-kB are
decreased
Inhibiting the apoptosis:
Caspase-3|, Bax|, Bcl-27
colon cancer | lignan schisandrin A CRC cell lines DLD1, | 50, 75, 100, = Inducing the cellular Inhibiting heat shock Chen et al.
RKO, SW480, and apoptosis and G0/G1 phase = factor 1: the induction of = (2020a)
SW620 and normal 150 yumol/L  arrest: p-Rb (S807/811)|, HSF1 target proteins such
human colon epithelial Cyclin D1|, Cdk4|, Cdk6|, = as HSP70 and
cell line CCD 841 CoN cleaved-PARPT, cleaved- HSP27 inhibited
Caspase3T, Bcl-2]
colon cancer = lignan schisandrin A HT 29 cells 0.25,0.5and | Regulating oxidative stress  Inhibiting Nrf-2/HO- Wan et al.
1 pmol/L factors, inflammatory 1 signalling pathway, the  (2019)
factors and inducing S and | translocation of NF-kB
G2/M phase arrest: ROS|,  and the activation of
nitrite production|, CAT|, = MAPKs: the expression
SOD|, GPx|,IL-8|, S-phase | levels of HO-1, p-p38,
and G2/M phase cell cycle  p-ERK and p-JNK are
arrest decreased, the nuclear
transcription of Nrf2 is
activated and NF-kB is
inhibited
colon cancer = lignan schisandrin B SW480 20,40 and Promoting the cellular Regulating the p38MAPK = Jiang et al.
80 umol/L apoptosis: proliferation signaling pathway: the (2015)
inhibition rateT, cell protein expression levels
apoptosis, invasion rate| of p-p38 and p-p53 are
increased
colon cancer = lignan schisandrin B SW620 0.1, 1 and Inhibiting the cellular Regulating the VEGF/ Dai et al. (2018)
10 mg/L proliferation and migration: =~ PI3K/Akt signaling
cellular activity |, migration = pathway: the expression
ability | levels of VEGFA, VEGEF-
R2. PI3K. Akt p-Akt
are decreased
colon cancer = lignan schisandrin B In vitro: HCT 116 cells | In vitro: Promoting the cellular Attenuating colitis- Pu et al. (2021)
3.125, 6.25, = apoptosis: LDH activityT, associated colorectal
12,5 and caspase-3/9 levelsT, cancer through
25 uM E-cadherinT, p537, BaxT, SIRT1 linked
MMP-9], B-catenin|, COX- =~ SMURF?2 signaling:
In vivo: C57BL/6 mice | Invivo:3.75, 2|, COX-1| SMURE?2 protein
7.5,15 and expression ia upregulated
30 mg/kg and SIRT1 is inhibited

Abbreviations: Akt: protein kinase B, ATF2: activating transcription factor 2, COX-2: cyclooxygenase-2, ERK: extracellular regulated protein kinases, eNOS:endothelial nitric oxide synthase,
FAK: focal adhesion kinase, FoxP3: forkhead box protein P3, GSH-PX: glutathione peroxidase, HO-1: heme oxygenase, HSP: heat shock protein, IFN: interferon, IkB: inhibitor of NF-kB, iNOS:
inducible nitric oxide synthase, JUN: c-Jun N-terminal kinase, MAPK: mitogen activated protein kinase, MPO: myeloperoxidase, MyD88: Myeloid differentiation primary response gene 88,
MLCK: myosin light chain kinase, NF-kB: nuclear factor-kappa B, NO: nitric oxide, Nrf2: NF-E2-related factor 2, NLRP3: NOD, like receptor heat protein domain related protein 3, Nrf-2:
nuclear erythroid factor, PI3K: phosphatidylinositol 3-kinase, RORY: retinoic acid-related orphan receptor gamma t, ROS: reactive oxygen species, T-AOC: total antioxidant capacity, TLR4:

toll-like receptor 4, SOD: superoxide dismutase,SGK1: serum/glucocorticoid regulated kinase 1, SIRT1: silencing regulatory protein 1, Smurf2: smad ubiquitination regulatory factor 2, VEGF:

vascular endothelial growth factor.

inflammatory responses. In intestinal-associated lymphoid tissues,
dendritic cells and other antigen-presenting cells initiate antigen-
specific immune responses, determining the activation of B cells and
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the differentiation of initial T helper cells, driven by the cytokine-
receptor interaction of JAK-STAT signaling. Furthermore, different
subtypes of helper T cells (Th1, Th2, Th9, and Th17) regulate Tregs,
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FIGURE 2

The key inflammatory related signaling pathways of Sishen Pill and its effective metabolites in treating IBD and colon cancer.

macrophages, and dendritic cells, among other immune cells,
thereby regulating the intestinal inflammatory response and
2021). JAK/STAT
pathway inhibitors have been used to treat IBD, showing good

inhibiting tumor occurrence (Hu et al,

therapeutic potential in preclinical studies (Salas et al., 2020). As
mentioned above, multiple studies have confirmed that Sishen Pill
can regulate intestinal cellular immunity by regulating JAK-STAT
and the expression of its downstream protein suppressor of cytokine
signaling (SOCS), one of the key signaling pathways by which the
pill inhibits IBD immune inflammation and inflammation-cancer
transformation (Liu et al., 2016; Liu et al., 2020; Wang et al., 2022a;
Kang et al., 2022) (Figure 3C).

5.5 Regulating the gut microbiota and
intestinal barrier

Research has shown widespread dysbiosis in the gut microbiota
of both IBD and colon cancer patients and that Sishen Pill can affect
the integrity of the intestinal barrier by regulating the gut microbiota
and its metabolites. The decrease of Akkermansia muciniphila
(AKK) and the increase of Escherichia-Shigella are significant
characteristics of the gut microbiota in IBD population (Morgan
et al,, 2012; Alam et al., 2016); animal experiments have shown that
Akk can promote the production of intestinal mucus, regulate the
expression of tight junction proteins, and reduce the expression
levels of inflammatory and chemotactic factors in the colon and
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serum (Bian et al, 2019). In addition, oral administration of
inactivated Akk or the outer membrane protein of Akk (Amuc_
1100) can also regulate CD8" T cells, improving IBD and preventing
the occurrence of CACC (Wang et al., 2020b). Another study
suggested that AKK bacteria could enrich Ml-like tumor
associated macrophages in the colon cancer microenvironment in
NLRP3 dependent way, thereby inhibiting tumor formation and
development (Fan et al., 2021a). On the contrary, certain types of
Escherichia-Shigella can escape host immunity, adhere to and invade
intestinal epithelium and macrophages in hosts with genetic
susceptibility to IBD, and initiate IBD development (Zangara
et al.,, 2023). Also, the genotoxin produced by Escherichia-Shigella
can penetrate the colon cell membrane and migrate to the nucleus,
causing DNA double strand breaks, cell cycle arrest, chromosomal
aberrations, intestinal epithelial damage, and eventually leading to
cancer (Fan et al., 2021b). The above studies show that Sishen Pill
can increase the relative abundance of AKK in the intestine (Chen
2020b; Ge et al,, 2022; Jin et al., 2023) and its effective
metabolites, evodiamine, and corylin, leading to significant

et al,

inhibition of Escherichia-Shigella the proliferation (Zhu et al,
2021; Wang et al,, 2023f) thereby exerting anti-inflammatory and
anticancer pharmacological activities.

Some metabolites of the gut microbiota, such as short-chain fatty
acids (SCFAs), are also important for developing colitis and tumors.
Studies have shown a decreasing trend in intestinal SCFAs in both IBD
and colon cancer populations (Wang et al,, 2019¢; Dalile et al., 2019). As
the main source of energy for intestinal epithelial cells, SCFAs not only
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promote the proliferation and differentiation of intestinal epithelial cells,
reduce cell apoptosis, and maintain the mechanical barrier of the
intestinal mucosa but also improve the secretion of intestinal
lubricate the intestine, block the adhesion of
pathogens to the intestinal mucosa, and inhibit the occurrence of
intestinal immune inflammation (Sun et al., 2017). In addition,

mucoproteins,

butyrate in SCFAs has been proven to promote apoptosis and
inhibit the proliferation of human colon cancer cells by activating
G-protein coupled receptor 109A (GPR109A) (Moniri and Farah,
2021). The above research indicates that while regulating the gut
microbiota, Sishen Pill can increase the contents of total SCFAs and
butyrate in the intestine, thereby improving the inflammatory
microenvironment of the intestine (Wang et al.,, 2022b).

Gut microbiota can affect the morphology and function of the
intestinal barrier through various pathways; the integrity of the
intestinal barrier is of great significance for the treatment of IBD and
colon cancer. Post et al. detected 28 mucin proteins in the colonic
mucosa of UC patients and found that seven mucin proteins, such as
mucin 2 (MUC2), were significantly reduced; 30% of UC patients
had abnormal permeability of the mucus layer, suggesting that
abnormal colonic barrier function promotes the occurrence of
UC (van der Post et al,, 2019). Rath et al. showed that healing of
the intestinal barrier has a high predictive value for the course of
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patients with remission-phase IBD; predictive ability of intestinal
barrier healing might far exceed established or emerging parameters,
such as endoscopic and histological remission (Rath et al., 2023). In
addition, intestinal barrier damage and microbial translocation can
activate chronic inflammation, further promoting the secretion of
pro-inflammatory factors by immune cells and accelerating the
process of  colonic  inflammation-cancer  transformation
(Shalapour and Karin, 2020). Another study found that when the
intestinal vascular barrier is damaged, intestinal bacteria are more
likely to spread to the liver, promoting the formation of a pre-
metastatic niche for “colon-liver” metastasis, thereby promoting the
recruitment of metastatic cells (Bertocchi et al., 2021). As mentioned
earlier, Sishen Pills (Zhang et al.,, 2021c), schisandrin B (Li et al,,
2019b), schisandrin C (Kim et al., 2022), and corylin (Wang et al.,
2023f) can regulate the secretion of intestinal epithelial tight
junction proteins and mucin, repair damaged intestinal mucosal
barriers and inhibit the progression of IBD (Figure 3D).

6 Limitations and outlook

As a classic proprietary Chinese medicine for treating diarrhea,
the curative effect of the Sishen Pill on IBD and colon cancer has
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been widely studied. Briefly, TCM formulas can regulate multiple
targets simultaneously and exert integrated pharmacological effects;
they can not only regulate intestinal immune inflammation
disorders and fight against tumors but can also improve various
symptoms, such as abdominal pain and diarrhea, enhancing the
patient’s quality oflife. In addition, preventive treatment of disease is
a characteristic and an advantage of TCM; the application of the
Sishen Pill in the early stage of IBD can effectively inhibit the
transformation from inflammation to colon cancer. In summary,
based on Western medical treatment, accumulating evidence
suggests that the use of TCM represented by Sishen Pills can
often bring more clinical benefits to patients. However, in terms
of the current research on Sishen Pills, many limitations still need to
be addressed.

Firstly, the above mentioned clinical studies and experimental
studies have preliminarily confirmed the evidence that Sishen Pill
can effectively treat IBD and colon cancer, however, the
standardization of study design and reporting still needs further
improvement. For example, 1) most studies do not provide quality
testing reports and specific preparation methods of Sishen Pill; 2) there
is a lack of description in the report regarding the experimental design
methods and bias control strategies, such as specific measures for
randomization of groups and baseline data of different groups
before intervention; 3) there is a lack of description of animal or cell
model selection criteria and modeling methods. In future studies, we
recommend that: 1) design and report rigorously according to the
requirements of the Cochrane Handbook (clinical study) (PT and Sally,
2024) and ARRIVE guidelines (animal experiments) (Kilkenny et al,,
2012); 2) clinical studies should adopt internationally recognized major
outcome measures, and basic experiments are necessary to observe the
overall therapeutic effect of Sishen Pill on experimental animals, rather
than just cell experimental evidence.

Second, there is still insufficient evidence on the safety of the
Sishen Pill, posing a hidden danger in its clinical application. In
recent years, liver damage caused by Psoraleae Fructus has become a
focus of attention (Xu and Xiao, 2023). Guo et al. confirmed that the
mechanism of liver injury could be associated with oxidative stress
and mitochondrial damage-mediated apoptosis (Guo et al., 2021b)
and that it may also be involved in liver regeneration, bile
metabolism, energy metabolism, and other processes (Fan et al.,
2024; Feng et al, 2024). Compared to bakuchiol, psoralen and
isopsoralen have been confirmed to have stronger liver toxicity in
vivo; their toxic effects are positively correlated with dosage (Mu
et al., 2018). Similarly, Euodiae Fructus has also been shown to pose
a potential risk of liver injury (Kong et al., 2023); its mechanism of
action may be related to peroxidation injury, inflammatory factor
mediation, mitochondrial damage, and drug— protein adduct
formation (Wei et al, 2020). Other studies have reported that
evodiamine exerts potential nephrotoxicity and cardiotoxicity
(Yang et al., 2021). The impact of Myristicae Semen on the liver
is two-sided; some studies confirmed that myristicin has a protective
effect on drug-induced liver injury (Sohn et al., 2008; Yimam et al.,
2016; Yang et al., 2018), while others found that Myristicae Semen
extracts can also damage liver cells, increase serum transaminase
levels and that the toxic effects are time- and dose-dependent (Cao
etal,, 2020). We believe that the “dose-effect-toxicity” relationship of
the Sishen Pill should be further clarified through basic research to
evaluate the clinical efficacy and safety. Further research should be
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conducted to enhance efficacy and detoxification using methods
such as the processing and rational compatibility.

Third, although current research suggests that multiple metabolites
in Sishen Pill have therapeutic effects on IBD and colon cancer, the
active metabolites of this formula still need to be clarified. The currently
elucidated molecular mechanisms may provide important links to its
integrated pharmacological effects; however, the most critical target of
action and differential pathways among different metabolites still
require further exploration. We suggest using a more precise
research approach as the next step in basic research. Luo and others
(Luo et al,, 2022) confirmed that MyD88 is the specific target for the
anti-inflammatory effects of schisandrin B using target knockout
models, carrying out target-metabolites binding assays, molecular
docking, and experimental verification. In future research, high-
throughput screening of the proteome and target-metabolites
binding assays, vital for determining deeper pharmacological
mechanisms of action and revealing the scientific connotations of
TCM compatibility, should be widely used.

Fourth, clinical evidence of the Sishen Pill in treating colon cancer
and inhibiting inflammation-cancer transformation is still lacking. As
mentioned above, there are relatively few clinical and basic studies of
Sishen Pill on treating colon cancer; more evidence is needed on its
effective metabolites. However, there are complex interactions between
different chemical metabolites, so the efficacy evaluation and
mechanism exploration of Sishen Pill in treating colon cancer need
to be further carried out. Besides, the transformation of colonic
“inflammation-cancer” is a dynamic process; at present, only a few
studies have focused on the effect of Sishen Pill and its metabolites on
CACC. Specific clinical application strategies, including the best
application nodes and treatment courses, are also urgently needed.
In addition to the traditional dosage forms, the efficacy and safety of
decoction enemas and volatile oils have also been preliminary
confirmed; however, the differences in the indications of different
dosage forms and how better market transformations can be
performed need to be addressed stepwise through a series of studies.
Large sample sizes, long-term follow-up RCTs, and real-world post-
marketing reevaluations of formulas are necessary to better address the
above issues.

7 Conclusion

Sishen Pills and its metabolites show great potential in the treatment
of IBD, colon cancer and the inhibition of colonic inflammation-cancer
transformation. Modern pharmacological research has confirmed that
Sishen Pills molecular mechanisms mainly involve regulating
inflammatory signaling pathways, inhibiting oxidative stress,
improving mitochondrial mitophagy, regulating intestinal immune
cells, and modulating the gut microbiota. Meanwhile, we should not
overlook the limitations of current research. Due to the lack of
rigorously designed large-sample RCTs, it is still difficult to answer
questions about the long-term effectiveness and safety of the Sishen Pill
in treating IBD and colon cancer. In future research, we recommend
combining RCTs with real-world clinical studies to obtain stronger
clinical evidence. At the same time, it is important to strengthen
research on potential core metabolites of Sishen Pill, such as
evodiamine and schisandrins, and clarify their key molecular targets,
in order to lay the foundation for the new drug development.
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Cartilage damage and synovial inflammation are vital pathological changes in
osteoarthritis (OA). Bigi Capsule, a traditional Chinese medicine formula used for
the clinical treatment of arthritis in China, yields advantages in attenuating OA
progression. The drawback here is that the bioactive components and
pharmacological mechanisms by which Bigi Capsule exerts its anti-
inflammatory and chondroprotective effects have yet to be fully clarified. For
in vivo studies, a papain-induced OA rat model was established to explore the
pharmacological effects and potential mechanisms of Bigi Capsule against OA.
Bigi Capsule alleviated articular cartilage degeneration and chondrocyte damage
in OA rats and inhibited the phosphorylation of NF-kB and the expression of pro-
inflammatory cytokines in synovial tissue. Network pharmacology analysis
suggested that the primary biological processes regulated by Bigi Capsule are
inflalnmation and oxidative stress, and the critical pathway regulated is the PI3K/
AKT signaling pathway. The result of this analysis was later verified on
SW1353 cells. The in vitro studies demonstrated that Glycyrrhizic Acid and
Liquiritin in Bigi Capsule attenuated H,O,-stimulated SW1353 chondrocyte
damage via activation of PI3K/AKT/mTOR pathway. Moreover, Bigi Capsule
alleviated inflammatory responses in LPS-stimulated RAW264.7 macrophages
via the NF-kB/IL-6 pathway. These observations were suggested to have been
facilitated by Brucine, Liquiritin, Salvianolic Acid B, Glycyrrhizic Acid,
Cryptotanshinone, and Tanshinone I[IA. Put together, this study partially
clarifies the pharmacological mechanisms and the bioactive components of
Bigi capsules against OA and suggests that it is a promising therapeutic option
for the treatment of OA. Chemical compounds studied in this article. Strychnine
(Pubchem CID:441071); Brucine (Pubchem CID:442021); Liquiritin (Pubchem
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CID:503737); Salvianolic Acid B (Pubchem CID:6451084); Glycyrrhizic Acid
(Pubchem CID:14982); Cryptotanshinone (Pubchem CID:160254); Tanshinone
lIA (Pubchem CID:164676).

osteoarthritis, Biqi
bioactive component

Highlights

« Biqi Capsule ameliorates papain-induced cartilage damage
and inflammatory response.

« Biqi Capsule exerts its chondroprotective effect by activating
the PI3K/AKT/mTOR pathway in chondrocytes and an anti-
inflammatory effect by inhibiting the NF-«xB/IL-6 pathway.

o Glycyrrhizic Acid and Liquiritin alleviate chondrocyte damage
via the PI3K/AKT/mTOR pathway.

1 Introduction

Osteoarthritis is a complex disease characterized by pathological
changes across all joint tissues, including cartilage, subchondral
bone, ligaments, menisci, joint capsule, and synovium (Loeser et al.,
2016). The incidence of OA is increasing globally, making it one of
the primary diseases that reduce the quality of life and can even lead
to disability in older adults (Allen et al, 2022). Currently, an
estimated 240 million individuals worldwide have symptomatic
OA. Low-grade chronic inflammation of the synovium plays a
central role in the pathological progression of OA (Coaccioli
et al,, 2022). Pro-inflammatory mediators, such as cytokines, lipid
mediators, and reactive oxygen species (ROS), produced by
the
extracellular matrix and cartilage loss (Zahan et al, 2020). In

synoviocytes are responsible for degradation of the
addition, the mediators that cause cartilage damage in OA (such
as damage-associated molecular patterns and extracellular matrix
components) can exude into the synovial fluid and recruit synovial
macrophages, which further produce an excess of pro-inflammatory
cytokines, accelerating cartilage degradation (Coaccioli et al., 2022).
In summary, the triad of cartilage destruction, synovial
inflammation, and macrophage activation contributes to an
ongoing sterile wound-healing “vicious circle” resulting in joint
these cellular

intervening with factors that modify the phenotypic state of the

tissue pathology. Modulating processes  or
cells may be a promising approach to slowing down OA
development (Kulkarni et al, 2021). Biqi Capsule (NMPA
approval number: Z210910026) is a Chinese traditional patent
medicine used for the treatment of OA (SPGD, 2021). Bigi
Capsule is composed of 10 Chinese herbs, including Strychnos
nux-vomica L., Pheretima aspergillum (E. Perrier), Codonopsis
pilosula (Franch.) Nannf., Poria cocos (Schw.) Wolf., Atractylodes
macrocephala  Koidz., Ligusticum chuanxiong Hort.,, Salvia
miltiorrhiza Bunge, Panax notoginseng (Burk.) F. H. Chen ex C.
Chow, Achyranthes bidentata BL., and Glycyrrhiza uralensis Fisch.
Previous pharmacological studies have shown that Bigi Capsule
alleviates local joint and inflammation,

systemic synovial

hyperplasia, and cartilage destruction caused by collagen-induced
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capsule, PI3K/Akt/mTOR pathway, NF-xB/IL-6 pathway,

arthritis (CIA) (Wang et al,, 2018), and its anti-inflammatory effect
may be a result of inhibition of the NO-iNOS pathway and COX-2
pathway (Wang et al, 2011). The chemical components of Biqi
Capsule have already been identified according to previous studies
(Wang et al., 2011; Jing et al., 2018; Xing-Yan et al., 2021). However,
the pharmacological mechanisms and bioactive components of Bigi
Capsule which facilitate the treatment of OA remain largely
unexplored.

In this study, we evaluate the anti-inflammatory and
chondroprotective effects of Biqi Capsule using a papain-induced
rat model of OA. Network pharmacology analysis and pathway-
blocking experiments were used to explore the underlying
mechanisms. Molecular docking and screening based on H,O,-
stimulated SW1353 cells and LPS-stimulated RAW264.7 cells were
to better
pharmacological activities of the bioactive components. Our

performed assess the molecular dynamics and

results revealed the underlying mechanisms and bioactive
components of Bigi Capsule in treating OA.

2 Materials and methods
2.1 Reagents and antibodies

Biqi Capsules were provided by Tianjin Darentang
Pharmaceutical Jingwanhong Co. Ltd. (Tianjin, China) with the
production batch number 31174066. The quality of Bigi Capsule is
supervised by the National Medical Products Administration
(NMPA) according to the Pharmacopoeia of the People’s
Republic of China 2020 Edition, Part I, Page 1808. Papain
(76,220), poloxamer (P4894), Lipopolysaccharide (LPS, L2880),
and Dimethyl sulfoxide (DMSO, D8418) were purchased from
Sigma-Aldrich (Shanghai, China). LY294002 was purchased from
MedChemExpress (NJ, USA). Strychnine, Brucine, Liquiritin,
Salvianolic Acid B, Glycyrrhizic Acid, Cryptotanshinone, and
A" were purchased from Sichuan Vicky
Biotechnology Co., Ltd. (Chengdu, China). The primary
antibodies against PI3K p85 (#4257), Akt (#9272), p-Akt (#9275),
NF-kB p65 (#8242), p-NF-kB p65 (#3033), PCNA (#13110), the
second antibodies against rabbit (#7074) and mouse (¥7076) I1gG
were purchased from Cell Signaling Technology (MA, USA). The
primary antibodies against p-PI3K p85 (ab182651) and p-actin
(ab8226) were purchased from Abcam (Cambridge, UK). The
primary antibodies against mTOR (A11355) and p-mTOR
(AP0978) were purchased from ABclonal Technology (Wuhan,
China). Rat PGE2 Elisa Kit (LCSJZF30697) was purchased from
LunChangShuo Biotech. (Xiamen, China); Rat IL-6 Elisa Kit
(E04640r) was purchased from CUSABIO (Wuhan, China); Rat

TNF-a Elisa Kit (KRC3011), Rat IL-1p Elisa Kit (BMS630) and

Tanshinone
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FIGURE 1

The efficacy of Bigi Capsule on papain-induced OA rats. The papain-induced OA rats were treated with Bigi Capsule for 7 days. (A) Construction of

an OA rat model. (B) Weight of rats during the experiment. Data were present as mean + SEM (n = 10). (C) Representative sections of HE staining knee
joints from rats in different groups (400x). (D) HE staining sections of rat knee joints from each group were used for the assessment via Mankin score. Data
were presented as mean + SEM (n = 3, #p < 0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p < 0.01 compared with the OA group).

(E—H) After 7 days of treatment, the IL-1p, IL-6, TNF-a, and PGE2 levels in synovial tissue were examined by ELISA. Data were presented as mean + SEM.
(n =6, #p < 0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p < 0.01 compared with the OA group). (I, J) After 7 days of treatment, the
phosphorylation of NF-xB (p65) in the synovial tissue was examined by Western Blot. The relative expression was quantified by ImageJ software. Data
were presented as mean + SEM. (n = 3, #p < 0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p < 0.01 compared with the OA group).

mouse IL-6 ELISA Kit (88-7064-88) were purchased from
Invitrogen (CA, USA).

2.2 Animals and models

Healthy male SD rats (n = 60, body weight: 160g-180 g) were
purchased from SPF Biotechnology Co., Ltd. (Beijing, China). All
experimental procedures were approved by the Animal Care and
Use Committee of the Tianjin University of Traditional Chinese
Medicine (Authorization number: TCM-LAEC2022129). All
animals were kept at 22°C-26 °C and 55% * 5% humidity with
a 12 h light/dark cycle and allowed free access to food and water
during the experiments. After a week of adjustment, all of the rats
were randomly divided into five groups as follows: Vehicle group
(equal normal saline solution, i. g.), OA group (equal normal saline
solution, i. g.), BQL group (Biqi Capsule low dose, 0.648 g/kg-d, i.
g., double clinical dose), BQH group (Biqi Capsule high dose,
1.296 g/kg-d, i. g.), Celecoxib group (CB, as a positive control,
24 mg/kg-d, i. g.). The rat model of OA was established using the
invention patent method of the author’s research group, which has
been authorized by the China National Intellectual Property
Administration (Approval number: CN102058877A). Previous
that  this successfully
simulates the pathophysiological processes of OA in humans

studies have demonstrated model

and is suitable for pharmacological studies and efficacy
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evaluation of anti-osteoarthritic drugs (Zhanbiao et al.,, 2024).
Briefly, the model of OA was induced by a sustained-release
papain agent (4% papain and poloxamer). The sustained-release
papain agent was injected into both knee joint compartments of
rats anesthetized with pentobarbital and then monitored for 1.5h
at 50°C (Figure 1A).

2.3 Bigi Capsule experimental design

For the in vivo study, rats had undergone a single intra-articular
injection with 50puL/knee joint sustained-release papain agent. The
day after the establishment of the OA model, BQL and BQH
administration groups received the indicated dosage of Bigi
Capsule content powder (dissolved in double distilled water) by
oral gavage daily for seven consecutive days. Meanwhile, rats in the
OA and CB groups were administered water and celecoxib,
respectively. The dose was administered as described above.

For the in vitro study, a solution from Biqi Capsule extract was
prepared as follows (Wang et al., 2011): 10 g of Biqi Capsule content
powder was mixed with 100 mL double-distilled water, extracted by
ultrasonication twice at 37 °C for 1 h each. The extraction solution
was centrifuged at 12,000rpm for 30 min and then freeze-dried to
obtain the aqueous extract of Biqi Capsule. The extract was dissolved
in a medium before use and filtered through a 0.22 um pore size
membrane filter (Millipore, USA).
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2.4 Keen joint hematoxylin and
eosin staining

Rats were euthanized on the eighth day to obtain the knee joints.
The knee joints were fixed in 4% paraformaldehyde solution,
decalcified with 1% nitric acid for 48h, dehydrated in gradient
ethanol and xylene, and embedded in paraffin wax. Knee joint
sections (4 um) were stained with hematoxylin and eosin (HE)
staining, and the cartilage abnormalities were evaluated by the
modified Mankin score (Mankin and Lippiello, 1970; Mankin
et al., 1971; Mankin et al., 1981; Takahashi et al., 2019; Sun
et al.,, 2020).

2.5 Detection of inflammatory factors in
tissue homogenate

Synovial tissues were rinsed with pre-chilled PBS, the blood was
removed, and the tissues were dried with filter paper. The synovial
tissues were weighed accurately and ground in a homogenizer
(Servicebio, Wuhan, China) by adding 0.1 mg/uL PBS. The
prepared tissue homogenate was centrifuged at 4°C and
12,000 rpm for 15 min, and the supernatant was retained. The
levels of PGE2, IL-6, IL-1P, and TNF-a were determined by
ELISA according to the manufacturer’s instructions.

2.6 Western blot analysis

Total protein from synovial tissue/cells was collected with RIPA
lysis containing Phosphatase Inhibitor Cocktail and Protease
Inhibitor Cocktail (Yeasen), then ground in a homogenizer.
Concentrations of protein were determined by the BCA Protein
Assay Reagent Kit. 10 pug protein was separated by SDS-PAGE
electrophoresis and transferred to PVDF membranes (Merck, NJ,
USA). After blocking with 5% fresh nonfat milk in tris-buffered
saline containing 0.05% Tween-20, the membranes were incubated
with primary antibody overnight at 4°C, followed by HRP-
conjugated secondary antibody incubation. The membranes were
incubated with Chemiluminescent HRP Substrate (Merck) for
1 min, then images were developed through Amersham Imager
600 (GE, MA, USA). The relative expression was quantified by
Image] software.

2.7 Network pharmacology analysis

2.7.1 Target prediction of compounds in
Bigi Capsule

Quality markers also known as “Q-markers” of Traditional
Chinese Medicine are efficacy-associated markers, identified by
integrating multidiscipline-based strategies (including natural
products chemistry, analytical chemistry, bionics, computer-aided
design, pharmacology, system biology, and pharmacodynamics)
(Yang et al., 2017). It is a parameter used to assess the functional
properties that exist in the raw materials and products of TCM
(including the decoction materials, decoctions, extractives, and
Chinese patent medicines), which can be used as the indicators
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for quality control of TCM to embody the effectiveness. Based on the
identification of chemical constituents and the analysis of Quality-
markers, seven Quality-markers of Biqi Capsule are summarized in
Figure 3A (Wang et al., 2011; Jing et al., 2018; Xing-Yan et al., 2021).

The structure files (Mol2 format) of the compounds were
downloaded from PubChem (https://pubchem.ncbinlm.nih.gov/),
and uploaded to the PharmMapper server (https://lilab-ecust.cn/
pharmmapper/index.html). The species is restricted to “human” for
virtual screening of target prediction based on reverse molecular
docking. The target prediction results were used to select the top
50% of the Fit value as the critical targets for the compounds and
were imported into the UniProt database for their corresponding
gene names.

2.7.2 OA target gene prediction

OA-related targets were collected from three databases using
“Osteoarthritis” as the keyword: the GeneCards database (https://
www.genecards.org/), the Online Mendelian Inheritance in Man
(OMIM) database (https://www.omim.org/) and the Therapeutic
Target Database (TTD) (http://db.idrblab.net/ttd).

2.7.3 GO and KEGG analysis

The BQ targets identified in Section 2.7.1, along with the OA
targets identified in Section 2.7.2, were both uploaded to the Draw
Veen Diagram  website (https://bioinformatics.psb.ugent.be/
webtools/Venn/). Overlapping targets in the Veen diagram were
taken into further consideration. Cytoscape 3.9.1 software (http://
www.cytoscape.org/) was used to further analyze the overlapping
targets. The compounds and overlapping targets were then exported
into Cytoscape v3.9.1 to construct and analyze the network’s
topological structures using the MCODE plug-in with the
“Degree value” setting. Targets with high degree values were
considered essential targets for treating OA. Kyoto Encyclopedia
of Genes and Genomics (KEGG) pathway enrichment analysis and
gene ontology (GO) analysis in the DAVID database were
performed to investigate gene function and pathway enrichment
analysis. The official gene symbols of the common targets were
entered with H. sapiens as the selected species. Analyses yielded the
top 10 GO biological processes (BP), molecular functions (MF),
cellular component (CC) terms, and the top 10 KEGG pathways. We
sorted the desired data by applying filters on gene p-value. The
analysis results were visualized via R-4.1.1. The top five entries in
terms of p-value were selected to be displayed.

2.8 Cell culture

RAW264.7 and SW1353 cells were purchased from Procell Life
Science and Technology Co., Ltd (Wuhan, China). Passage numbers
of all cells for the experiment were 5-10. The RAW264.7 cells were
cultured in high-glucose Dulbecco’s Modified Eagle medium
(DMEM; Gibco, MA, USA) containing 10% fetal bovine serum
(FBS; Gibco), penicillin 100 U/mL (Gibco) and streptomycin
100 pg/mL (Gibco) at 37°C in humidified conditions with 5%
CO,. SW1353 cells were cultured in Leibovitz’s L-15 medium
(Procell) containing 10% FBS, penicillin 100 U/mL, and
streptomycin 100 pug/mL at 37°C in humidified conditions
with no CO,.
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Network pharmacology analysis of Bigi Capsule for treating OA, and validated by H,O,-stimulated SW1353 cells. (A) Process of Network
pharmacology prediction and cellular experiments validation. (B) Venn diagram showing overlap of OA genes and predicted compound targets. (C) Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. (D) Gene Ontology (GO) analysis of biological processes. (E) SW1353 cells
were incubated with H,O, (260 pmol/L) and Bigi Capsule extract (BQ) for 12 h. Cell viability was determined by the CCK8 test. Data were presented
asmean + SEM. (n = 6, #p < 0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p < 0.01 compared with the H,O, group) (F, G) SW1353 cells
were incubated with H,O, (260 umol/L) and Bigi Capsule extract (BQ) (100 pg/mL) for 12 h. The regulation effect of Bigi Capsule extract on
phosphorylation of PI3K, AKT, and mTOR in SW1353 cells was measured by Western Blot analysis. The densitometric analyses of three independent
experiments were shown. Data were presented as mean + SEM. (n = 3, #p < 0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p <
0.01 compared with the H,O, group) (H) SW1353 cells were incubated with LY294002 (75 pmol/L) for 4 h and then co-incubated with H,O, (260 pmol/L)
and Bigi Capsule extract (100 pg/mL) for another 12 h. Cell viability was determined by the CCK8 test. Data were presented as mean + SEM. (n = 6, #p <

0.05, ##p < 0.01 compared with the Vehicle group).

2.9 Screening drugs for effects of anti-
chondrocyte damage

The human chondrosarcoma-derived cell line SW1353 is a
promising substitute for a chondrocyte experimental model. It
produces sufficient proliferative activity and presents a consistent
response to the phenotype of primary human chondrocytes. H,O,
stimulation induced apoptosis and necrosis, decreased cell
viability, and increased eight-isoprostane F2-a expression in
SW1353 cells. It is often used as a model for osteoarthritis
studies (Park et al., 2018; Pang et al., 2021). For in vitro studies,
H,O,-stimulated SW1353 cells were used as the model for
chondrocyte damage, and the reversal of cell damage by drugs
of interest was investigated using the CCK8 kit (Yeasen, Shanghai,
China). Specifically, SW1353 cells were cultured in a complete
medium containing 260 umol/L H,O,. H,0, stimulation and drug
administration were performed simultaneously. A total of Bigi
Capsule extract (10, 50, 100 ug/mL) as well as seven compounds
including Strychnine, Brucine, Liquiritin, Salvianolic Acid B,
A (all
concentrations are 0.2, 1, 5umol/L) were examined in this
study. SW1353 cells were seeded with the density of 5x10° cells
per well in 96 well plates and incubated for 24h before

Glycyrrhizic  Acid, Cryptotanshinone, Tanshinone
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administration. The drugs were first dissolved in DMSO and
then diluted with medium to the desired concentration while
ensuring that the concentration of DMSO was less than 0.5%o.
The DMSO was also supplemented in the Vehicle and H,0,
groups so that the DMSO concentration was the same in each
group. The preparations incubated for 12h after
administration and a CCKS8 test was performed according to

were

the manufacturer’s instructions.

2.10 Screening drugs for anti-inflammatory
effects

For in vitro studies, LPS-stimulated RAW264.7 cells were used
as an inflammatory model for the screening of effective anti-
inflammatory drugs. LPS stimulation and drug administration
were performed simultaneously. RAW264.7 cells were seeded
with the density of 1x10* cells per well in 96 well plates; after
24 h incubation, the culture medium was replaced with serum-free
medium for another 12 h. According to the preliminary results from
our pre-experiments, the cells were treated with LPS (500 ng/mL)
and Biqgi Capsule extract (10, 50, 100 pg/mL), Strychnine (0.1, 1,
10 umol/L), Brucine (0.1, 1, 10 pmol/L), Liquiritin (0.1, 1, 10 pmol/
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of Bigi Capsule. (B—H) SW1353 cells were incubated with H,O, (260 umol/L) and Strychnine/Brucine/Liquiritin/Salvianolic Acid B/Glycyrrhizic Acid/
Cryptotanshinone/Tanshinone IIA for 12h, respectively. Cell viability was determined by the CCK8 test. Data were presented as mean + SEM. (n = 6, #p <
0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p < 0.01 compared with the H,O, group).

L), Salvianolic Acid B (0.1, 1, 10 pmol/L), Glycyrrhizic Acid (0.1, 1,
10 pmol/L), Cryptotanshinone (0.1, 1, 10 pmol/L), Tanshinone IIA
(0.1, 1, 10 pmol/L) for 12h. Next, the levels of IL-6 in the
supernatant were determined by ELISA according to the
manufacturer’s instructions.

2.11 Molecular docking

The receptor is the crystal structure of RACI, which is one of the
critical targets according to the PPI network. The structure was
obtained from the RCSB protein data bank, with the corresponding
PDB code 1RYF. The ligands are Glycyrrhizic acid and Liquirtin, the
structure files of which were obtained from PubChem.

Discovery Studio is a highly visual commercial software
integrated by BIOVIA for life science research and used to
perform molecular docking to investigate the interaction
patterns between active compounds and critical targets. The
receptor and ligands were processed by the prepare protein and
prepare ligands modules, respectively, and then applied CHARMm
force field on all ligands. The coordinates of the receptor active site
were set to —1.23843, 73.5704, 38.9122, and a radius of 11.
Parameters such as CDocker energy and CDocker interaction
energy were used to evaluate the molecular docking results. The
conformation with the highest CDocker interaction energy score
value was selected as the most reliable binding conformation for
further analysis.
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2.12 Statistical analysis

Studies were designed to generate groups of equal size using
randomization and blinded analysis. The data was presented as
mean + SEM of n measurements. N identifies the number of
independent samples. Data were tested for normality using the
Shapiro-Wilk test. Significant differences were assessed by either
Student’s t-test or one-way ANOVA, according to the number of
groups compared. When significant variations were found by one-
way ANOVA, the Tukey-Kramer post-hoc test for multiple
comparisons was performed only if F achieved a p-value <0.05.
All the statistical analyses were done using GraphPad Prism 9.5.
Differences were considered significant at p < 0.05.

3 Results

3.1 Bigi Capsule attenuates papain-induced
knee OA

We assessed the efficacy of Biqi Capsule on OA using a papain-
induced OA model. Firstly, no changes were observed in the rate of
body weight change in Biqi Capsule treated or OA rats when
compared with the Vehicle group during the 7 days (Figure 1B),
which partly indicated that the Biqi Capsule treatment exerted no
apparent toxic effects on OA rats. HE staining of the tissues from the
knee joint of papain-treated rats showed apparent cartilage damage,
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mainly manifesting as localized greyish-white cartilage surface with
no luster; the cartilage migration layer matrix was edematous with
light red and uneven staining. Some chondrocytes showed
of different
disorganization; the chondrocytes in the mid and deep zones

degeneration sizes, clustering, and cellular
were dissolved and necrotic, with homogeneous red staining and
loss of original structure, and in a few cases, there was mild
hyperplasia and inflammatory cell infiltration in the synovium
(Figure 1C, D). Administration of high-dose Biqi Capsule
significantly ameliorated cartilage destruction and chondrocyte
damage, showing similar results as celecoxib as a positive control.

Next, we measured inflammatory factors, including IL-1f, TNF-
a, IL-6, and PGE2, in the synovium of rats. It was realized that Biqi
Capsule significantly reduced IL-1f, IL-6, and TNF-a levels in the
synovium of the OA rats (Figure 1E-G). Biqi Capsule also reduced
PGE2 in the synovium, which led to hyperalgesia and allodynia

(Figure 1H). Altogether, Biqi Capsule inhibited the expression and

secretion of multi-cytokines, consequently inhibiting OA
development.
NF-kB is a key signaling mediator of inflammation.

Immunoblotting of synovial tissue showed a significant increase
in the phosphorylation level of NF-«xB in the OA group. These
increased levels of phosphorylation were inhibited in a dose-
dependent manner by Biqi Capsule (Figure 11, J).

3.2 Network pharmacology analysis of
Bigi Capsule

Network pharmacology analysis was performed to clarify the
mechanisms of Biqi Capsule. Uploading seven components of Bigi
Capsule to the PharmMapper server resulted in 275 candidate
OMIM, TTD, and
GeneCards databases, 3221 OA-associated targets were retrieved.

compound targets. By searching the
The 68 potential therapeutic targets of Biqi Capsule for OA were
identified using Venn diagrams (Figure 2B). Furthermore, we
conducted a KEGG and GO enrichment analysis on the
68 targets (Figures 2C, D). The significant and highest-scoring
pathway was the PI3K/AKT pathway. Biological processes are
mostly associated with inflammatory responses and oxidative
stress. This suggests that the pharmacological mechanism of Bigi
Capsule for the treatment of OA may be related to the inhibition of
inﬂammatory response and oxidative stress, via PI3K/AKT
signaling pathway.

3.3 Bigi Capsule extract reverses
chondrosarcoma cell damage via PI3K/AKT/
mTOR pathway

Network Pharmacology showed that the PI3K/AKT pathway is a
critical pathway for Biqi Capsule in the treatment of OA. Activated
PI3K/AKT/mTOR signaling has been found in many studies to
promote chondrocyte proliferation and reduce cartilage damage
(Sun et al., 2020). To confirm the anti-chondrocyte damage effect of
Biqi Capsule, we examined the effect of Biqi Capsule extract on
chondrosarcoma cell line SW1353 cell damage induced by H,0,
(Figure 2E). After H,0O, stimulation, the cell viability was
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significantly reduced, in association with the reduction of
phosphorylation of PI3K, AKT, and mTOR. Biqi Capsule extract
(100 pg/mL) increased the viability in H,O,-stimulated
SW1353 cells. Mechanically, Bigi Capsule extract (100 ug/mL)
upregulated the phosphorylation of PI3K, AKT, and mTOR in
H,0,-stimulated SW1353 cells (Figure 2E~G). According to one
study, PI3K inhibitor LY294002 could strongly inhibit the activation
of PI3K in SW1353 cells both in vivo and in vitro (Huang et al., 2017;
Xu et al,, 2019; Zhu et al., 2019; Xu et al., 2020). In line with our
current study, it was revealed that Biqi Capsule extract could not
reverse the H,O,-stimulated damage in SW1353 cells that were
treated with LY294002 (Figure 2H). Given these findings, we
assumed that Bigi Capsule could ameliorate OA by stimulating,
as well as enhancing the activity of the PI3K/AKT/mTOR pathway
in knee joint cartilage.

3.4 Screening for bioactive components on
H,O,-Stimulated SW1353 cells

To explore the active components of Biqi Capsule against
chondrosarcoma cell damage, we screened for the effects of the
seven components of Bigi Capsule, including Strychnine, Brucine,
Liquiritin, Salvianolic Acid B, Glycyrrhizic Acid, Cryptotanshinone,
Tanshinone IlA on the viability of H,O,-stimulated SW1353 cells.
Among these components, Glycyrrhizic Acid and Liquiritin were
found to increase cell viability. Moreover, the effects of Glycyrrhizic
Acid and Liquiritin were also found to be dose-dependent (Figure 3).

3.5 Regulation of PI3K/AKT/mTOR pathway
by Glycyrrhizic Acid and Liquiritin

The treatment with Glycyrrhizic Acid (5 umol/L) and Liquiritin
(5umol/L) resulted in a significant increase in cell viability
(Figure 3D-F), so we investigated whether Glycyrrhizic Acid
(5 umol/L) and Liquiritin (5 umol/L) could regulate the PI3K/
AKT/mTOR  pathway. Glycyrrhizic Acid and  Liquiritin
upregulated the phosphorylation of PI3K, AKT, and mTOR in
H,0,-stimulated SW1353 cells (Figure 4A-D). Moreover, PI3K
inhibitor blocks the protective effect of Glycyrrhizic Acid and
Liquiritin on H,O,-induced SW1353 cells (Figure 4E).

3.6 Interaction of bioactive compounds
with RAC1

In the PPI network, we obtained one key core target, RACI,
which is an upstream target of the PI3K/AKT/mTOR pathway.
Glycyrrhizic Acid and Liquiritin treatment modulated the PI3K/
AKT/mTOR pathway. Thus, we speculated that Glycyrrhizic Acid
and Liquiritin actively target RACI1 to reduce chondrocyte damage
via the RACI/PI3K/AKT/mTOR pathway. To confirm this, we
performed molecular docking studies to gain insight into the
binding modes of Glycyrrhizic Acid and Liquiritin upon binding
to vital regulatory sites on RACI, respectively. A negative value of
CDocker indicates that the
decent activity. We

Energy ligand-receptor  has

binding found that the CDocker
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Effect of Glycyrrhizic Acid and Liquiritin on H,O,-stimulated SW1353 cells. (A—D) SW1353 cells were incubated with H,O, (260 pmol/L) and
Glycyrrhizic Acid (GA) (5 umol/L)/Liquiritin (Li.) (5 pmol/L) for 12 h. The regulation effect of Bigi Capsule extract (BQ), Glycyrrhizic Acid, and Liquiritin on
phosphorylation of PI3K, AKT, and mTOR in SW1353 cells was measured by western blot analysis. The densitometric analyses of three independent
experiments were shown. Data were presented as mean + SEM. (n = 3, #p < 0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p <

0.01 compared with the H,O, group) (E) SW1353 cells were incubated with LY294002 (75 pumol/L) for 4 h and then co-incubated with H,O, (260 pmol/L)
and Glycyrrhizic Acid (5 pmol/L)/Liquiritin (5 pmol/L) for another 12 h. Cell viability was determined by the CCK8 test. Data were presented as mean +
SEM. (n = 6, #p < 0.05, ##p < 0.01 compared with the Vehicle group) (F) Docking structure of active compounds with RAC1.

of Acid with
RACI were —91.3 and —53.9 respectively, which are all much less

Energy Glycyrrhizic and  Liquiritin
than zero, indicating that the docking structures of these compounds
with RAC1 are considerably stable. We selected the docking
structure with the lowest CDocker interaction energy after
docking with RAC1 for further analysis. Figure 4F shows the
chemical bonds and distances between the different atomic
groups of each compound interacting separately with the
different amino acids of the RACI1 protein. Glycyrrhizic Acid
forms six hydrogen bonds with A13, Al5, Al37 and Al78,
Liquiritin forms six hydrogen bonds with A16, A33, A135 and
A137. This finding indicates that the Glycyrrhizic Acid and
Liquiritin may induce a conformational change in RACI that

promotes binding to other downstream effectors.

3.7 Screening for active components on
LPS-stimulated RAW264.7 cells

In vivo experiments and network pharmacology analysis showed
the anti-inflammatory effect of Bigi Capsule. Thus, we examined the
effects of Biqi Capsule extract and the seven compounds on the
expression of IL-6 in LPS-stimulated RAW264.7 cells. The
CCK8 test showed that none of the experimental concentrations
of all drugs used were toxic to RAW264.7 cells (Figure 5A). After
LPS stimulation, the IL-6 concentrations were significantly
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increased. Treatment with Biqi Capsule extract, Brucine,
Liquiritin, Salvianolic acid B, Glycyrrhizic Acid,
Cryptotanshinone, and Tanshinone IIA  decreased IL-6

production (Figure 5B, D-I). In addition, the effect was found to
be dose-dependent. Among these compounds, Glycyrrhizic Acid
showed the most potent anti-inflammatory activity with ECsy:
2.25 pmol/L.

3.8 Bigi Capsule attenuates NF-xB
activation in vitro

NE-«B signaling plays a central role in pro-inflammatory stress-
related responses, which also mediates the expression of IL-6. To
determine whether the anti-IL-6 effect of Biqi Capsule extract was
related to NF-kB, we first detected the activation of NF-kB in
RAW?264.7 cells. Nuclear translocation and phosphorylation of
NF-kB  lead the
proinflammatory mediators. Immunoblotting showed that the

to transcription of genes encoding
nuclear translocation and phosphorylation (Figure 5]-K) of NEF-
KB (p65) were all significantly increased after LPS stimulation.
Notably, nuclear translocation and phosphorylation of NF-kB
were inhibited by Bigi Capsule extract. In addition, the Biqi
Capsule also inhibited the phosphorylation of NF-kB and the
expression of IL-6 in OA rats. Taking these findings into

consideration, we suggest that the therapeutic effect of Biqi
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Effect of Bigi Capsule extract and seven compounds on the LPS-stimulated RAW264.7 cells. (A) RAW264.7 cells were incubated with drugs for 12h,
respectively. Drug cytotoxicity was determined by the CCK-8 test. Data were presented as mean + SEM. (n = 6) (B—1) RAW264.7 cells were incubated with
LPS (500 ng/mL) and Bigi Capsule extract (BQ)/Strychnine/Brucine/Liquiritin/Salvianolic Acid B/Glycyrrhizic Acid/Cryptotanshinone/Tanshinone IIA for
12 h. IL-6 in the supernatant was examined by ELISA. Data were presented as mean + SEM. (n = 6, #p < 0.05, ##p < 0.01 compared with the Vehicle
group; *p < 0.05, **p < 0.01 compared with the LPS group) (3, K) RAW264.7 cells were incubated with LPS (500 ng/mL) and Biqi Capsule extract (BQ)
(50 pg/mL) for 12 h. Nuclear and cytoplasm protein extractions of RAW264.7 cells were conducted according to the manual of the Nuclear Protein
Extraction Kit (Solarbio, Beijing, China). The regulation effect of Bigi Capsule extract on phosphorylation and nuclear translocation of NF-kB (p65) in
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presented as mean + SEM. (n = 3, #p < 0.05, ##p < 0.01 compared with the Vehicle group; *p < 0.05, **p < 0.01 compared with the LPS group).
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Capsule on the inflammatory response in OA is achieved via the NF-
kB signaling pathway, and the bioactive components responsible for
this observable effect are Brucine, Liquiritin, Salvianolic Acid B,
Glycyrrhizic Acid, Cryptotanshinone, and Tanshinone lIA.

4 Discussion and conclusion

This study demonstrated the pharmacological mechanism and
bioactive components of Bigi Capsule in the treatment of OA. The
novel findings are as follows: 1. Biqi Capsule has chondroprotective
and anti-synovitis effect in papain-induced OA rats. 2. Biqi Capsule
exerts a chondroprotective effect by activating the PI3K/AKT/
mTOR pathway in chondrocytes, and the relevant bioactive
components are Glycyrrhizic Acid and Liquiritin. 3. Bigi Capsule
exerts an anti-inflammatory effect by inhibiting the NF-«xB/IL-
6 pathway, and the relevant bioactive components are Brucine,
Liquiritin, Salvianolic Acid B, Glycyrrhizic Acid,
Cryptotanshinone, Tanshinone IlA. 4. Glycyrrhizic Acid and
Liquiritin can be considered novel lead compounds for the
treatment of osteoarthritis.

OA is a chronic progressive disease characterized by
degenerative changes in the knee joint cartilage. Conventionally,
the commonly used classes of drugs for the treatment of OA include
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NSAIDs, locally administered corticosteroids, analgesics, etc. The
long-term use of these drugs gradually leads to obvious adverse
effects that some patients cannot tolerate (Brophy and Fillingham,
2022). Biqi Capsules is used to treat many types of arthritis in
Traditional Chinese medicine with proven efficacy and safety (Chen
etal,2018; Wangetal., 2020). A study investigated the effects of Bigi
Capsule on CIA-induced rheumatoid arthritis in rats. The study
revealed that Bigi Capsule alleviated local joint and systemic
inflammation, synovial hyperplasia, and cartilage destruction
caused by CIA (Wang et al, 2018). In this current study, we
demonstrated that Biqi Capsule could resist the progression of
papain-induced OA. Bigi Capsule improved joint function in
rats, inhibited the expression of inflammatory factors in the
synovium, and protected cartilaginous tissues from destruction.
PI3K/AKT chondrocyte
apoptosis under multiple pathological conditions, and the
activated signaling can prevent OA by reducing chondrocyte
apoptosis. Clinical studies have revealed that the PI3K/AKT
pathway is downregulated in human cartilage tissues with OA

signaling negatively modulates

when compared with normal cartilage (Rosa et al., 2011; Wang
2020).
inflammation or oxidative stress showed downregulation of
PIBK/AKT activity. It has been suggested that E2-mediated PI3K/
AKT activation significantly promotes the proliferation and viability

et al, Similarly, OA-like chondrocytes exposed to
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of chondrocytes in OA rat model and ATDC5 chondrocytes (Huang
et al,, 2011; Fan et al., 2018). In this study, we first analyzed the
possible mechanisms of Biqi Capsule for OA by employing network
pharmacology. This revealed that PI3K/AKT might be the main
target pathway of Bigi Capsule against cartilage damage. Consistent
with the analysis, we validated that Biqi Capsule extract activates the
PI3K/AKT and its downstream protein mTOR in H,O,-stimulated
chondrocytes. Further, we performed PI3K/AKT/mTOR pathway
to highlight the
mechanism of Biqi Capsule extract, which is mainly focused on
the PI3K/AKT/mTOR axis.
compounds of Biqi Capsule. Firstly, we found that Glycyrrhizic
Acid and Liquiritin activated the PI3K/AKT/mTOR pathway in
H,0,-stimulated SW1353 cells and also inhibited cell death. Some
studies have implied that both overactivation and inhibition of

inhibition experiments chondroprotective

Furthermore, we screened seven

RACI in cartilage tissues lead to pathological effects, and
regulation of RACI
homeostasis in cartilaginous tissues (Woods et al.,, 2009; Suzuki
2017). Meanwhile, the network pharmacology analysis
(Supplementary Material S2) revealed that RACI is the key target
protein responsible for the therapeutic effects observed in the

signaling is crucial for maintaining

et al.,

treatment of osteoarthritis with Biqi Capsule; and is also
the PI3K/AKT/mTOR pathway.
Previous studies have suggested that PI3K is a direct target of
activated RAC1: RACI interacts with the BCR homology domain
of the PI3K regulatory subunit p8593, and this interaction is
significantly enhanced when RACI is bound to GTP (Bokoch
1996; Campa et al,
molecular docking experiments on GTP-RACI binding site and

intricately associated with

et al, 2015). Consequently, we performed
two compounds that are known for their chondroprotective effects,
Glycyrrhizic Acid and Liquiritin, to investigate their potential
with  this The
demonstrated strong interactions of Glycyrrhizic Acid and
Liquiritin with the site (-91.3 kcal/mol and -53.9 kcal/mol,

interactions binding site. docking results
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respectively), with docking structures similar to that of GTP-
RACI structure. Therefore, we suggest that Glycyrrhizic Acid and
Liquiritin in Bigi Capsule exert their chondroprotective effects by
activating RACI in chondrocytes, consequently activating the PI3K/
AKT/mTOR pathway in these cells. Glycyrrhizic Acid and Liquiritin
are both natural constituents derived from licorice. Both are known
for their low toxicity and wide range of pharmacological activities.
Glycyrrhizic acid, in particular exhibits favorable pharmacokinetic
characteristics and has been extensively studied, leading to its
development as a hepatoprotective drug in Japan and China for
cases of chronic hepatitis. However, the development of Liquiritin as
a drug has been faced with challenges due to its low bioavailability
and limited absorption. Despite this, Liquiritin shows promise in
preventing premature delivery caused by progesterone deficiency, as
it acts as a strong selective inhibitor of AKR1CI, a key enzyme in
progesterone metabolism (Ming and Yin, 2013; Qin et al., 2022). As
far as we know, this is the first time that Glycyrrhizic Acid and
Liquiritin are being suggested to exert chondroprotective effects via
PI3K/AKT/mTOR pathway activation.

On the other hand, the inflammatory response that occurs in
joints affected by osteoarthritis, synoviocytes are stimulated by
cytokines
degeneration and cellular stress products which activate the NF-

and matrix fragments derived from cartilage
KB signaling pathway via the TL-R and chemokine surface receptors
(Midwood et al., 2009; Liu et al, 2012; Molnar et al., 2021).
Afterward, the activated NF-kB mediates the synthesis of
cytokines like IL-1f, IL-6, TNF-a, PGE2, MMPs1-13, ADAMTS4,
ADAMTS5, chemokines like IL-8, CCL5, and angiogenic factors like
VEGF and bFGF, which cause further cartilage degradation and
inflammation of the synovium. Notably, NF-kB cooperates with
activated ~ AP-1 IL-1B-induced MMP1

MMP3 expression as well as CTGF-triggered IL-6 production.

to mediate and

Synovitis is then accompanied by a series of histological
abnormalities that occur in the synovium, such as infiltration of
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macrophages and lymphocytes, joint swelling, and stiffness. The
definitive role of NF-kB in OA onset and progression provides
evidence that interventions targeted at this signaling pathway might
have beneficial therapeutic effects (Rigoglou and Papavassiliou,
2013; Burke et al.,, 2019; Molnar et al., 2021). The non-steroidal
anti-inflammatory drugs (NSAIDs) and glucocorticoids are some of
the pharmacologically active compounds that hinder the activation
of NF-kB cascades. Inhibition of IL-6 activity reduces the severity of
experimental OA (Latourte et al, 2017; Ansari et al, 2019).
Regarding the anti-inflammatory effects of Bigi Capsule, a
previous study indicated that Biqi Capsule could resist the
inflammatory response of LPS-stimulated RAW264.7 cells via the
NO-iNOS pathway and COX-2 pathway (Wang et al., 2011). Our
study complements these previous findings by elucidating the
regulatory role of Biqi Capsule on the NF-«kB/IL-6 pathway in
synovial tissue and macrophage. Per previous studies, the
bioactive components of Biqi Capsule, Strychnine, Brucine,
Cryptotanshinone, Glycyrrhizic Acid, and Liquiritin have been
found to inhibit NO secretion on LPS-stimulated macrophages,
while it was only cryptotanshinone that inhibited IL-6 expression
(Qishuai et al., 2016). Our study supplemented the previous results
by identifying the possible anti-inflammatory effect of Brucine,
Acid B, Acid,
Cryptotanshinone, Tanshinone IlA, which have already been

Liquiritin,  Salvianolic Glycyrrhizic
proven to exert similar anti-inflammatory effects in a wide range
of diseases (Yin et al., 2003; Gao et al., 2019; Zhai et al., 2019; Wu
et al,, 2020; Xiao et al., 2020; Li et al., 2021; Wang et al., 2022).

In addition, the PI3K/AKT signaling pathway, as the upstream
pathway of NF-«B, is associated with inflammation in osteoarthritis to
some extent. Previous studies have shown that some medicines (like the
Huoxuezhitong capsule) can treat the inflammation by inhibiting the
PI3K/AKT/NF-kB signaling pathway (Chen et al., 2013; Wang et al.,
2016; Ju et al., 2020). This seems to be contrary to our current findings
which suggest that Glycyrrhizic Acid and Liquiritin in Biqi Capsule treat
osteoarthritis by activating PI3K/AKT. Both mTOR and NF-kB are
downstream proteins of the PI3K/AKT signaling pathway. It appears
that Glycyrrhizic Acid and Liquiritin, while activating mTOR via the
PI3K/AKT pathway, would incidentally lead to the activation of NF-kB,
resulting in an increased inflammatory response. However, our in vivo
experiments showed that the chondroprotective effect of Biqi capsules
did not exacerbate or even inhibit the inflammatory response. This may
be due to the ability of active ingredients like Brucine in Bigi Capsule to
inhibit the phosphorylation and nuclear translocation of NF-«B. This
also demonstrates the characteristic “multi-component/multi-target/
multi-pathway” of Traditional Chinese Medicines in the treatment
of diseases. In conclusion, we have found that Glycyrrhizic Acid and
Liquiritin in Bigi Capsule can activate the PI3K/AKT pathway, leading
to the activation of the mTOR and the consequent treatment of cartilage
damage. Additionally, components including Brucine can inhibit NF-
kB activation, whether it is triggered by the activation of the PI3K/AKT
pathway or by osteoarthritis itself (Figure 6).

There are several caveats in this study. Firstly, the
pharmacological mechanism of the drugs in vivo, and whether
components other than Glycyrrhizic Acid and Liquiritin have a
still need to be further explored
considering the genetic differences between cell lines and natural

chondroprotective effect,

cells or living organisms. Furthermore, although we discovered that
Biqi Capsule extract, Glycyrrhizic Acid, and Liquiritin can activate the
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PI3K/AKT/mTOR pathway to resist H,O,-induced cell death (e.g,
apoptosis, autophagy, etc.), yet it is unclear which mode of cell death is
regulated by these drugs. Thus, further identification of signature
proteins for a particular mode of cell death is warranted. What’s more,
no anti-inflammatory or chondroprotective effect of Strychnine was
observed. In light of this, further investigation regarding Strychnine as
an anti-inflammatory or chondroprotective agent is needed.

Overall, based on the anti-inflammatory and anti-cartilage damage
effects of Bigi Capsule in OA rats, we suggest that Glycyrrhizic Acid
and Liquiritin can exert chondroprotective effects by activating the
PI3K/AKT/mTOR pathway; Brucine, Liquiritin, Salvianolic Acid B,
Glycyrrhizic Acid, Cryptotanshinone, Tanshinone [|A can modulate
the NF-kB/IL-6 pathway in macrophages and synovial tissues to exert
anti-inflammatory effects. This may provide empirical evidence and a
theoretical foundation for the clinical application of Biqi Capsule as
well as the development of Glycyrrhizic Acid and Liquiritin as anti-OA
lead compounds. Biqi Capsule is a promising therapeutic option for the
treatment of OA.
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colitis by restoring the balance of
M2/M1 and repairing the intestinal
barrier via downregulating
cGAS-STING pathway
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Macrophage polarization is closely associated with the pathogenesis of ulcerative
colitis (UC). Quercetin, a flavonoid, has shown promise as a treatment for
inflammatory diseases, but its specific mechanism of action remains unclear.
This study investigates whether quercetin can regulate intestinal macrophage
polarization and promote intestinal tissue repair via the cGAS-STING pathway for
the treatment of UC. In vivo, mice with 3% DSS-induced UC were intraperitoneally
injected with quercetin and RU.521 for 7 days, following which their general
conditions and corresponding therapeutic effects were assessed. The impact of
interferon-stimulated DNA (ISD) and quercetin on macrophage polarization and
the cGAS-STING pathway was investigated using RAW264.7 cells and bone
marrow-derived macrophages (BMDMs) in vitro. The results demonstrated
that ISD induced M1 macrophage polarization and activated the cGAS-STING
pathway in vitro, while quercetin reversed ISD’s inflammatory effects. In vivo,
quercetin suppressed the cGAS-STING pathway in the intestinal macrophages of
DSS-induced UC mice, which reduced M1 macrophage polarization, increased
M2 polarization, and facilitated intestinal barrier repair in UC. Taken together,
these findings provide new insights into the mechanisms via which quercetin
could be used to treat UC.

ulcerative colitis, macrophage polarization, quercetin, intestinal barrier, immunity

1 Introduction

Ulcerative colitis (UC), classified as an inflammatory bowel disease (IBD), presents with
recurrent, prolonged and challenging-to-treat episodes. The intricate pathogenesis of UC
increases the complexity of therapeutic approaches, which may lead to intestinal epithelial
barrier disruption, immune response dysregulation, and disturbances in the gut microbiota
(Costello et al., 2019; Li et al., 2022). Specifically, rectifying immune imbalances is a crucial
aspect of UC treatment, with the restoration of the intestinal barrier representing a key
therapeutic goal. Among the various immune cells within the intestinal environment,
macrophages play a central role in innate immunity, engaging in functions such as cytokine
secretion, pathogen elimination, modulation of inflammation, and tissue repair
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(Subramanian Vignesh et al., 2013; Park et al., 2017; Hoeffel et al.,
2021; Virga et al., 2021). Therefore, comprehending the polarization
of intestinal macrophages and the preservation of intestinal barrier
integrity  holds
treatment of UC.

Macrophage polarization refers to the dynamic process by which

significant  relevance for advancing the

macrophages transition into activated states under specific
2017). In
intestinal

conditions  (Murray, normal  physiological

phagocytose
microorganisms and initiate a controlled immune response as

circumstances, macrophages
antigen-presenting cells (Zhang et al., 2023). However, persistent
and excessive inflammatory stimuli can lead to macrophage
overactivation, which may damage the intestinal mucosa. During
active phases of UC, macrophages tend to polarize towards an
inflammatory phenotype known as M1, which may degrade tight
junction (TJ) proteins, causing damage to the intestinal epithelial
barrier and triggering excessive inflammation (Lissner et al., 2015).
Comparatively, M2-type macrophages possess anti-inflammatory
properties and contribute to tissue repair by reducing inflammation
and promoting the healing of damaged tissues (Kim et al., 2021).
Thus, the ratio of M2 to M1 macrophages can serve as an indicator
of UC progression, while the integrity of the intestinal barrier reflects
the capacity of macrophages to facilitate tissue repair following
polarization.

Studies have reported abnormal increases in double-stranded
DNA (dsDNA) expression in the serum and damaged intestinal
tissues of patients with IBD and mice model. Cyclic guanosine
monophosphate-adenosine monophosphate synthase (cGAS) plays
a crucial role in recognizing cytoplasmic dsDNA, which can
effectively activate cGAS (Dalekos et al, 1993; Hopfner and
Hornung, 2020; Zhao et al., 2021). Specifically, cGAS detects the
anomalous presence of dsDNA in the cytosol, leading to the
synthesis of 2'3'-cyclic GMP-AMP (2'3'-cGAMP), a secondary
messenger molecule, which subsequently binds to stimulator of
interferon genes (STING) located in the endoplasmic reticulum,
inducing a conformational change in STING. This altered
conformation recruits TANK-binding kinase 1 (TBK1), initiating
a cascade of phosphorylation events. Among the key substrates,
interferon regulatory factor 3 (IRF3) undergoes phosphorylation
and translocates to the nucleus, resulting in the induction of the
expression of type I interferon (IFN), chemokines, and several other
inflammatory mediators and pro-apoptotic genes (Decout et al.,
2021; Zhang et al., 2022). When introduced as an exogenous dsDNA
stimulus in macrophages, interferon-stimulated DNA (ISD)
specifically activate the cGAS-STING pathway, leading to the
polarization of macrophages towards the M1 phenotype. Notably,
microglia display a shift towards the M2 phenotype upon cGAS
knockout (Cao et al., 2018; Jiang et al., 2021). Consequently, it is of
significant interest to investigate whether the modulation of the
cGAS-STING pathway can mediate macrophage polarization in UC.

UC imposes a substantial economic burden on patients and
national healthcare systems due to its prolonged disease course and
the high cost of medications. Common therapeutic drugs, such as
aminosalicylic acid, steroids, and immunosuppressants, can lead to
adverse effects, including gastrointestinal discomfort, osteoporosis
and bone marrow suppression. Quercetin (Que), a widely occurring
natural flavonoid found in various plants, possesses important
pharmacological properties, including antioxidant, antibacterial,
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anti-tumor and immune-regulatory activities. Importantly, Que
exhibits low toxicity and minimal side effects (Zhou Y. et al,
2023). Numerous studies have identified Que as a potential
therapeutic agent for UC due to its potent anti-inflammatory
properties. However, the specific mechanisms underlying its
efficacy remain poorly understood (Dicarlo et al., 2019; Gravina
et al.,, 2023; Wang et al., 2024). In our study, we investigate whether
Que can ameliorate UC by modulating macrophage polarization and
promoting the restoration of the intestinal barrier through the
cGAS-STING pathway.

2 Materials and methods
2.1 Drugs and reagents

Que (Cat#R006828) with a purity of HPLC >97% was purchased
from Shanghai Rawhn Chemical Technology Co., Ltd. (Shanghai,
China). RU.521 (Cat#M9447), a cGAS inhibitor, from AbMole
(Houston, United States), DSS (Cat#160110) from MP
Biomedicals (San Diego, CA, United States), FITC-Dextran
(Cat#HY-128868D) from  MedChemExpress  (Monmouth
Junction, NJ, United States), M-CSF (Cat#315-02) from
PeproTech (Rocky Hill, NJ, United States). CCK-8 (Cat#BS350A)
from Biosharp (Hefei, China), Lipofectamine™ 3000 (Lip3000,
Cat#L3000001) and APC CD206 antibody (REF#17-2061-82)
from Invitrogen (Carlsbad, CA, United States). iNOS antibody
(Cat#18985-1-AP), Argl antibody (Cat#16001-1-AP), a-Tublin
(Cat#66031-1-lg), STING (Cat#19851-1-AP), IRF3 (Cat#11312-1-
AP), p-IRF3 (Cat#29528-1-AP), ZOl (Cat#21773-1-AP) and
Occludin (Cat#27260-1-AP) from Proteintech (Wuhan, China).
Additionally, TBK1 (Cat#3504T) and p-TBK1 (Cat#5483S) were
purchased from Cell Signaling Technology (Danvers, MA,
United States), ¢GAS (Cat#ZRB1406) from Merck Millipore
(Billerica, MA, United States), ELISA kits for IL10, CCL17,
CXCL10, TNF-a and IFN-B from Adsbio (Yancheng, China), -
actin (Cat#GB12001), RIPA lysis buffer (Cat#G2002-100ML) and
Bicinchoninic Acid (BCA) protein assay kit (Cat# G2026-200T)
from Servicebio (Wuhan, China), and the following antibodies
BV510 anti-FVD (Cat# 564406) and APC-Cy7 anti-CD45 (Cat#
557659), PE F4/80 (Cat#565410), PC-CY5.5 CD11b (Cat#101227)
and BV421 CD11C (Cat#117329) from BD Biosciences (Franklin
Lakes, NJ, United States). Furthermore, Trizol was bought from
TaKaRa (Tokyo, Japan), HiScript” III RT SuperMix for quantitative
polymerase chain reaction (QPCR) (+gDNA wiper) and ChamQ
SYBR qPCR Master Mix from Vazyme (Nanjing, China), blood urea
nitrogen (BUN) assay kit (Cat#C013-2-1), creatinine (CRE) assay kit
(Cat#C011-2-1), (ALT) assay kit
(Cat#C009-2-1) and aspartate aminotransferase (AST) assay kit
(Cat# C010-2-1)
(Nanjing, China).

ISD was generated by heating equimolar amounts of sense and

alanine aminotransferase

from Jiancheng Bioengineering Institute

antisense DNA oligonucleotides to 95°C for 5 min, followed by
cooling to room temperature (Gui et al, 2019). Si-cGAS was
synthesized by Paivi Biotechnology Co., Ltd. (Wuhan, China)
and had the following sequences: si-cGAS (sense, 5'-CAGCUG
AACACUGGCAGCUACUAUG-3/, antisense, 5'-CAUAGUAGC
UGCCAGUGUUCAGCUG-3'). All oligonucleotides for ISD and
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qPCR primers used in this study were provided by Beijing Tsingke
Biotech Co., Ltd.

2.2 Mice

Male C57BL/6 ] mice (weighing 20-22 g and aged 6-8 weeks)
were purchased from SPF Biotechnology Co., LTD. (Beijing)
(Quality certification: SCXK (jing) 2019-0010). All animal-related
experiments were conducted in strict adherence to the guidelines of
the Animal Research Institute Committee of HUST and were
approved by the HUST Institutional Animal Care and Use
Committee (IACUC).

The mice were provided unrestricted access to food and water
and housed under specific pathogen-free (SPF) conditions, which
included a 12-h light/dark cycle, a temperature maintained at 22 +
1°C, and humidity levels ranging from 45% to 55%. They were
allowed to acclimate for 5 days, after which they were divided into
four groups (n = 8): the normal control group (Normal), the model
group (DSS), the RU.521 group (RU.521, administered at a dosage of
10 mg/kg, serving as the positive control) (Ma et al., 2020), and the
Que group (QUE, administered at a dosage of 30 mg/kg) (Yangetal.,
2014). Except for the control group, acute colitis was induced by the
administration of 3% DSS for 7days. RU.521 and Que were
administered via intraperitoneal injections over the same seven-
day period, starting at the onset of colitis induction. Meanwhile, the
model group received an equivalent volume of drinking water. On
the eighth day, the mice were euthanized, and the tissues were
collected for analysis.

2.3 Cells
RAW264.7 cells (Cat#SNL-112) were purchased from
SUNNCELL (Wuhan, China) and cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM) with high glucose containing
5% fetal bovine serum (FBS). The culture was maintained in a
humidified incubator with 5% CO2 and 95% air at 37°C. Bone
marrow mesenchymal cells were isolated from the tibiofibula of mice
and were stimulated with M-CSF at a concentration of 30 ng/mL in
5% FBS-1640 RPMI medium. The medium was replaced with fresh
medium containing 20 ng/mL M-CSF on the third and fifth days.
On the seventh day, the cell morphology was observed and
confirmed through flow cytometry.

To determine the appropriate concentration of Que for
intervention, the viability of both cell types was assessed after
exposure to different concentrations of Que for 24 h, following
the instructions provided with the CCK8 kit.

The cell experiment involved four distinct groups: the control
group, the ISD (2 ug/mL) group, the si-cGAS + ISD group, and the
Que (50 umol/L) + ISD group. RAW264.7 cells and BMDMs were
seeded in 9.6 cm” culture plates at a density of 5 x 10° cells per well
and allowed to grow for 12h in a humidified incubator.
Subsequently, cells in all groups, except the control group, were
transfected with ISD for 6 h. Following this transfection, the culture
medium for all groups was replaced with 2 mL of fresh medium. Que
was administered for an additional 24h, and si-cGAS was
transfected during the final 8 h of this period. To confirm the
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si-cGAS
polymerase chain reaction analysis (qRT-PCR) and western

efficiency  of transfection, quantitative real-time
blotting (WB) were performed. The transfection of ISD and si-
cGAS was performed following the instructions provided for

Lipofectamine™ 3000.

2.4 Evaluation of intestinal inflammation
in mice

Throughout the experimental period, the weight of each mouse
was consistently monitored. On the eighth day following drug
intervention, the entire colon tissue was excised, photographed to
record its length, and collected after mice were humanely euthanized
via cervical dislocation under anesthesia induced by 1%
pentobarbital sodium (50 mg/kg body weight). The intestines,
specifically a segment approximately 0.5 cm proximal to the anus,
were rinsed, circumferentially cut, and then preserved in 1 mL of 4%
paraformaldehyde for the following experiments. To assess disease
activity and calculate the disease activity index (DAI), weight loss,
stool consistency and fecal occult blood were evaluated daily (Sann
etal,, 2013). Tissue sections were subjected to hematoxylin and eosin
(H&E) staining for histological examination, while Alcian Blue/
Phosphoric Acid Schiff (AB/PAS) staining was employed to
visualize goblet cells, as previously described by Ma et al. (2020).
Additionally, H&E staining was performed on the mice heart,
liver, spleen, lung, and kidney tissues. The levels of blood urea
nitrogen (BUN), creatinine (CRE), alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) in mouse serum were
measured using assay kits to assess the safety of Que intervention
in this study.

2.5 Preparation for single-cell suspension of
mouse