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Ginsenoside Rh2 (G-Rh2), a rare protopanaxadiol (PPD)-type triterpene saponin, from
Panax ginseng has anti-proliferation, anti-invasion, and anti-metastatic activity. However,
the mechanisms by which G-Rh2 induces apoptosis of lung cancer cells are unclear. In the
present work, a G-Rh2 target-lung cancer network was constructed and analyzed by the
network pharmacology approach. A total of 91 compound-targets of G-Rh2 was obtained
based on the compound-target network analysis, and 217 targets were identified for
G-Rh2 against lung cancer by PPI network analysis. The 217 targets were significantly
enriched in 103 GO terms with FDR <0.05 as threshold in the GO enrichment analysis. In
KEGG pathway enrichment analysis, all the candidate targets were significantly enriched in
143 pathways, among of which PI3K-Akt signaling pathway was identified as one of the
top enriched pathway. Besides, G-Rh2 induced apoptosis in human lung epithelial (A549)
cells was verified in this work. G-Rh2 significantly inhibited the proliferation of A549 cells in
a dose-dependent manner, and the apoptosis rate significantly increased from 4.4% to
78.7% using flow cytometry. Western blot analysis revealed that the phosphorylation levels
of p85, PDK1, Akt and IkBa were significantly suppressed by G-Rh2. All the experimental
findings were consistent with the network pharmacology results. Research findings in this
work will provide potential therapeutic value for further mechanism investigations.

Keywords: ginsenoside Rh2, network pharmacology, lung cancer, A549 cells, PI3K-Akt signaling pathway

INTRODUCTION

Lung cancer is one of the most diagnosed cancers and a leading cause of cancer deaths. Smoking is the main
cause (~80% of cases) of lung cancer (Huang et al., 2021). Other causes are exposure to radon, secondhand
smoke, and air pollution. In 2020, lung cancer was the second most common human cancer globally, there
were 2,206,771 new cases (11.4% of all cases). The number of new lung cancer deaths was 17,966,144,
accounting for 18% of all cancer deaths (Wild et al,, 2020). Lung cancer can be divided into non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC) (Hanna and Onaitis, 2013). Treatment for lung
cancer differs according to subtype and stage (Hayashi et al., 2011). Chemotherapy and radiotherapy have
side effects (Albano et al, 2021), and even targeted immunotherapeutic have a considerable symptom
burden (Lim et al,, 2020). Therefore, research on new drugs and combined therapies is needed.
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FIGURE 1 | Molecular structure (A) and HPLC profile (B) of G-Rh2.
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Ginseng, a traditional Chinese herb, has been used as medicine
for thousands of years. It is used in cancer treatment and
prevention based on its multi-target activity and low toxicity.
Ginsenosides are the main active constituents in ginseng. G-Rh2,
a 20 (S)-protopanaxadiol saponin extracted from the root of
Panax ginseng (Wong et al., 2015), has been reported to show
cytotoxic activity and decreased cancer cells viability via JAK2/
STAT3 pathway in human colorectal cancer cells (Han et al.,
2016), stimulates ROS production in human HeLa cervical cancer
cell lines (Liu et al., 2021). G-Rh2 was also reported with
antitumor effects in liver, lung, prostate, and colorectal cancer
(Ge et al., 2017; Shi et al,, 2017; Wu et al, 2018; Zhang et al.,
2021). G-Rh2 inhibits proliferation, metastasis, and apoptosis by
activating the mitochondrial or membrane death receptor (Wang
et al, 2017). However, the molecular targets and signaling
pathways underlying the effect of G-Rh2 on lung cancer are
unclear. Cancer is typically caused by multiple genes and risk
factors, so identification of multiple targets is important for
understanding the mechanisms underlying the effect of G-Rh2
on lung cancer.

Network pharmacology is a systematic approach that
integrates pharmacologic, computational, and experimental
methods to illuminate the molecular mechanisms of drugs
(Zhao and He, 2018; Song et al., 2019; Zhou et al., 2020). It
can describe the complex pharmacological mechanisms of
traditional Chinese medicines from a network perspective by
multitarget, multichannel, and multilink analysis (Li et al., 2015;
Park et al, 2018). In this work, we used the network
pharmacology approach to evaluate the molecular mechanisms
underlying the effect of G-Rh2 in lung cancer.

MATERIALS AND METHODS

Materials and Reagents

G-Rh2 was purchased from Chengdu Phytoelite Bio-Technology
Co., Ltd. (Chengdu, Sichuan, China) and the purity (>98%) was
determined by high-performance liquid chromatography (Figure 1).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and Annexin V-FITC apoptosis detection kit were

purchased from Sigma-Alorich (St. Louis, MO, United States).
The fetal bovine serum (FBS) was purchased from Corning
(Medford, MA, United States). Antibiotics (100x penicillin/
streptomycin) and 0.25% Trypsin-EDTA were purchased from
Gibco (California, United States). Minimum essential medium
(MEM) was purchased from Hyclone (Logan, UT, United States).
RIPA Lysis Buffer and eECL Western Blot kit were purchased from
CWBIo (Taizhou, Jiangsu, China). The primary antibodies against
p-AKT, AKT, p-PDK1, PDK1, p-p85, p85, p-IkBa, IkBa, and anti-
rabbit IgG HRP (#7074) were from Cell Signaling Technology
(Danvers, MA, United States).

Potential Targets Screening

The chemical structure of G-Rh2 was imported into PharmMapper
server (http://www.lilab-ecust.cn/pharmmapper/, version 2017) (Xia
et al,, 2017), STITCH database http:/stitch.embl.de/, version 5.0)
(Szklarczyk et al, 2016), SwissTargetPrediction (http://www.
swisstargetprediction.ch/) (David et al, 2014), and Similarity
ensemble approach (http://sea.bkslab.org/) (Keiser et al.,, 2007) to
obtained the related targets of G-Rh2.

Lung Cancer-Related Targets Screening
The potential targets of Lung cancer were identified by the Genetic
Association Database (https://geneticassociationdb.nih.gov/), which
is a database of genetic association data from complex diseases and
disorders. Lung cancer was imported as a keyword and the disease
targets associated with it were provided in the database.

Network Construction

In order to explore the relationship between G-Rh2 related targets
and lung cancer disease related targets, protein-protein interaction
(PPI) were analysed by the Database of Interacting Proteins
(DIP™), Biological General Repository for Interaction Datasets
(BioGRID), Human Protein Reference Database (HPRD), IntAct
Molecular Interaction Database (IntAct), Molecular INTeraction
database (MINT), and biomolecular interaction network database
(BIND) using the plug-in Bisogenet (Martin et al, 2010) of
Cytoscape 3.7.1 software. The PPI networks of G-Rh2 putative
targets and lung cancer-related targets were established and
visualized by the plug-in Bisogenet of Cytoscape 3.7.1 software.
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SwissTargetPrediction, and the STITCH database.

FIGURE 2 | Target network of G-Rh2. Red, yellow, green, and blue ovals, are targets obtained from PharmMapper Server, Similarity ensemble approach,

FIGURE 3| PPI network construction and analysis for targets of G-Rh2 in lung cancer. (A) PPl network of G-Rh2 putative targets; (B) PPI network of lung cancer-
related targets; (C) Interaction network of G-Rh2 targets and lung cancer-related targets; (D) Merged PPI network.

Bioinformatic Analysis
GO analysis with the biological process, cellular component, and

molecular function was carried out using the Database for
Annotation, Visualization and Integrated Discovery (DAVID,
https://david.ncifcrf.gov/, v6.8) (Huang et al., 2009). Functional

categories were enriched within genes (FDR <0.005) and the top
10 GO functional categories were selected. KOBAS 3.0 (http://
kobas.cbi.pku.edu.cn/) that assigned Kyoto Encyclopedia of
Genes and Genomes (KEGG) database was used for pathway
analysis (Xie et al, 2011). The significantly changed pathways
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which corrected p value <0.005 were selected and genes regulated
these pathways were enriched by gene-pathway network analysis.
The gene-pathway network was constructed to screen the key
target genes for G-Rh2 against lung cancer.

Cell Line and Cell Culture

The A549 lung cancer cell line was purchased from the China
Center for Type Culture Collection (Wuhan, Hubei, China) and
cultured in MEM supplemented with 10% FBS, 100 U/mL
penicillin and 100 pg/ml streptomycin at 37°C in a humidified
atmosphere with 5% CO,.

Cell Viability Assay
The viability of A549 cells was measured by MTT assay. Briefly,

cells were seeded into 96-well plates at 2 x 10* cells/well. After
adhered to the plates for overnight, cells were treated with
different concentrations of G-Rh2 for 24 and 48h. The
medium was then removed and supplemented with 100 pL
MTT solution for 4h, following with 100 uL stopping buffer.
The absorbance was determined at 550 nm using a microplate
reader (Tecan Infinite M200 Pro, Minnedorf, Switzerland).

Cell Apoptosis Assays

The apoptosis ratio of cells was analyzed by Annexin V-FITC
Apoptosis Detection Kit according to the instruction of the
manufacturer. In brief, the «cells treated with different
concentration of G-Rh2 for 24h were harvested and

centrifuged at 1,500 rpm for 3 min to remove the medium.
The precipitation was then resuspended in 100 pL 1 x binding
buffer. Subsequently, the cells were stained with Annexin-FITC
and PI for 15 min in the dark. After added 400 pL 1 x binding
buffer, the samples were evaluated by a Accuri C6 Plus flow
cytometer (Becton, Dickinson and Company, CA, United States).

Western Blot Analysis

A total of 1 x 10° A549 cells were seeded into 40 mm Petri dish
and grown for overnight. Then the cells were treated with G-Rh2
for different time points. After collection, the cells were lysed by
RIPA lysis buffer and the protein content was determined by
Bradford reagent, using bovine serum albumin (BSA) as a
standard. Total protein were separated by 20% SDS-
polyacrylamide gels for 1h at 100V, transferred to PVDF
membranes, and blocked with 5% BSA in Tris-buffered saline
containing Tween 20 (1 x TTBS) for 2 h. After washed with 1 x
TTBS, the PVDF membranes were then incubated with primary
antibodies (1:500-1:2000) in 5% BSA at 4°C for overnight,
followed by washing and incubated for 1h with HRP-
conjugated secondary anti-IgG (1:500). The bands were then
visualized by the eECL Kit and photographed using Tanon 5200
Multi imaging system (Tanon, China).

Statistical Analysis
The results have been represented as the mean + SD. Variances
among two groups were analyzed by Student’s t-test. Data
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FIGURE 5 | KEGG pathway enrichment of candidate targets for G-Rh2 in lung cancer.

analysis was completed using SPSS 20.0 (SPSS Inc., Chicago, IL,
United States). p < 0.05 indicated significant differences.

RESULTS AND DISCUSSION

Compound-Target Network Analysis

We evaluated the ability of G-Rh2 to inhibit the viability and induce
apoptosis of A549 cells using a network pharmacology approach.
The compound-target network was created by one approach. The
network of G-Rh2 and its targets from PharmMapper server,
SwissTargetPrediction, a similarity ensemble approach, and the
STITCH database was constructed as shown in Figure 2. Ninety-
one targets were obtained, among of which, 70 targets were obtained
from PharmMapper server, 14 targets from SwissTargetPrediction, 5
from the similarity ensemble approach, and 2 from the STITCH
database. After removing the duplicates, A total of 91 compound-
targets was obtained.

Identification of Targets for G-Rh2

Biological networked systems include functional units or protein
complexes in PPI networks and disease- or drug-target genes can be
analyzed according to complex network theory (Peng et al., 2018).
PPIs are important in the regulation of biological systems and are the
targets of an increasing number of drugs (Scott et al., 2016). PPI

networks of G-Rh2 putative targets and lung cancer-related targets
were structured with PPI data. The PPI network of G-Rh2 putative
targets contained 3444 nodes and 86990 edges, which represented
3444 interacting proteins and 86990 interactions (Figure 3A). The
PPI network of lung cancer-related targets contained 7493
interacting proteins and 179815 interactions (Figure 3B).

The interaction network of G-Rh2 comprised 91 putative targets
of G-Rh2 and 431 lung cancer-related targets. The interaction
network encompassed 512 interacting proteins and 1,589
interactions (Figure 3C). The structured interaction network was
merged with the PPI networks of G-Rh2 putative targets and lung
cancer-related targets to identify targets for G-Rh2 in lung cancer.
The new network had 217 nodes and 1,028 edges (Figure 3D); thus,
217 targets for G-Rh2 in lung cancer were identified.

GO and KEGG Pathway Enrichment

Analysis

DAVID was used to carry out GO analysis to elucidate the
function of 217 candidate targets in biological process, cellular
component, and molecular function. One hundred and three
GO terms with FDR <0.05 were significantly enriched: 73 in
biological process, 11 in cellular component, and 19 in
molecular function. The top 10 GO terms enriched in each
sub-ontology are shown in Figure 4. Regulation of apoptotic
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FIGURE 6 | Gene-pathway network for G-Rh2 in lung cancer. Red circles, target genes; blue V-shapes, pathways. Size is proportional to betweenness centrality.

process, regulation of transcription, nucleoplasm, nucleus,
protein binding, and damaged DNA binding were the
highly enriched GO terms. Anticancer agents activate
several pathways simultaneously, positively or negatively
regulating the death process (Solary et al., 2000). Regulation
of apoptosis is the mechanism by which most
chemotherapeutic drugs induce tumor cell death. Genetic
alterations induce cancer and always result in dysregulated
transcriptional programs. Almost every DNA, RNA, and
protein component controlled by normal transcription is
influenced by recurrent somatic mutations in tumor cells
(Bradner et al., 2017). DNA binding of a new compound is
an important aspect of its therapeutic potential for anticancer

(Thangavel et al., 2018). Because of reversible binding or
formation of covalent bonds with deoxyribonucleic acid,
small DNA-interacting anticancer drugs abrogate the
interaction between DNA and transcription factors in gene
promoters (José, 2018). Therefore, G-Rh2 may reduce A549
cell viability by intervening in biological processes and
affecting cellular components and molecular functions.

The KEGG pathway analysis was performed by KOBAS and
143 significantly enriched pathways (corrected p < 0.005)
including pathways in cancer, the PI3K-Akt signaling
pathway, proteoglycans in cancer, focal adhesion, the Jak-
STAT signaling pathway, the FoxO signaling pathway, and
apoptosis were obtained. Figure 5 shows the top 20 enriched
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FIGURE 7 | Cytotoxicity of G-Rh2 to A549 cells. Cells were treated with
G-Rh2 for 24 and 48 h and viability was evaluated by MTT assay. Values are
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pathways. The most significantly enriched pathways were
related to pathways in cancer, followed by the PI3K-Akt
signaling pathway. The PI3K-Akt signaling pathway is
crucial in the development of many types of tumors
(Lorusso, 2016; Zhang et al, 2017). Cell proliferation,
growth, cell cycle, apoptosis, and protein synthesis are
regulated by the PI3K-Akt signaling pathway (Zhu et al,
2018). Also, activation of the PI3K-Akt signaling pathway
promotes cancer cell proliferation, survival, and
angiogenesis. The PI3K-Akt signaling pathway is activated
in cancer and is a potential therapeutic target (Chen et al,
2017). Xie et al. indicated that the PI3K-Akt signaling pathway
is important in lung cancer and found that ginsenoside Rg3
promoted apoptosis by inhibiting the ratio of p-PI3K/PI3K
and p-Akt/Akt in A549 cells (Xie et al., 2017). Our results
suggest that G-Rh2 inhibits the viability of A549 cells by
inducing apoptosis via the PI3K-Akt signaling pathway. In
addition, the Wnt/B-catenin, mTOR, VEGF, EGFR, and
metabolic signaling pathways are important in lung cancer
(Cho, 2013).
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FIGURE 8 | Effect of G-Rh2 on apoptosis of A549 cells. (A) Cells were treated with G-Rh2, and the apoptotic rate was determined by Annexin V-FITC/PI staining.
(B) Percentage of apoptotic cells, Values are means + SD (n = 3).
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IkBa/p-IxBa were measured by Western blotting.

Gene-Pathway Network Analysis
The significantly enriched pathways and genes were used to

construct a gene-pathway network. As shown in Figure 6, 143
pathways and 191 genes were identified. Betweenness centrality
(BC) was used to carry out the topological analysis. In the
network, metabolic pathways had the highest BC, followed by
pathways in cancer, the neurotrophin signaling pathway, HTLV-
1 infection, and the PI3K-Akt signaling pathway. PIK3CA had
the highest BC and several other genes including IRS1, AKT1,
NFKB1, MAPKY, and POLDI1 had larger BC. PIK3CA is one of
the most commonly mutated oncogenes in human cancer and is
used in the development of PI3 kinase inhibitors, which can be
used as targeted therapies for cancers with these mutations
(Jelovac et al., 2014). The PI3K signaling pathway is activated
in cancers and is concerned with oncogenesis and cancer
progression (Hennessy et al., 2005). PIK3CA mutations have
been focused on as potential biomarkers of PI3K pathway
activation (Ito et al, 2017). Activation of mutations and
genomic amplification of the PIK3CA gene are closely related
to increased PI3K activity in lung cancer (Yamamoto et al., 2008).
Somatic mutations in the IA PI3K catalytic subunit p110a,
encoded by PIK3CA, activate the PI3K signaling pathway
(Sawa et al., 2017). IRSI regulates many cancer-cell processes
and PI3K within malignant cells (Houghton et al., 2010; Porter
et al., 2013). A549 cell survival, proliferation, malignancy, and
metastasis are suppressed by Aktl knockdown (Jere et al., 2009).
Also, constitutional activation of the PI3K-Akt signaling pathway
can be caused by oncogenic mutations in the AKT1 gene,
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increasing the malignant potential of the affected cells. Our
results indicate that G-Rh2 induces A549-cell apoptosis mainly
by regulating the expression of PIK3CA, thus inhibiting
activation of the PI3K-Akt signaling pathway. Also, regulation
of IRS1, AKT1, NFKB1, MAPK9, and POLDI1 may explain the
G-Rh2-mediated inhibition of the viability of A549 cells.

G-Rh2 Inhibits A549 Cell Viability and

Promotes Apoptosis

G-Rh2 suppresses cell proliferation, causes Gl-phase arrest,
enhances the activity of capase-3, and induces apoptosis in
A549 cells (An et al, 2013). To validate the anti-proliferation
effect of G-Rh2 on A549 cells, a MTT assay was carried out. A549
cells were treated with G-Rh2 at different concentrations for 24 h
or 48 h. As shown in Figure 7, G-Rh2 significantly inhibited A549
cells proliferation in a dose-dependent manner. Based on the
results of MTT assay, IC5o of G-Rh2 on A549 cells at 24 and 48 h
were calculated respectively as 42.75 and 36.25 uM which was
consist with previous report (Zhang et al., 2011).

Apoptosis, an orderly process of programmed cell death, is
central to development of cancers. It involves of the activation,
expression and regulation of a series of genes, and inhibits the
growth of tumor cells. Apoptosis may not the main way for the
death of many cancers response to common treatments (Brown
and Attardi, 2005). G-Rh2 were reported to induces apoptosis of
many cancer cells, such as human epidermoid carcinoma
A431cells (Park et al, 2010), human malignant melanoma
A375-S2 cells (Fei et al, 2002), and hepatocellular carcinoma
HepG2 cells (Zhang et al., 2019). In order to determine whether
G-Rh2 can regulates A549 cell death by inducing apoptosis in this
study, A549 cells treated with 10, 20, and 40 uM G-Rh2 were
stained by Annexin-PI based on a flow cytometry. As shown in
Figure 8, the apoptosis rate increased significantly from 4.4% in
the control group to 15.92, 23.72, and 78.7% at 10, 20, and
40 pM G-Rh2, respectively. It is indicate that G-Rh2 can
significantly induce A549 cells apoptosis to regulate this lung
cancer cell death, and is consistent with literatures (Cheng et al.,
2005; Wang et al., 2018).

The PI3K/Akt signaling pathway operates by phosphorylation
and dephosphorylation of the substrate-level (Sang and Li, 2007;
Yu et al., 2021). PI3K, phosphoinositide 3-kinase, a lipid kinase
family protein, which was constructed by two subunit including a
regulatory subunit (P85) and a catalytic subunit (P110). When
the growth factors binds to their receptor tyrosine kinase (RTK)
or G protein-coupled receptors (GPCR), PI3K isoforms were
stimulated and catalyzes the production of phosphatidylinositol-
3,4,5-triphosphate (PIP3) at the cell membrane. PIP3, serves as a
secondary messenger, is in turn to help the phosphorylation and
activation of PDK1 and AKT. AKT is a serine/threonine kinase,
once activated, it controls key cellular processes including the
inhibition of apoptosis (Liu et al, 2009), and promotes cell
survival by activating CREB and NF-kB activity (Park et al,
2010). Therefore, PI3K/Akt as a most commonly activated
signaling pathway in human cancer, presents both an
opportunity and a challenge for cancer therapy (Liu et al,
2009). In the present study, G-Rh2 was confirmed to down

Frontiers in Pharmacology | www.frontiersin.org

11

May 2022 | Volume 13 | Article 878937


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Song et al.

regulate the phosphorylation of P85, PDKI1, Akt and IkBa in
A549 cells by western blot analyses (Figure 9). The inactivation of
P85, PDK1 and Akt by G-Rh2 treatment indicating that G-Rh2
can induces cancer cells to apoptosis via inhibiting the PI3K/Akt
signaling pathway. Similarly, the inactivation of IkBa means
G-Rh2 suppress the cell survival via inhibiting the NF-«xB
signaling pathway and to induces cancer cells death. These
results are consistent with that deduced from network
pharmacology analyses.

CONCLUSION

The potential targets and signaling pathways of G-Rh2 on human
lung cancer were predicted in this work by network

pharmacology  approach. According to the network
pharmacology analyses results, 217 genes/proteins were
predicted as potential targets for G-Rh2. Besides,

bioinformatics analysis on the predicted targets revealed that
over 140 pathways, of which PI3K-Akt signaling pathway is top
signaling pathway involved in the underlying mechanisms of
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Panax notoginseng (PN) is a Chinese medicinal herb that is traditionally used to treat
inflammation and immune-related diseases. Its major active constituents are saponins, the
types and levels of which can be changed in the process of steaming. These differences in
saponins are causally relevant to the differences in the therapeutic efficacies of raw and
steamed PN. In this study, we have prepared the extracts of steamed PN (SPNE) with 70%
ethanol and investigated their immunomodulatory effect using a zebrafish tail-fin
amputation model. A fingerprint-effect relationship analysis was performed to uncover
active constituents of SPNE samples related to the inhibitory effect on neutrophil number.
The results showed that SPNE significantly inhibited the neutrophil number at the
amputation site of zebrafish larvae. And SPNE extracts steamed at higher
temperatures and for longer time periods showed a stronger inhibitory effect.
Ginsenosides Rhy, Rks, Rhy, 20(S)-Rgs, and 20(R)-Rgs, of which the levels were
increased along with the duration of steaming, were found to be the major active
constituents contributing to the neutrophil-inhibiting effect of SPNE. By additionally
investigating the number of neutrophils in the entire tail of zebrafish larvae and
performing TUNEL assays, we found that the decreased number of neutrophils at the
amputation site was due to both the inhibition of their migration and apoptosis-inducing
effects of the ginsenosides in SPNE on neutrophils. Among them, Rhy and 20(R)-Rgs did
not affect the number of neutrophils at the entire tail, suggesting that they only inhibit the
migration of neutrophils. In contrast, ginsenosides Rks, Rhy,, 20(S)-Rgs, and SPNE did not
only inhibit the migration of neutrophils but also promoted neutrophilic cell death. In
conclusion, this study sheds light on how SPNE, in particular the ginsenosides it contains,
plays a role in immune modulation.

Keywords: steamed Panax notoginseng, saponin, neutrophil, migration, apoptosis, zebrafish, inmune modulation

Abbreviations: Beclo, beclomethasone; dpf, days post-fertilization; Hpf, hours post-fertilization; PLSR, Partial least squares
regression; PN, Panax notoginseng; RPN, raw Panax notoginseng; RPNE, raw Panax notoginseng extrac; SPN, steamed Panax
notoginseng; SPNE, steamed Panax notoginseng extract; Veh, vehicle
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1 INTRODUCTION

Panax notoginseng (PN) (Burk.) F. H. Chen, also named sangji, is
a renowned medicinal herb that has been used in Asia to treat
inflammation and blood diseases for thousands of years. More
than 300 species of Chinese herbal preparations contain PN root
and/or rhizome, which are widely applied clinically for disorders
such as cardiovascular diseases, atherosclerosis, diabetes, trauma
and hemorrhage (Wang et al., 2016; Duan et al., 2017). Saponins
are considered to be the major active components of PN, which
can be obtained through ethanol extraction (Hu et al., 2018a; Xu
et al., 2019). Previous research in our laboratory showed that a
high temperature and long steaming time promoted the
conversion of saponins in PN, which led to a differentiation in
the bioactivities and clinical efficacies between raw and steamed
forms of PN (Xiong et al., 2017; Xiong et al., 2019). For example,
raw PN (RPN) is better in relieving swelling and easing pain,
whereas steamed PN (SPN) shows more tonifying effects such as
enhancing immunity and ameliorating anemia. Both of those
effects could be related to the immune-modulating activity of
these herbal medicines, but the corresponding active components
and related mechanisms are still unknown, which hinders the
application and further development of this herbal medicine
(Kang and Min, 2012; He et al., 2018).

Zebrafish is a widely used animal model that has emerged in
recent years as a model system for drug discovery and research of
mechanisms underlying multiple disorders, which is utilized as a
rapid and high-throughput drug screening system (Wang et al.,
2013). The immune system of zebrafish is similar to that of
humans, and zebrafish are therefore increasingly used to study
diseases related to the immune system, such as inflammation and
cancer (Trede et al., 2004). Within only 3 days, zebrafish embryos
develop into the larval stage with an immune system consisting of
neutrophils and macrophages which orchestrate the innate
immune response. Using different transgenic lines in which
these cells are fluorescently marked, the activation of the
innate immune system can be visualized by imaging the
migration of immune cells in a zebrafish tail-fin amputation
model (Li et al., 2012). This approach is well suited to study the
immunomodulatory activity of the active components of PN. In a
previous study (He et al, 2020), we have investigated the
immunomodulation by the ginsenoside Rg; using zebrafish
larvae as an animal model. And we found that it acted as a
selective glucocorticoid receptor agonist with anti-inflammatory
action without affecting tissue regeneration.

In the present study, the powdered PN samples were extracted
using 70% ethanol and purified to obtain the extracts of PN based
on our previously reported methods (Hu et al., 2018a; Hu et al.,
2018b). The immunomodulatory effects of these extracts were
studied by determining the number of neutrophils migrating
towards the wounded site of the zebrafish larval tail after
amputation. And Dbeclomethasone (Beclo), a classical
glucocorticoid receptor agonist, was used as the positive
control. Meanwhile, we developed the HPLC chromatographic
fingerprints of PN samples, and investigated the correlation
between the effects and fingerprints by using multivariate
regression techniques. Major peaks predicted to be correlated

Immunomodulatory Effect of SPN Saponins

with the immunomodulation by PN were then identified to be
several ginsenosides, of which the activities were finally verified
by pharmacological tests.

2 MATERIALS AND METHODS

2.1 Chemicals

The reference standards of ginsenosides Rh;, Rk, Rhy, 20(R)-Rgs,
and 20(S)-Rg; were purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China), with the purity =
98%. Methyl alcohol and acetonitrile (HPLC grade) were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO,
United States). Ultrapure water was generated with an UPT-I-
20T ultrapure water system (Chengdu Ultrapure Technology
Inc., Chengdu, China). All other chemicals used were of
analytical grade.

2.2 Sample Preparation

The preparation of samples was performed as described in
previous studies from our laboratory (Hu et al., 2018a; Xiong
et al., 2018). PN was obtained from a single batch of root in
Yunnan, China (104°077E, 23°188'N), which had been identified
by Prof. Xiuming Cui in Kunming University of Science and
Technology. The specimen (No. WSPN15101) has been
deposited in Yunnan Key Laboratory of P. notoginseng,
Kunming University of Science and Technology (Kunming,
China), which can be fully validated using http://mpns.kew.
org/mpns-portal/?_ga=1.111763972.  1427522246.1459077346.
The quality of PN was consistent with the requirements of the
Chinese Pharmacopoeia of 2020 edition (Chinese Pharmacopoeia
Commission, 2020). SPN was prepared by steaming the crushed
RPN in an autoclave (Shanghai, China) for 2, 4, 6, 8, and 10 h at
105°C, 110°C, and 120°C. The steamed powder was dried in a
heating-air drying oven at about 45°C to constant weight, then
powdered and sieved through a 40-mesh sieve. The powdered PN
of 5.0 g was extracted using 50 ml of 70% ethanol at 85°C in a
water bath for 1.5 h. After three times of extraction, the ethanol-
reflux extracts were combined. Subsequently, the combined
extract was centrifuged, filtered, concentrated, and dried to
obtain the crude PN extracts. To purify the above crude PN
extracts to obtain higher concentrations of saponins, an
optimized purification process with macroporous resin was
performed, with the concentration of saponin solution of 11.
22 mg/ml, loading volume of 4.97 BV, washing volume of 2 BV,
ethanol concentration of 70%, and ethanol elution volume of 3.
31 BV.

2.3 HPLC Analyses

The sample solutions were prepared as described in a previous
study (Xiong et al., 2017). Briefly, HPLC analyses were done on an
Agilent 1260 series system (Agilent Technologies, Santa Clara,
CA, United States) consisting of a G1311B Pump, a G4212B diode
array detector, and a G1329B autosampler. A Vision HT Cl18
column (250 mm x 4.6 mm, 5 um) was adopted for the analyses.
The mobile phase consisted of A (ultra-pure water) and B
(acetonitrile). The gradient mode was as follows: 0-20 min,
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80% A; 20-45 min, 54% A; 45-55 min, 45% A; 55-60 min, 45% A;
60-65 min, 100% B; 65-70 min, 80% A; 70-90 min, 80% A. The
flow rate was set at 1.0 ml/min. The detection wavelength was set
at 203 nm, the column temperature at 30°C and the sample
volume at 10 pl.

2.4 Zebrafish Lines and Maintenance
Zebrafish (Danio rerio) were maintained and handled according
to the guidelines from the Zebrafish Model Organism Database
(http://zfin.org) and in compliance with the directives of the local
animal welfare committee of Leiden University. They were
exposed to a 14h light and 10h dark cycle to maintain
circadian rhythmicity. Fertilization was performed by natural
spawning at the beginning of the light period. Eggs were collected
and raised at 28°C in egg water (60 pg/ml Instant Ocean sea salts
and 0.0025% methylene blue). The following transgenic zebrafish
lines were used in this study: Tg(mpx:GFP"'*/mpegl:mCherry-
FmsE0Oy and Tg(mpx:GFP)' ',

2.5 Tail Fin Amputation and Drug

Treatments

Three-day-old zebrafish larvae were utilized for the tail fin
amputation experiments. In each experiment, 20 larvae were
used in each treatment group. The administration included a
vehicle (Veh) group treated with 0.01% DMSO as the negative
control, a group treated with Beclo of 25 uM as the positive
control, and groups subjected to the following treatments: RPN
powder at 50 pg/ml; RPN extract (RPNE) at 50 ug/ml; SPN
powder at 50 pg/ml; SPN extract (SPNE) at 30 pg/ml; and
three concentrations (at 30, 60, and 90 uM) each for Rh;, Rk,
Rhy, 20(R)-Rgs, and 20(S)-Rg;. In a pilot experiment, no toxicity
on the survival of zebrafish larvae was observed for any group
(data not shown). All groups were pretreated with Veh/Beclo/
experimental treatment for 2 h before tail fin amputation, and
received the same treatment for 4 h after the amputation. Next,
larvae were anesthetized in egg water containing 0.02% buffered
amino benzoic acid ethyl ester (Sigma-Aldrich Chemie N.V,,
Zwijndrecht, Netherlands). Larvae were placed on petri dishes
coated with 2% agarose under a Leica M165C stereomicroscope,
and the tail fins were partly amputated using a 1 mm sapphire
blade. For quantification of leukocyte migration, larvae were fixed
overnight in 4% paraformaldehyde at 4°C.

2.6 Visualization and Quantification of

Neutrophils

Imaging of the Tg(mpx:GFP"'"*/mpegl:mCherry-F*"*"*°") larvae
was performed utilizing a LeicaMZ16FA fluorescence
stereomicroscope supported by LAS 3.7 software. The
neutrophils were detected based on the green fluorescence of
their GFP lalabed. To quantify the number neutrophils recruited
to the wounded area, the cells in a defined area of the tail as well as
in the entire tail were counted manually.

Immunomodulatory Effect of SPN Saponins

2.7 Partial Least Squares Regression
PLSR is performed to find the inner relationship between the

independent variables (X) and dependent variables (Y),
which are simultaneously modeled by taking into account
X variance, and the covariance between X and Y (Martens
and Naes, 1991). In our study, the X matrix is composed of
the enhanced fingerprints, and the Y vector is constructed
with the relative inhibition rate (RI;%) calculated by Eq. 1.
Then, X and Y are decomposed in a product of another two
matrices of scores and loadings, as described by Eqs 2, 3:

RIz% = ((nmax - ni)/nmax) x 100% (1)
X=TP'+E )
Y =UQ"+F (3)

Where 71,4 is the maximal number of migrated neutrophils at
the amputation site found in any of the treated groups, #; is
the number of migrated neutrophils treated by PN sample i,
and RI;% is the reference inhibition rate of neutrophils
determined for PN sample i. TPT approximates the
chromatographic data and UQT to the true Y values; notice
that the relationship between the T and U scores is a summary
of the relationship between X and Y. The terms E and F from
the equations are error matrices. Hence, the PLSR algorithm
attempts to find latent variables that maximize the amount of
variation explained in X that is relevant for predicting Y;
i.e., capture variance and achieve correlation (Brereton,
2007).

2.8 Terminal Deoxynucleotidyl Transferase

dUTP Nick-End Labeling Assay

Apoptotic cell death was detected by the Transferase dUTP
Nick-End Labeling (TUNEL) assay with the In Situ Cell Death
Detection Kit, Fluorescein (Roche Diagnostics GmbH,
Mannheim, Germany). Briefly, Tg(mpx:GFP)"''* zebrafish
larvae at 3 days post-fertilization (dpf) were euthanized,
fixed, dehydrated, digested, and post-fixed following the
manufacturer’s protocol. The neutrophils and apoptotic
neutrophils were labeled with green and red fluorescence,
respectively.  Then, the quantification of migrated
neutrophils was performed as described above.

2.9 Statistical Analyses

All data are expressed as means * standard deviation. IBM
SPSS Statistics 20.0 software (IBM North America, New York,
NY, United States) and GraphPad Prism 6 (GraphPad
Software, San Diego, CA, United States) was applied to
carry out the two-tailed unpaired ¢-test and one-way
ANOVA. Umetrics SIMCA-P 11.5 software (Sartorius
Stedim Biotech GmbH, Goettingen, Germany) was applied
for PLSR analysis. A value of p < 0.05 was considered
significant, and a value of p < 0.01 was considered highly
significant.
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FIGURE 1 | (A) Chemical chromatograms of 13 batches of PN samples and (B) 11 selected peaks marked on the chromatogram of S10.
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TABLE 1 | Peak areas of eleven common peaks in PN and PNE samples.

No. Sample? Peak number
1 2 3 4 5 6 7 8 9 10 11

S RPN 38.24 191.17 0.00 113.23 0.00 0.00 31.63 0.00 0.00 0.00 0.00
S2 SPN120°C-2 h 0.00 0.00 0.00 28.59 44.53 16.01 12.39 182.32 360.13 32.97 0.00
S3 SPN120°C-6 h 0.00 0.00 0.00 65.43 30.23 0.00 24.24 100.48 193.62 0.00 0.00
S4 RPNE 246.46 1533.16 249.52 866.13 90.59 15.00 285.18 50.82 100.80 55.62 0.00
S5 SPNE105°C-2 h 329.95 1432.35 261.00 885.48 81.51 21.68 279.02 120.20 246.94 66.24 0.00
S6 SPNE105°C-4 h 263.97 1380.61 174.94 1152.93 133.25 60.53 400.48 364.69 710.97 125.74 28.17
S7 SPNE105°C-6 h 281.04 1363.17 151.30 910.12 126.03 75.15 305.61 512.12 1019.41 139.13 39.10
S8 SPNE110°C-2 h 257.58 1342.24 0.00 867.53 98.59 39.23 269.37 298.42 602.43 88.43 23.05
S9 SPNE110°C-4 h 213.23 1180.66 187.59 827.83 110.62 49.81 273.76 459.39 910.72 110.56 29.82
S10 SPNE110°C-6 h 192.64 908.16 0.00 679.83 111.31 90.79 241.45 773.01 1560.13 172.65 57.94
S11 SPNE120°C-2 h 189.05 901.29 144.66 716.86 114.82 84.19 235.62 664.81 1322.47 139.68 42.01
S12 SPNE120°C-4 h 0.00 415.83 0.00 140.49 121.31 160.20 122.98 1334.54 2620.14 225.45 98.12
S13 SPNE120°C-6 h 0.00 0.00 0.00 142.15 128.92 191.16 64.80 1466.95 2913.80 254.35 105.24

C.V.P (%) 78.71 71.71 113.27 68.16 43.85 92.07 62.77 92.72 92.46 70.23 106.95

ARPN, raw Panax notoginseng; SPN, steamed Panax notoginseng, RPNE, raw Panax notoginseng extract; SPNE, steamed Panax notoginseng extract.

PC.V. (%) = &/u x 100; & is the standard deviation, 11 is the average value of peak area.

3 RESULTS

3.1 HPLC Analyses

The information and HPLC fingerprints of 13 batches of PN
samples, i.e., powder and extract of RPN and SPN prepared under
different steaming time periods and temperatures, are shown in
Figure 1. These fingerprints indicate a distinct difference in the
chemical composition between raw and steamed samples, as well
as a much higher level of major peaks in the extract compared to
powder of the same steaming condition. Consecutive peaks with
good segregation and large areas were determined as the common
peaks of PN samples. As a result, 11 peaks were selected by
comparing their ultraviolet spectra and HPLC retention time,
which were then used for further analysis of the fingerprint-effect
relationship. The areas of these 11 peaks in the 13 batches of PN
samples are listed in Table 1. Along with the duration of steaming
time and rise of temperature, the area and height of major peaks
(peaks 1-4, and 7) were decreased gradually, while other peaks
(peaks 5, 6, 8-11) were increased or formed. The peak area was

defined as 0 when a peak was absent in a chromatogram. The
coefficients of variance for all common peaks were higher than
43.85%, which is due to the diversity in the levels of components
contained in samples under different processing conditions.
Besides, the areas and height of PNE were much larger than
the powder, suggesting a higher level of active constituents and
possibly stronger bioeffects.

3.2 Inhibition of Zebrafish Neutrophils by

Panax notoginseng Samples

The  transgenic  Tg(mpx:GFP"'*/mpegl:mCherry-F*"*F°")
zebrafish line in which neutrophils are labeled by GFP, enables
the analysis of the behaviour of neutrophils in vivo. By visualizing
the neutrophils that have migrated to the wounded area in the
zebrafish tail fin amputation model, compounds that affect
neutrophil behaviour and affect the immunomodulation
response can be screened (Renshaw et al., 2006; Wang et al,
2013; Chatzopoulou et al., 2016). In this study, the neutrophil
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FIGURE 2 | The effect of different PN samples on neutrophil recruitment in the zebrafish tail fin amputation assay. (A) The counting areas for the quantification of
neutrophils, and a representative fluorescence microscopy image of amputation-induced migration of neutrophils in zebrafish larvae at 3 dpf. (B) Schematic of the drug
treatment in the zebrafish tail fin amputation experiments. (C) The number of neutrophils at the amputation site at 4 h after amputation upon treatment with different PN
samples. (D) The relative inhibition rate of neutrophils after treating with different PN samples. Hpf, hours post-fertilization; Veh, vehicle; Beclo, beclomethasone;
RPN, raw Panax notoginseng; RPNE, raw Panax notoginseng extract; SPN, steamed Panax notoginseng; SPNE, steamed Panax notoginseng extract. “p < 0.05 and
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number at the injury region was determined in zebrafish larvae at
3days post-fertilization (dpf) at 4h after amputation
(Figure 2A). After pre-treatment with different drugs for 2 h,
the amputation was performed, following a 4-h treatment with
the same drug (Figure 2B). The results showed that RPN and
SPN powder did not significantly inhibit the number of
neutrophils at the amputation site. In contrast, the number of
neutrophils at the amputation site was decreased significantly
upon treatment with Beclo or PNE. SPNE samples steamed at a
higher temperature and for longer periods of time showed a
stronger inhibiting effect (compared to the Veh group) on
neutrophil number at the amputation site (Figure 2C) and
higher relative inhibition rate (Figure 2D). To identify the
constituents of SPNE responsible for the inhibition on
neutrophils, a multivariate data analysis was subsequently
performed to correlate the chemical data.

3.3 Uncovering Active Constituents by

Multivariate Data Analysis

3.3.1 Prediction

Currently, methods for uncovering active constituents of
herbal medicines that are used for treating diseases mainly
rely on retrospective analysis. However, this method depends
on a large consumption of manpower and material resources.
To address this issue, the relative inhibition rates of
neutrophils at the amputation site were determined for 13

batches of PN samples, and they were linked with the peak
areas in the corresponding chemical fingerprints to construct a
“fingerprint-effect relationship” by PLSR. By analyzing the
relationship model and weight coefficients,
constituents could be preliminarily predicted despite
changes in the peaks and their areas in the chromatogram.
Since the total number of samples (13) was small and the
prediction for new samples was not our first concern, no
division was made into a calibration set to build a PLSR
model and a test set to validate the predictive properties.
PLSR models were built from the normalized data matrix X
containing the 13 PN fingerprints and the response matrix Y of
the reference inhibition rate of neutrophils at the amputation
site. For the model, two principle components were
determined, accounting for an explained variance of 94.9%
for the X variable, 92.0% for the Y variable, and a predictive
ability (Q?) of 84.8%, indicating that the obtained model was
excellent. As shown in the coefficient matrix in Figure 3A, the
correlation coefficients between peaks 6, 8, 9, 10, and 11 and
the reference inhibition rate were higher than 0.9, indicating
that the area of these peaks had a very high level of correlation
with the inhibiting effect of PN. Besides, the importance of the
X-variables for the model could be summarized by variable
importance for the projection (VIP) values (usually with a
threshold > 1.0), which showed that these VIP values of peaks
6, 8,9, 10, and 11 were all higher than 1.0 (Figure 3B). Thus,
constituents corresponding to peaks 6, 8, 9, 10, and 11 were

active
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FIGURE 3 | Uncovering active constituents by multivariate data analysis. (A) Correlation matrix and (B) VIP values of peak areas correlating with the relative
inhibition rates of PN samples. (C) The chromatograms of the mixed standards solution and SPNE sample steamed at 120°C for 6 h. Peaks 6, 8, 9,10 and 11 correspond
to ginsenosides Rh4, Rkg, Rh,, 20(S)-Rgs, and 20(R)-Rgs, respectively. (D) Structures of the ginsenosides Rh4, Rkg, Rhs, 20(S)-Rgg, and 20(R)-Rga.
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FIGURE 4 | Inhibiting effects of different doses of ginsenosides Rh, Rks, Rha, 20(S)-Rgs, and 20(R)-Rgs on neutrophil recruitment at the amputation site of
zebrafish larvae. Veh, vehicle. *o < 0.05 and **p < 0.01.

considered to be related to the inhibition of the neutrophil steaming temperature. Thus, the ginsenosides Rh,;, Rks;, Rhy,
migration by different PN samples. 20(S)-Rgs, and 20(R)-Rgs, might play a major role in the
By comparing the chromatograms of PN samples to that of the ~ neutrophil-inhibiting effect of SPNE.

mixture of reference substances (Figure 3C), peaks 6, 8,9, 10, and

11 were identified as ginsenosides Rh;, Rks, Rhy, 20(S)-Rgs, and ~ 3.3.2 Verification

20(R)-Rgs respectively (Figure 3D). As shown in Table 1 and  In order to verify the predicted result, the effects of ginsenosides
Figure 1, the areas of peaks 6, 8, 9, 10, and 11 of SPNE samples Rh;, Rk;, Rhy, 20(S)-Rgs, and 20(R)-Rg; on neutrophil number
were increased along with the steaming time and elevation of = were evaluated using the zebrafish tail fin amputation model.
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FIGURE 5| The effect of SPNE and its major ginsenosides on neutrophil migration. (A) The number of neutrophils in the entire tail of amputated zebrafish larvae after
treatment with different PNE samples. (B,C) The number of neutrophils at the amputation site (B) and in the entire tail (C) of amputated zebrafish larvae after treatment
with ginsenosides Rhy, Rkg, Rhy, 20(S)-Rgs, and 20(R)-Rgs. Beclo, beclomethasone; RPNE, raw Panax notoginseng extract; SPNE, steamed Panax notoginseng
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According to the results shown in Figure 4, the five ginsenosides
all decreased the number of neutrophils at the amputation site in
a dose-dependent way. Rh; and Rh, at 60 and 90 uM, Rk; at 30
and 60 pM, and 20(S)-Rg; at 30, 60 and 90 uM showed a highly
significant inhibitory effect (p < 0.01). The ginsenoside 20(R)-Rg;
at 90 puM also significantly decreased the neutrophil number (p <
0.05). Since Rk; at 90 uM appeared to be lethal to the zebrafish
larvae, this concentration was excluded in the effective doses of
RKk; in this case. Taking the results above together, we verified that
ginsenosides Rh;, Rks, Rhy, 20(S)-Rg;, and 20(R)-Rg; were the
major active constituents of SPNE to inhibit neutrophil number
in the zebrafish tail fin amputation model.

3.4 Steamed Panax notoginseng Extract
and Its Major Ginsenosides Inhibit the
Migration and Also Induce Apoptosis of
Neutrophils

Neutrophils migrate rapidly to sites of inflammation. The
resolution of this inflammatory response can be achieved by
either reversing the migration of neutrophils or by the well-
characterized process of neutrophil apoptosis (Renshaw et al.,
2006; Loynes et al., 2010). To better understand the mechanism
underlying the decreased number of neutrophils in the zebrafish
tail fin amputation model upon treatment with SPNE and its
major active ginsenosides, we investigated the number of
neutrophils in the entire tail after amputation. Interestingly,
no inhibition on the total number of neutrophils in the entire
tail was observed after treatment with Beclo, RPNE, and SPNE
steamed at the lowest temperature of 105°C and at the shortest
time of 2h (Figure 5A). This, combined with the result in
Figure 2C, indicates that they mainly inhibit the migration of

neutrophils to the injury site. In contrast, SPNE prepared at a
higher temperature or for a longer period of time all induced a
significant decrease in the total number of neutrophils in the
entire tail (Figure 5A). This indicates that the decreased number
of neutrophils at the amputation site observed after these
treatments (Figure 2D) could be due to both the migration-
inhibiting and elimination effects of SPNE on neutrophils.

To further explore if the previously identified five active
constituents of SPNE showed similar effects on the total
number of neutrophils in the tail, we compared the effects of
ginsenosides Rh;, Rks;, Rhy, 20(S)-Rgs, and 20(R)-Rg; on the
number of neutrophils at the amputation site and in the entire tail
of zebrafish larvae. As shown in Figures 5B,C, all five
ginsenosides at the tested dose significantly inhibited the
number of neutrophils at the amputation site, confirming the
results shown in Figure 4. However, Rh; and 20(R)-Rg; did not
affect the number of neutrophils in the entire tail, suggesting they
only inhibit the migration of neutrophils to the amputation site.
In contrast, ginsenosides Rkj, Rhy, and 20(S)-Rg; induced a
significant decrease in the number of neutrophils in the entire
tail, indicating that these three compounds not only inhibit the
migration of neutrophils but also promote the death of
neutrophils.

Based on the above results, we hypothesized that the death of
neutrophils could be due to apoptosis. This hypothesis was tested
using TUNEL staining of the zebrafish larvae, which detects DNA
fragmentation that is characteristic for (but not specific to)
apoptotic cells. Images resulting from the application of this
assay to larvae from the Tg(mpx:GFP)'"'* show the neutrophils
labeled in green and apoptotic neutrophils labeled in red
(Figure 6A). These images showed that SPNE, ginsenosides
Rk, Rhy, and 20(S)-Rg; triggered the apoptosis of neutrophils
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FIGURE 6 | The effect of SPNE and its major ginsenosides on apoptotic neutrophils. (A) Apoptotic neutrophils labeled by TUNEL staining in amputated tails of
zebrafish larvae. (B) The number of apoptotic neutrophils at the amputation site after treating with ginsenosides Rhy, Rks, Rh4, 20(S)-Rgs, and 20(R)-Rgs. Beclo,
beclomethasone; SPNE, steamed Panax notoginseng extract; Veh, vehicle. *p < 0.05 and **p < 0.01.

mainly at the amputation site of zebrafish larvae (Figure 6A).
Compared to the Veh group, the numbers of apoptotic
neutrophils were significantly increased by treatments with
SPNE, and the ginsenosides Rks, Rhy, and 20(S)-Rg; (Figure 6B).

4 DISCUSSION

Both raw and steamed forms of PN have been used in
traditional Chinese medicine to regulate the immune system
and treat diseases related to inflammation. Dammarane-type
saponins are considered to be the major active constituents of
PN, which could be enriched by the ethanol extraction process
(Sun et al., 2016; Hu et al., 2018b). The chemical structures of
saponins are often changed during the steaming process
(Wang et al, 2013). As shown in Figure 1, the areas of
major peaks in raw samples were decreased and some other
new peaks were produced along with the rise of steaming time
and temperature. Such variation in the chemical composition
contributes to the difference in the pharmacological effects and
clinical efficacies between raw and steamed forms (Xiong et al.,

2019). This was illustrated in our study by the observation that
SPNE could inhibit the migration of neutrophils and promote
their apoptosis, whereas RPNE only impacted the migration
(Figures 2, 5).

Neutrophils constitute about 40%-60% of circulating white
blood cells in the human body and are highly evolved for host
defense through phagocytosis, degranulation, and the
formation of reactive oxygen species and neutrophil
extracellular traps (Wang et al, 2013). In the meantime,
the uncontrolled neutrophilic activity and continued
recruitment of neutrophils to inflammatory sites can result
in persistent inflammation and exacerbate chronic human
diseases related to the immune system (Gernez et al., 2010).
Amputation of the tail fin of zebrafish larvae induces the
migration of neutrophils towards the wounded site, which
enables studying anti-inflammatory drug effects in an in vivo
vertebrate animal model (Renshaw et al., 2006; Chatzopoulou
et al.,, 2016).

To uncover the specific constituents responsible for the
inhibitory effect on neutrophil migration, the multivariate data
analysis of PLSR was performed to analyze the “fingerprint-
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effect relationship” of PN samples. Compared with traditional
extraction and separation approaches, this method has several
advantages such as being less time- and solvent-consuming,
low operating costs, and little pollution to the environment,
and has therefore been widely applied to discover active
compounds in complex mixtures of herbal medicines (Xu
et al, 2014; Feng et al, 2020). Based on the results
presented in Figures 3, 4, ginsenosides Rh;, Rk;, Rhy,
20(S)-Rgs, and 20(R)-Rgs were predicted and verified to be
the active ones involved in the effect on the number of
neutrophils at the amputation site. These ginsenosides were
also the major constituents of SPNE.

Combined with our previous results (Xiong et al., 2017; Xiong
et al., 2019), notoginsenoside R;, ginsenosides Re, Rb;, Rg; and Rd
were major constituents in raw PN samples. During the steaming
process, the hydrolyzation of xylosyl at C-6 of notoginsenoside R,
and rhamnosyl at C-6 of ginsenoside Re produced Rg;. The further
hydrolysis of the glucosyl at C-20 of Rg; yielded Rh; which then
formed Rh, and Rk; through dehydration at C-20. Ginsenoside Rb,
could be hydrolyzed at the glucosyl of C-20 to yield ginsenoside Rd.
Similarly, the hydrolysation of the glucosyl at C-20 of Rd produced
Rg; (Wang et al., 2012). This transformation indicated the change of
major peaks in the chromatograms of PN samples during the
steaming. The levels of ginsenosides Rh;, Rk;, Rhy, 20(S)-Rgs,
and 20(R)-Rg; in SPNE were elevated along with the increase of
steaming time and temperature, which explained why SPNE
processed for longer time periods and at higher temperatures
exhibited stronger inhibition on the migration of neutrophils as
well as the pro-apoptosis effect on neutrophils.

SPN is traditionally used as a tonic to attenuate the syndrome of
“blood deficiency” and help patients to recover from chronic
disease in traditional Chinese medicine. Patients or animals
with this syndrome often suffer from impaired hematopoietic
function, peripheral blood pancytopenia, hypofunction of
internal organs, malnutrition, or even hemolysis which promote
inflammatory reactions (Zhang et al, 2014; Ji et al, 2017).
Activated by inflammatory stimuli, circulating neutrophils are
recruited to the injury or infectious sites as the first responders
during an innate immune response, of which the retention,
however, could lead to tissue damage and even develop to other
complications. Therefore, the resolution of neutrophil-mediated
inflammation by reversing the migration and inducing the
apoptosis of neutrophils could be one of the mechanisms of
drugs to alleviate anemia (Da Guarda et al, 2017; Mooney
et al, 2018). In our previous studies, SPNE and its saponins
were verified to show an anti-anemia effect by reversing the
decrease of bloods cells in mice with blood deficiency syndrome
(Zhanget al., 2019). The treatments of Rk; and 20(S)-Rg; of certain
doses could reverse the decreased levels of heme and ferrochelatase,
of which the abnormal synthesis can lead to anemia. In the
presence of high level of heme, the neutrophil death could be
accelerated by antioxidant reagents released by red blood cells (Luo
and Loison, 2008). This might explain how SPNE and its
ginsenosides played the role in the treatment of anemia by
promoting the apoptosis of over retentive neutrophils. One
thing should be noted that the effect of a ginsenoside on
neutrophil was previously shown in our group to be mediated

Immunomodulatory Effect of SPN Saponins

by the glucocorticoid receptor (He et al., 2020). But no effects of
activation of this receptor has been found on apoptosis, which
suggests that the effect of SPNE on apoptosis is most likely not
mediated by this receptor but through activation of another
pathway. Besides, the inappropriate delay of neutrophil death
within tissues has been often implicated in a variety of
inflammatory and immunological diseases. Neutrophil apoptosis
in patients with both infective and non-infective insults-elicited
systemic inflammatory response syndrome decreases significantly
(Jimenez, 1997; Melley et al, 2005). With the anti-neutrophil
treatment, the damage to the lung and liver could be both
attenuated (Mercer-Jones et al., 1997). Therefore, SPNE and its
ginsenosides showed the potential to be developed as drugs with
neutrophil-inhibiting effect for the treatment of immune diseases.

5 CONCLUSION

By using the zebrafish larval tail fin amputation model, the
effects on neutrophil recruitment of SPNE obtained using
different steaming conditions were investigated in the
present study. Combined with the chemical analysis and
fingerprint-effect relationship of PN samples, ginsenosides
Rh;, Rks, Rhy, 20(S)-Rgs, and 20(R)-Rg; were found to be
the active ones correlated to the effect of SPNE on neutrophils.
Among them, Rh; and 20(R)-Rg; only inhibited the migration
of neutrophils to the amputation site, whereas Rk, Rhy, and
20(S)-Rgs could also promote the apoptosis of neutrophils.
The results shed light on how SPNE and its ginsenosides
impact immunity and treat related diseases.
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Ischemic stroke has been considered one of the leading causes of mortality and disability
worldwide, associated with a series of complex pathophysiological processes. However,
effective therapeutic methods for ischemic stroke are still limited. Panax ginseng, a
valuable traditional Chinese medicine, has been long used in eastern countries for
various diseases. Ginsenosides, the main active ingredient of Panax ginseng, has
demonstrated neuroprotective effects on ischemic stroke injury during the last decade.
In this article, we summarized the pathophysiology of ischemic stroke and reviewed the
literature on ginsenosides studies in preclinical and clinical ischemic stroke. Available
findings showed that both major ginsenosides and minor ginsenosides (such as Rg3, Rg5,
and Rh2) has a potential neuroprotective effect, mainly through attenuating the
excitotoxicity, Ca®* overload, mitochondria dysfunction, blood-brain barrier (BBB)
permeability, anti-inflammation, anti-oxidative, anti-apoptosis, anti-pyroptosis, anti-
autophagy, improving angiogenesis, and neurogenesis. Therefore, this review brings a
current understanding of the mechanisms of ginsenosides in the treatment of ischemic
stroke. Further studies, especially in clinical trials, will be important to confirm the clinical
value of ginseng and ginsenosides.

Keywords: panax ginseng, ginsenosides, traditional Chinese medicine, cerebral ischemic stroke, neuroprotection
mechanisms

INTRODUCTION

Stroke is one of the leading causes of disability and mortality worldwide, which creates a significant
economic burden on the healthcare system (Johnson et al., 2019). Ischemic stroke (IS) is the primary
stroke subtype, accounting for approximately 87% of stroke cases (Virani et al., 2020). The middle
cerebral artery (MCA) is the most commonly affected vascular territory in cerebral ischemic stroke
(Navarro-Orozco and Sanchez-Manso, 2022), and an intravascular blood clot or thrombus usually
causes vascular occlusion. Clinically, thrombolytic therapy and thrombectomy are the only approved
methods for treating acute ischemic stroke (Campbell and Khatri, 2020), restoring blood flow to the
ischemic brain and rescuing damaged neurons in the ischemic penumbra. However, these treatments
have limited time windows, intravenous alteplase (rtPA) restricted within 4.5h, endovascular
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thrombectomy within 24 h (Lees et al., 2010; Powers et al., 2019),
to reduce the risk of hemorrhagic transformation, and only a
minority of patients benefit from the treatments timely.
Therefore, exploring new drugs or therapies is necessary to
prolong the therapeutic window and improve patient outcomes.

In ischemic stroke, the obstruction of brain blood vessels
deprives the essential nutrients and oxygen to brain cells,
causing a sudden onset of neurological deficit. The ischemic
insult may lead to irreversible damage or death to neurons in
the ischemic core, while the neurons in the penumbral area
surrounding the ischemic core may be salvageable with
effective brain-protective treatments. Ischemic stroke involves
a variety of mechanisms, such as excitotoxicity, mitochondrial
dysfunction, oxidative stress, inflammation, autophagy, and
blood-brain barrier (BBB) damage (George and Steinberg,
2015; Chamorro et al, 2016; Wang P. et al, 2018).
Mitochondrial dysfunction occurs within minutes of ischemic
stroke, resulting in depletion of adenosine triphosphate (ATP)
and membrane depolarization, followed by sustained glutamate
release and intracellular Ca** overload. The increased
intracellular calcium leads to the overproduction of reactive
oxygen species (ROS) and activates inflammatory responses,
triggering the death of damaged neurons and the leakage of
BBB (Zhou et al., 2018). These pathophysiological mechanisms
overlap and correlate with the development of ischemic stroke
and are potential pharmacological targets for treating ischemic
stroke.

As a traditional herbal medicine, Panax ginseng has been
widely used in treating and preventing diseases for thousands of
years in East Asian countries, especially in China, Korea, and
Japan. The botanical name “Panax” implies “all-healing” in
Greek, which stemmed from the traditional belief that ginseng
has healing properties in all aspects of the body (Kim, 2018).
Among the eleven ginseng species, Panax ginseng (Asian or
Korean ginseng), Panax quinquefolius (North American
ginseng), and Panax notoginseng are three particularly
important for medicinal use (Wang et al, 2020). Panax
ginseng contains various pharmacological components, such as
ginsenosides, polysaccharides, and polyphenols (Zheng et al,
2017). Ginsenosides are considered the main active ingredients
of Panax ginseng, Panax quinquefolius, and Panax notoginseng
for the pharmaceutical functions, which are mainly accumulated
in roots, stems, leaves, flowers buds, and berries (Kim et al., 2018).
About 200 ginsenosides have been identified from ginseng,
including major ginsenosides (Rd, Rbl, Rb2, Re, Re, Rgl, etc.)
and minor ginsenosides (Rh1, Rh2, Rg3, Rg5, etc.) (Hyun et al,,
2022). According to the chemical structures, ginsenosides can be
divided into protopanaxadiol (PPD), protopanaxatriol (PPT),
and oleanolic acid. PPD mainly includes ginsenosides Rd, Rb1,
Rb2, Rb3, Rg3, Rg5, Rh2, F2, and compound K. PPT includes the
ginsenosides Rgl, Rg2, Re, Rf, Rhl, and F1, while the typical
representative ginsenoside of the oleanolic acid is ginsenoside Ro
(Luetal,, 2022). As a natural product, ginseng has a wide range of
pharmacological effects, such as anti-oxidative and anti-cancer,
enhancing immunity, energy, and sexuality, and combating
neurological diseases, diabetes mellitus, and cardiovascular
diseases (Ratan et al, 2021). Currently, growing evidence
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shows that ginsenosides have neuroprotective effects in vivo
and in vitro and have excellent potential as novel candidate
agents for ischemic stroke. It can be used to treat ischemic
stroke via reducing neurotoxicity (Zhang C. et al.,, 2020), anti-
oxidant (Chu et al., 2019), anti-inflammation (Zhu et al., 2012),
anti-apoptosis (Li et al, 2010), anti-autophagy (Huang et al,
2020), regulating blood-brain barrier permeability (Zhang X.
et al,, 2020), promoting angiogenesis (Chen J. et al., 2019) and
neurogenesis (Gao et al.,, 2010) to alleviate nerve damage and
promote nerve repair.

This article reviews the literature on treating ischemic stroke
with ginsenosides, including preclinical and clinical experimental
studies. Studies of ginsenosides in treating cerebral ischemia
published until March 2022 were identified from the PubMed
database. We summarized the pathophysiologies of cerebral
ischemia stroke and the potential mechanisms of ginsenosides
in treating ischemic stroke. Our work brings a current
understanding of the mechanisms of ginsenosides in the
treatment of ischemic stroke.

PATHOPHYSIOLOGIES OF ISCHEMIC
STROKE

Excitotoxicity

Excitotoxicity is one of the significant events in cerebral ischemia,
playing a key role in neuronal death (Rothman and Olney, 1986).
After cerebral ischemia, rapid and massive release and uptake
inhibition of the excitatory amino acid glutamate leads to energy
failure (Chamorro et al., 2016). The function of ion pumps is
required with ATP to transform the sodium (Na*), potassium
(K"), and Ca*>" between intracellular and extracellular. With ATP
depletion, the Ca®" cannot be pumped out of neuron cells and
causes glutamate release (Luoma et al, 2011). Postsynaptic
receptors of glutamate include ionotropic receptors or
metabotropic receptors (mGluRs), the ionotropic type
receptor, NMDA (N-methyl-D-aspartate) receptor, which
primarily regulates the excitotoxic response (Kaplan-Arabaci
et al,, 2022). Overactivation of glutamate receptors leads to the
opening of receptor-gated calcium channels and Ca** influx, and
the increase of intracellular Ca®* causes a series of pathological
reactions in the cytoplasm and nucleus (Lai et al, 2014).
Moreover, Ca** overload in mitochondrial activates the
downstream apoptotic pathway, inducing mitochondrial
destruction and cell apoptosis (Szydlowska and Tymianski,
2010). Astrocyte glutamate transporter excitatory amino-acid
transporter 2 (EAAT2 or GLT-1) is the primary glutamate
transporter in the brain, playing a pivotal role in sustaining
glutamate homeostasis (Tzingounis and Wadiche, 2007).
Therefore, regulating the excitatory neurotransmitter glutamate
and Ca®" influx significantly reduces the excitotoxicity after
cerebral ischemia.

Inflammation

Inflammatory response plays a crucial role in ischemic stroke
pathogenesis, which contributes to all the stages of ischemic
stroke (Drieu et al, 2018). Inflammatory response at the
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blood-endothelial interface, including adhesion molecules,
cytokines, chemokines, and leukocytes, is an essential cerebral
infarction tissue injury mechanism (Zhu et al., 2022). Astrocytes
and microglia are the primary cells in the brain that mediate
inflammatory responses in response to ischemic brain injury (Mo
et al, 2020). Astrocyte hypertrophy and proliferation are
extensive responses to neuronal injury. Stroke-induced brain
injury activates microglia polarization into pro-inflammatory,
classical (M1) or anti-inflammatory, alternative (M2) phenotypes
(Song et al., 2019). M1 microglia produce large amounts of pro-
inflammatory mediators, such as tumor necrosis factor « (TNFa),
interleukin (IL)-1f, IL-6, interferon-y (IFN-y), inducible nitric
oxide synthase (iNOS), and proteolytic enzymes (Yenari et al,
2010). While M2 microglia is characterized by the effects of pro-
angiogenic and anti-inflammatory, producing IL-4, IL-10,
transforming growth factor f (TGF-f), and vascular
endothelial growth factor (VEGF) (Qin et al, 2019).
Inflammation after cerebral ischemia with contrasting effects,
as it can promote nerve repair as well as aggravate secondary
brain damage. Toll-like receptors (TLRs), nuclear factor-kappa B
(NF-kB), and mitogen-activated protein kinases (MAPK)
signaling pathways are related to the activation of
inflammation in ischemic stroke (Mo et al., 2020). TLRs are
transmembrane proteins expressed in microglia, astrocytes,
neurons, and cerebral endothelium (Marsh et al., 2009), which
can induce inflammatory responses by regulating cytokine and
chemokine production. NF-kB participates in transcriptional
induction of pro-inflammatory genes, such as cell adhesion
molecules, cytokines, matrix metalloproteinases (MMP), and
growth factors. p38 MAPK plays a vital role in inflammation-
mediated ischemic injury (Sun and Nan, 2016). In addition, the
NOD-like receptor (NLR) family, pyrin domain containing
3(NLRP3) inflammasome can detect tissue damage and
pathogen invasion through innate immune cell sensor
components commonly known as pattern recognition
receptors (PRRs). PRRs promote activation NF-kB and MAPK
pathways, thus increasing the transcription of protein-coding
genes associated with NLRP3 (Xu et al., 2021).

Oxidative Stress

Oxidative and nitrosative stress present a challenge to ischemic
stroke, which is caused by the excessive production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) (Allen
and Bayraktutan, 2009). Excessive ROS can result in lipid
peroxidation and damage proteins and DNA, initiating a
cascade of deleterious cellular processes that promote cell
death. It often results from ROS/RNS production and
antioxidant  systems  imbalance. = Under  physiological
conditions, ROS and RNS can be scavenged by endogenous
antioxidant enzymes or non-enzyme, including superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPX), glutathione-S-transferase (GST), and glutathione
(GSH) (Tang D. et al, 2019). After cerebral ischemia, ROS
and RNS have been shown in phagocytes, vascular cells, and
glial cells in the penumbra. ROS is composed of superoxide
anions (0O,7), hydrogen peroxide, hydroxyl radical, and
hydroperoxyl radicals, a by-product of oxygen metabolism in
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mitochondria. RNS mainly includes nitric oxide (NO) and
peroxynitrite anion (ONOO™), while ONOO™ is formed by the
rapid reaction of NO and O,  (He et al., 2021). Nuclear factor
erythroid 2-related factor (Nrf2) is a transcription factor that
regulates the expression of endogenous antioxidant enzymes, and
Nrf2/ARE is an important endogenous anti-oxidative stress
signaling pathway (Wu et al, 2020). Actively protecting
mitochondrial function, antioxidation, free radical scavenging,
and slowing down oxidative stress have become -effective
strategies in saving neurons from the pathological processes of
cerebral ischemia-reperfusion. Anti-oxidative stress, scavenging
free radicals, and protecting mitochondrial function have become
effective strategies to save neurons from the pathological process
of ischemic injury.

Apoptosis/Pyroptosis/Ferroptosis
Multiple cell death pathways are implicated in the pathogenesis of
ischemic stroke (Tuo et al., 2022). Apoptosis is a typical form of
programmed or regulated cell death. Recent studies have revealed
novel programmed or regulated cell death types, including
pyroptosis and ferroptosis (Galluzzi et al., 2018).

Apoptosis can be triggered through either the intrinsic or the
extrinsic pathway. The initial morphological changes in apoptosis
have been observed in post-ischemic stroke neurons, which
involve cell shrinkage and cytoplasmatic condensation, nuclear
membrane breakdown, and formation of apoptotic bodies
(Linnik et al., 1993). The intrinsic signaling cascade of
apoptosis can be mediated by calpain, ROS, and DNA
damage. Excessive accumulation of Ca** and ROS in
intracellular triggers activation of calpains and one of the
substrates-B-cell leukemia/lymphoma 2 (Bcl-2). Bcl-2 is an
anti-apoptotic protein that could interact with Bax on the
mitochondrial membrane, causing a release of various
proapoptotic factors, including cytochrome C (Cytc) and
apoptosis-inducing factor (AIF) (Chao and Korsmeyer, 1998).
Cystic complexes form an apoptosome with apoptotic protein-
activating factor-1 and procaspase-9, activating caspase-3 and
initiating cell death (Wang et al,, 2019). ROS can damage the
plasma membrane and DNA; DNA damage activates the nuclear
pathway of cell death through the phosphorylation of p53 or
translocation of nucleophosmin (Culmsee and Krieglstein, 2007).
The extrinsic apoptosis pathway is triggered by the extracellular
death ligands (TRAIL, FasL, TNF-«) that bind to death receptors
(TRAILR, Fas, TNFR1) and Fas-associated death domain
(FADD), creating a death-inducing signaling complex with
procaspase-8. Activated caspase-8 activates downstream
effector caspases (such as caspase-3) by direct proteolytic
cleavage (Muhammad et al., 2018; Tuo et al., 2022).

Pyroptosis is an inflammatory form of programmed cell death
that inflammasome activation can cause. The inflammasome is a
protein complex that can be activated by infection, metabolic
imbalances, and tissue injury (Broz and Dixit, 2016). Several
inflammasome sensor proteins have been identified, including the
NLRP1, NLRP3, NLRP4, and absent in melanoma 2 (AIM2),
which trigger the downstream inflammatory response (Fann
et al, 2013a). Inflammasomes, including canonical and
noncanonical types, canonical inflammasomes like the NLRP3
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activate caspase-1, whereas noncanonical inflammasomes activate
mouse caspase-11 or human caspase-4 and caspase-5 (Hu J. J. et al,,
2020). Gasdermin D (GSDMD) is the key effector of pyroptosis,
downstream of inflammasome pathways, and a substrate for
inflammatory caspases-1,4, 5, and 11 (Liu Z. et al, 2019).
Caspase-1 or caspase-11 can cleave GSDMD into an N-terminal
fragment (GSDMD-N) and C-terminal product (GSDMD-C) (Shi
etal,, 2015). Once caspase-1 is activated, pro-IL-1f3 and pro-IL18 can
be divided into biologically active, mature, pro-inflammatory
cytokines released into the extracellular environment, causing
neuronal cell toxicity (Tuo et al., 2022). Inhibition or knockout of
caspase-1 is neuroprotective in focal stroke models (Fann et al,
2013b).

Ferroptosis is an iron-dependent form of regulated cell death
(Dixon et al, 2012), with iron accumulation and lipid
peroxidation. Excessive intracellular iron accumulation elevates
ROS by Fenton reaction, leading to ferroptosis cell death by
irresistible lipid peroxidation. Studies have shown that iron
deposition, lipid peroxidation, and neuronal death in the brain
were significantly increased in an adult rat model of ischemic
stroke (Kondo et al.,, 1997; Park U. J. et al., 2011). Glutathione
peroxidase 4 (GPX4) plays an important role in suppressing
ferroptosis, which functions to reduce lipid peroxides in cellular
membranes. GPX4 uses GSH to eliminate the production of
phospholipid hydroperoxides (PLOOH), the primary mediator
of chain reactions in lipoxygenases (Tang D. L. et al., 2019). GSH
is the most abundant antioxidant in the cell, synthesized from
glutamate, cysteine, and glycine, among which cysteine is the
rate-limiting precursor (Lee et al, 2020). The intracellular
cysteine level mainly depends on extracellular cystine uptake
by system Xc~ (Koppula et al, 2018), which consists of a
regulatory subunit solute carrier family 3 member 2 (SLC3A2)
and a catalytic subunit solute carrier family 7 member 11
(SLC7A11). Correspondingly, the inactivation of GPX4 or
SLC7A11 induces ferroptosis. The levels of GPx4 and
SLC7A11 were found to be decreased in MCAO rats
compared with those in the sham group (Lan et al., 2020).

Autophagy

Autophagy-dependent death, known as type 2 programmed cell
death (Shen et al., 2013), plays a vital role in maintaining cellular
homeostasis after cerebral ischemia. Ischemia and hypoxia cause
cell dysfunction of energy metabolism, leading to the destruction
of the cytoskeleton and loss of homeostasis (Mo et al., 2020).
Autophagy is initiated by nucleating a double membrane, which
elongates into an autophagosomal vesicle that encapsulates
damaged macromolecules and organelles (Klionsky et al,
2016). A cascade of autophagy-related proteins (ATGs) plays
critical roles in autophagic membrane dynamics and processes
(Liu and Levine, 2015). LC3-II is a biological marker of
autophagosome formation localized to the autophagosome
membrane. Mammalian target of rapamycin (mTOR) is one of
the critical targets for autophagy regulation, a serine/threonine-
protein kinase that belongs to the phosphatidylinositol 3-kinase
(PI3K) related kinase family (Glick et al., 2010). Typical
autophagy is triggered through a core pre-activation complex
composed of ULK1/2, ATG13, and FIP200 proteins. AMPK is a

Ginsenosides Against Ischemic Stroke

central regulator of metabolism and autophagy and can
phosphorylate ULK1 to activate autophagy (Jia et al., 2020), a
potential therapeutic target for ischemic stroke (Jiang et al., 2018).
In moderate hypoxia, hypoxia-inducible factor-la (HIF-1a)
regulates autophagy through upregulating expression of Bcl-2
and 19-kDa interacting protein 3 (BNIP3), while BNIP3 mediates
autophagy by disrupting the interaction of Beclin-1 with Bcl-2
(Matsui et al., 2008). A report showed that knockdown of Beclin-
1 can prevent secondary neurodegenerative damage after focal
cerebral infarction by inhibiting autophagy activation (Xing et al.,
2012).

Others

Cerebral ischemia initiates a complex cascade of pathophysiological
events. In addition to the pathophysiologic reviewed above, BBB
permeability, angiogenesis, and neurogenesis are crucial
mechanisms for cerebral ischemia and reperfusion. The BBB is a
cellular barrier composed of tight junctions between vascular
endothelial cells interfaced with pericytes and astrocytes (Singh
et al,, 2016), which protects the central nervous system (CNS) by
regulating the transport of substances between the blood and brain.
Inflammatory cytokines, such as TNF-a and IL-1p, can increase the
permeability of BBB to entrance into the CNS (Smith et al., 2016).
The increased biphasic permeability of BBB leads to cerebral
angiogenic edema, hemorrhage, and mortality during ischemic
stroke-reperfusion (Knowland et al., 2014). Angiogenesis involves
sprouting new vessels from existing vessels, predominantly induced
by vascular endothelial growth factor (VEGF) (Ferrara and Adamis,
2016). It is critical to repair tissue regeneration under wound healing,
hypoxia, and chronic ischemia (Fan et al., 2018). Under hypoxic
conditions, HIF-law plays a crucial role in pathophysiological
angiogenesis by directly regulating VEGF, and HIF-1a/VEGF
may be an important pathway for the regulation of angiogenesis
(Hu Q. et al., 2020). Neurogenesis is a complex process that generates
new functional neurons and glial cells from neural stem cells (NSCs),
mainly in the subventricular zone (SVZ) and the subgranular zone of
the dentate gyrus (DG) of the hippocampus, involving proliferation,
differentiation, migration, and maturation (Nada et al, 2014).
Accumulative evidence supports that newborn neurons have
critical physiological functions in neuroplasticity, learning and
memory, and emotion regulation (Berg et al, 2019). After
cerebral ischemia, the increased expression of brain-derived
neurotrophic factor (BDNF), platelet-derived growth factor-B
(PDGEF-B), transforming growth factor-beta (TGF-f), fibroblast
growth factor 2 (FGF2), and VEGF, may promote both
angiogenesis and axonal outgrowth (Hatakeyama et al, 2020).
Therefore, activation of endogenous neurogenesis plays a vital
role in promoting neurological function recovery.

NEUROPROTECTIVE EFFECTS OF
GINSENG AND GINSENOSIDES IN
ISCHEMIC STROKE

Ginseng, the root of Panax ginseng, has been widely used to treat
cerebrovascular diseases in Asian countries. Ginsenosides are the
major bioactive components of ginseng, responsible for its
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F1

Compound K

FIGURE 1 | Chemical structures of ginsenoside Rd, Rb1, Rg1, Rg2, Rg3, Rg5, Re,

Rh2

Rh2, F1, compound K, and oleanolic acid.

pharmacological activities (Kim et al., 2020). Now, accumulated
studies show that ginseng and ginsenosides have many positive
effects on treating and preventing cerebral ischemic stroke.

Ginsenosides with neuroprotective effects mainly include
ginsenoside Rbl (Liu A. et al, 2018), ginsenoside Rd (Zhang
X. et al., 2020), ginsenoside Re (Chen et al., 2008), ginsenoside
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TABLE 1 | Summary of effects and mechanisms of ginseng and ginsenosides in vitro and in vivo models.

Content of
ginsenosides in
panax ginseng

Gensing and
gensinosides
KRG
KRG
KRG

KRG

RGE

KRG

BG

KRG

PGE

KGT

GTS

Rd 0.07 + 0.08%Park
et al. (2013)
0.07-0.19%Chen
et al. (2019b)

Rd

Rd

Rd
Rd
Rd
Rd
Rd

Rd

Rd

Rd

Rd
Rd

Rd

Rd

Rd
Rd
Rd
Rd

Rd

Animals/Cells and
Dosage

C57BL/6 mice, 100 mg/kg

C57BL/6 mice, 100 mg/kg

C57BL/6 mice, 100 mg/kg

C57BL/6 mice, 100 mg/kg

C57BL/6 mice, 360 mg/kg

SD rats, 100 mg/kg

SD rats, 100 or 400 mg/kg

SD rats, 100 mg/kg

Wistar rats, 200 mg/kg

Swiss albino rat, 350 mg/kg
Wistar rats, 25 mg/kg

C57BL/6 mice, 10, 20, 40 mg/kg

Cortical neuron, 5, 10, 20 uM

SD rats, 30 mg/kg

SD rats, 10 mg/kg

Cortical neurons, 0 pM, 3 pM,

10 uM, 100 uM

C57BL/6 J mice, 10 or 30 mg/kg
Neuronal Cell, 0.1, 1.0, and 10 uM
SD rats, 50 mg/kg

Cortical neurons, 10 M

SD rats, 10 mg/kg

BV2 cells, 10 uM

SD rats, 30 mg/kg

PC12 cells, 0.1, 1, 10, 50 or

100 pm

SD rats, 1, 2.5, and 5 mg/kg
PC12 cells, 25, 50, and

100 pmol/L

SD rats, 30 and 10 mg/kg Neuron
cells, 10 uM

SD rats, 30 mg/kg
Astrocytes, 10 and 50 uM
SD rats, 10 mg/kg
Hippocampal neurons, 0.1, 1,
10 uM

SD rats, 10 mg/kg

SD rats, 50 mg/kg

SD rats, 0.1-200 mg/kg

SD rats, 10-50 mg/kg

C57BL/6 mice, 10-50 mg/kg
Cortical neurons, 1, 3, 10, 30 and

60 pM
Hippocampal neurons, 0.1-10 uM

Model

HI

HI

pdMCAO

pdMCAO

MCAO

MCAO/R

MCAO

tMCAO

TGCI

MCAO

MCAO

MCAO/R

OGD/R

MCAO

MCAO
OGD

CCH
OGD/R
MCAO
OGD
MCAO
OGD
MCAO

MCAO
OGD

MCAO
OGD

MCAO
OGD
MCAO

Glutamate-induced

MCAO

MCAO

MCAO

MCAO

MCAO

Glutamate-induced

OGD

Mechanisms

Nrf21

AQP4|

NQO1, HO1, SOD2, Gpx1, IL-107
IL-1B, INOS|

Nrf21

AQP4|

NQO1, HO1, SOD2, Gpx11

Nrf2 pathway

ASK1, ROS, TUNEL |

MDAT

GPx, SOD, CAT|
Cholinergic immunoreactivity,
NADPH-dT

TNF-a, IL-1B, IL-6]

SOD, GPxT

MDA|

GSH, GR, CAT, GST, GPx, SODT
LPO|

BrdU+/NeuN+T

miR-139-5p, Nrf2]

NLRP3, ASC, Caspase 1 p20, and
GSDMD-N, FoxO1, Keap1, ROS,
TXNIP|
miR-139-5p/FoxO1/Keap1/Nrf2 axis
NF-xB, MMP-9|

NF-kB/MMP-9 pathway

P-NR2b at Ser-1303, calcineurin|

BDNFT

caspase-3, Ac-H3, HDAC2|

NR2B, P- Ser-1303, P-Tyr-1472, P- Ser-
1480|

IL-1a, IL-1B, IL-6, IL-10, IL-18, TNF-a,
IFN-y, IkBa, p65, NF-xB|

NEIL1, NEIL3 T mtDNA and nDNA
damages, caspase-3, TUNEL|
GAP-43, ERK1/2, AKTT

MAPK/ERK and PISK/AKT pathways
BrdU/DCX, Nestin/GFAP, VEGF, BDNF,
pAkt, pERKT

PI3K/Akt and ERK1/2 pathways
PKB/AKTT

ptau, GSK-3p|

PIBK/AKT/GSK-3p pathway

GLT-1, p-PKB/Akt, p-ERK1/21
glutamate |

NF-xB p65, PARP-1 |

Ca?* Influx, TUNEL and caspase-3|

ASIC2ar

TRPM7, ASIC1a|

ROS, CytoC, AIF|

iNOS and COX-2|

BBB permeabilityT

CAT, SOD2, GPX, GST, GSH/GSSG,
complexes I-IV] ROS|

caspase 3, Ca* influx|

GPX, SOD, CATT
MDA, GSH, GSSG, ROS|

Ginsenosides Against Ischemic Stroke

Effects

Antioxidant

Antioxidant, anti-inflammation
Oxidative stress, inflammation,
improve long-term recovery
Antioxidant, attenuate acute
sensorimotor deficits, improve
long-term functional recovery
Oxidative stress, apoptosis
Antioxidant

Improve learning and memory
Inflammation

Antioxidant

Antioxidant

Neurogenesis

Pyroptosis

BBB inflammation

Excitotoxicity

Epigenetic modulation
apoptosis
Neuroprotection

Inflammation

Attenuate DNA damage,
apoptosis

Neurite outgrowth, neuronal
repair

Neurogenesis

Attenuates tau protein, reduce
sequential cognition
impairment

Glutamate clearance

Inflammation, apoptosis
Ca?* Influx

Ca®* Influx

Mitochondrial protection,
energy restoration, inhibition of
apoptosis

Oxidative, inflammatory

Wider therapeutic window
Redox imbalance, oxidative
damage, mitochondrial function

Apoptosis

Oxidative stress

References

Liu et al. (2020)

Liu et al
(2019b)
Liu et al
(2019a)
Liu et al
(2018b)

Cheon et al.
(2013)

Ban et al.
(2012)

Park et al.
(2011a)

Lee et al.
(2011)

Kim et al.
(2009)
Shah et al.
(2005)
Zheng et al.
(2011)

Yao et al.
(2022)

Zhang et al.
(2020b)
Zhang et al.
(2020a)

Wan et al.
(2017)
Xie et al. (2016)

Zhang et al.
(2016)

Yang et al.
(2016)
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(2016a)
Liuetal. (2015)

Zhang et al.
(2014)

Zhang et al.
(2013)
Huetal. (2013)
Zhang et al.
(2012a)

Zhang et al.
(2012b)

Ye et al.
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(2011a)
Ye et al.
(2011b)
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TABLE 1 | (Continued) Summary of effects and mechanisms of ginseng and ginsenosides in vitro and in vivo models.

Gensing and
gensinosides

Rb1

Rb1, Ry

Rb1, Rh2, Rg1,
Rg3, Rgb, Re

Rb1

Rb1

Rb1

Rb1

Rb1

Rb1

Rb1

Rb1

Rb1
Rb1

Rb1

Rb1

Rb1

Rb1

Rb1

Rob1

Rg1

Rg1

Rg1

Rg1

Rg1

Rg1

Rg1

Rg1

Rg1

Rg1
Rg1

Content of
ginsenosides in
panax ginseng

0.11 = 0.02%Park
et al. (2013)
0.29-2.0%Chen
et al. (2019b)

0.27 + 0.04%Park
et al. (2013)
0.32-1.55%Chen
et al. (2019b)

Animals/Cells and
Dosage

C57BL/6 mic, 50 mg/kg

Astrocyte cultures

Rb1, 2, 5, 10 pM

Rgt, 2, 5, 10 yM

PC12 cells Rb1, 50 pg/ml Rh2,
0.5 pg/ml Rg1, 5 pg/ml Rg3,
20 pg/ml Rg5, 100 pg/ml Re,
5 pg/ml

SD rats, 50 or 100 mg/kg SH-
SY5Y cells, 10 pmol/L

Wistar rats, 50, 10, 200 mg/kg

C57BL/6 J mice, 0.5, 1, 5 or
10 mg/kg

ICR mice, 5, 20 or 40 mg/kg
Microglial cell, 100 pg/ml
SH-SY5Y cells, 1.0, 10 and
100 uM

SD rats, 100 mg/kg

SD rats, 12.5 mg/kg

SD rats, 12.5 mg/kg
Wistar rats, 40 mg/kg

Cynomolgus monkeys, 300 pg/kg

SHR-SP rats, 20 pg/kg
Wistar rats, 40 mg/kg
SHR-SP rats, 20 pg/kg
SHR-SP rats, 20 pg/kg
Mongolian gerbils, 80 pg/kg

SD rats, 40 mg/kg

SD rats, 50 mg/kg

SD rats, 20 mg/kg

PC12 cells, 0.01-1 pmol/L

SD rats, 10, 20, or 40 mg/kg

C57BL/6 mice, 10, 20 or 40 mg/kg

hCMEC/D3 cells,0.1-1,000 uM
C57BL/6 mice, 20, 40 mg/kg
SD rats, 6 mg/kg BV2, 8 pg/ml
SD rats, 30 or 60 mg/kg
Cortical neurons, 30 or 60 uM

NSCs, 0.01-50 uM

SD rats, 40 mg/kg
SD rats, 20, 40 or 60 mg/kg

Model

dMCAO

OGD/R

CoCly-induced

Microperfusion of
Glu and CaCl,
OGD/R

MCAO

MCAO

MCAO

HoO5-induced

OGD

MCAO

MCAO

MCAO
MCAO

TSM

MCAO

MCAO

MCAO

MCAO

TFI

MCAO

MCAO

tMCAO OGD/R

MCAO

dMCAO OGD

MCAO
MCAO OGD
MCAO

OGD

OGD

MCAO
MCAO

Mechanisms

GAP43, BDA, cAMP, PKA, pCREBT
CAMP/PKA/CREB Pathway

CAT, complexes I-V, ATPT
ROS|

ROS, TLR4, MyD88, SIRT1, P65, IL-18,

TNF-a, IL-6]

P-Akt, P-mTORT P-PTEN|P-AKT/
P-mTOR pathway

caspase-3, caspase-9, HMGB1, NF-kB,

TNF-a, IL-6, NO|

GSHT

MDA, NO, ROS, NOX-1, NOX-4,
NADPH, pERK1/2|

MMP-9, NOX-4 |

TNF-a, NO, O2-|

p-Akt]

LC3lIl, Beclin1 |

PI3K/Akt Pathway

BDNF, GAP-43, NFT

IL-1, TNF-a|

NF-kB/p65, IKK-a, [kB-a, TNF-a, IL-6

LC3, Beclin 1]
BDNFT caspase-3|

NeuNT
TUNEL, GFAP|
VEGF, Bel-xLT

GDNF, Bcl-27 bax|
Bel-xLT

Infarcted area|
scavenging free radicals
Hippocampal blood flowT
scavenging free radicals
Bel2 1

Bax, TUNEL, p-PERK, p-elF2, ATF4|
PERK-elF2-a-ATF4 signaling pathway
Glycolysis or gluconeogenesis, amino
acid metabolism, lipid metabolism|

Nrf2, ARE, HO-1, NQO-1, GCLC,
GCLMT miR-144 |

miR-144/Nrf2/ARE pathway

p-IkBa, P65, IL-6, IL-18, TNF-a, IFN-y|

BrdU+/CD31+, BrdU+/GFAP+, VEGF,
HIF-1a, p-Akt, p-mTORT
PI3BK/Akt/mTOR signaling pathway
BDNFT IL-18, TNF-a, IL-6, Glu, Asp|

miR-155-5p|

SOD, CAT, PPARyT

MPO, TNF-a, IL-6]

Bel-21

Caspase3, Bax, p-p38, p-JNK2|
PAR-1]

PPARy, HO-1, bal-21

caspase-3, caspase-9, IL-1p, TNF-a,
HMGB1, RAGE|

Ginsenosides Against Ischemic Stroke

Effects

Axonal regeneration, motor
functional recovery

Mitochondrial oxidative

Apoptosis, mitochondrial
membrane potential,
inflammation

Neuroprotection,
microenvironment

Apoptosis, inflammation

Antioxidant

BBB

Apoptosis

Aautophagy

Neuroprotection

Inflammation

Autophagy
Neurogenesis

Neuroprotection

Neuroprotection

Apoptotic

Apoptotic

neuroprotection

neuroprotection

ER, apoptosis

Energy metabolism, amino
acids metabolism, lipids
metabolism

Oxidative stress

Inflammation

Angiogenesis

Neuroprotection

Neuroprotection

Antioxidative, anti-Inflammatory

Apoptosis

BBB permeability
Inflammation, apoptosis
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TABLE 1 | (Continued) Summary of effects and mechanisms of ginseng and ginsenosides in vitro and in vivo models.

Gensing and Content of

gensinosides ginsenosides in

panax ginseng

Rg1

Rg1

Rg1

Rg1

Rg1

Rg1

Rg1

Rg2 0.06 + 0.04%Park
et al. (2013)
0.01-0.09%Chen
et al. (2019b)

Rg3 0.05 + 0.04%Park
et al. (2013)
0.001-0.003%
Chen et al. (2019b)

Rg3

Rg3

Rg3

Rg3

Rg3

Re 0.22 + 0.03%Park
et al. (2013)
0.44-1.2%Chen
et al. (2019b)

Re

CK

CK

OA

F1

Rh2 0.001-0.006%

Chen et al. (2019b)

Animals/Cells and
Dosage

SD rats, 30, 60 mg/kg
Hippocampal neurons, 5, 20,
60 mM

BALB/c mice, 20 or 40 mg/kg
Astrocytes, 10 uM

SD rats, 20 mg/kg

PC12 cells, 0.1-10 uM

SD rats, 20 mg/kg
Hippocampal neurons,
110,100 uM

Mongolian gerbils, 5 and 10 mg/kg

SD rats, 2.5, 5 and 10 mg/kg

SD rats, 20 mg/kg

SD rats, 20 mg/kg

SH-SY5Y cells, 1, 5, 25,
125 pmol/L

SD rats, 10 and 20 mg/kg
Mitochondria, 2-16 pM
Wistar rats, 10 and 5 mg/kg

SD rats, 5, 10 or 20 mg/kg

Wistar rats, 5, 10, 20 mg/kg

PC12 cells, 2, 4, 8 uM

C57BL/6 mice, 30 mg/kg
BV2, 25, 50, 75 UM

SD rats, 10, 20 mg/kg
SH-SY5Y cells, 10, 20, and 40 uM
SD rats, 50 mg/kg

BV2, 5, 25 uM

Model

MCAO
OGD

MCAO
H,O5-induced
MCAO
H,O5- induced

MCAO
OGD

MCAO

MCAO

MCAO/R

MCAO/R

OGD/R
MCAO
Ca?*, H202
induced
MCAO

MCAO

MCAO

OGD/R

MCAO
LPS

MCAO
OGD/R
MCAO

LPS and IFN-y-
induced

Mechanisms

PPARy/Heme oxygenase-1 (HO-1)
signaling

Regulate systemic metabolic
Calcium influx] NNOST

mitochondrial membrane potentialT
Ca®*, ROS|
AQP4|

Akt, ERK1/2 T p-IkBa, p-IKKB, p65]
NF-kB pathway

Ca?* 1

NMDA receptors and L-type voltage-
dependent Ca®* channels

BrduT

BCL-2, P537
BAX, HSP70|

22 differentially expressed miRNAs 415
differentially expressed mRNAs cGMP-
PKG, cAMP and MAPK signaling
pathways

239 differentially expressed INcRNAs 538
differentially expressed mRNAs TNF, NF-
kB, cytokine, and other receptor
signaling pathways

Bel-27

Bax, cleaved caspase-3|

calpain |, caspase-3, TUNEL|

ATP, respiratory control ratio T

MPTP|

MDA, ATP T

SOD, GSH-Px |

MDA, H* -ATPase|

decrease mitochondrial swelling

SOD, GSH-PxT

MDA|

p-mTORTP-AMPK, p62, Atg7, Atgs,
LC3IIN|

AMPK-mTOR pathway

HO-117

IL-6, MCP-1, MMP-3, and MMP-9|
ROS, MAPKs, NF-kB/AP-1, and HO-1/
ARE signaling pathways

Nissl+, NeuN+T

GSK-3B, HO-1, ROS, TUNEL |
GSK-3B/HO-1 pathway

MVD, IGF-1/IGF1RT

IGF-1/IGF1R pathway

IL-107

NO, COX-2, TNF-a, IL-1]

AP-1 and PKA pathway

Ginsenosides Against Ischemic Stroke

Effects

Neuroprotection
Neuroprotection

Apoptosis Ca®* overload
BBB
Oxidative stress

Neuroprotection

Neurogenesis cell proliferation

Apoptosis

Neuroprotection

Neuroprotection

Apoptosis

Neuroprotection, apoptosis
Neuroprotection

Lipid peroxides, oxidative

stress, energy metabolism
Oxidative stress

Oxidative stress

Autophagy, apoptosis

Anti-inflammation

Antioxidative

Angiogenesis, improve focal
cerebral blood perfusion
Inflammation
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Linetal. (2015)
Heetal. (2014)
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(2014)

Zhou et al.
(2014)
Liuetal. (2011)

Zhang et al.
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Shen and
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Zhang et al.
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Zhang et al.
(2022)

Yang et al.
(2022)

He et al. (2017)

Heetal. (2012)
Tian et al
(2009)
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Park et al.
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KRG, Korean red ginseng; BG, Black ginseng; KGT, Korean ginseng tea; RGE, Red Ginseng Extract; PGE, Panax ginseng extract; GTS, Ginseng total saponins; GTS, Ginseng total
saponins; CK, Compound K; OA, Oleanolic acid; HI, Hypoxia-Ischemia; pdMCAQ, permanent distal middle cerebral artery occlusion; tMCAO, transient middle cerebral artery occlusion;
MCAO/R, middle cerebral artery occlusion/reperfusion; TGCI, transient global cerebral ischemia; TSM, T hromboembolic stroke model; TFl, transient forebrain ischemia; OGD/R, oxygen-
glucose deprivation/reoxygenation; CCH, chronic cerebral hypoperfusion; NSCs, Neural stem cells; ASK1, apoptosis signal-requlating kinase 1; NADPH-d, nicotinamide adenine

dinucleotide phosphate-diaphorase; TNF-a, tumor necrosis factor-a, IL-1p, interleukin-1 beta; MDA, malondialdehyde; SOD, superoxide dismutase; GPx, glutathione peroxidase; LPO,
lipid peroxidation; GSH, glutathione; GR, glutathione reductase; CAT, catalase; GST, glutathione-S-transferase; Ac-H3, acetylated histone H3; HDAC2, histone deacetylase 2; mtDNA,
mitochondrial DNA; ROS, reactive oxygen species; ATP, adenosine triphosphate; HMIGB1, High-mobility group box 1; MMP-9, matrix metalloproteinase-9; NOX; nicotinamide adenine
dinucleotide phosphate oxidase; HSP70, heat shock protein 70; BBB, blood-brain barrier; ER, endoplasmic reticulum stress;, MPTP, mitochondrial permeability transition pore; MVD,

microvessel density.
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Rgl (Zheng et al,, 2019), ginsenoside Rg2 (Zhang G. et al., 2008),
ginsenoside Rg3 (He et al., 2017), ginsenoside Rg5 (Cheng et al.,
2019), ginsenoside Rh2 (Bae et al., 2006), ginsenoside F1 (Zhang
et al., 2019), Compound K (Huang et al., 2020), Oleanolic acid
(Lin etal., 2021) (Figure 1). Overall, the neuroprotective effects of
ginseng and ginsenosides against cerebral ischemia are mediated
by the regulation of excitotoxicity, Ca®" overload, inflammation,
mitochondria dysfunction, oxidative stress, apoptosis, pyroptosis,
autophagy, BBB permeability, angiogenesis, and neurogenesis, as
shown in Table 1 and Table 2. The content of ginsenosides in
Panax ginseng is also shown in Table 1.

Panax Ginseng and its Neuroprotective
Effects

According to the manufacturing processing technique of
ginseng, Panax ginseng can be divided into three types:
white ginseng, red ginseng, and black ginseng (Hyun et al.,
2022). White ginseng is produced by dehydration in the sun
without cooking, and red ginseng is steamed at 90-100°C for
2-3 h. Until now, red ginseng is mainly processed in Korea,
which is also named Korea red ginseng (KRG). While black
ginseng is generated by steaming red ginseng nine times (Jo
et al., 2009; Wan et al., 2021). The therapeutic effects of KRG
on permanent and transient hypoxic-ischemic brain damage
were studied in rats and mice at 100-360 mg/kg per day. In
hypoxic-ischemic (HI) mice, 7 days before HI pretreated with
KRG, reduced infarct volume, cerebral edema, and
degeneration of hippocampal neurons were observed at 6 h,
24 h, 7 days, and 28 days after HI (Liu et al., 2019a; Liu et al.,
2020). What’s more, red ginseng pretreatment could also
suppress apoptosis in ischemic lesions (Cheon et al., 2013).
Recent studies have shown that KRG pretreatment has elicited
robust and prolonged anti-oxidative and anti-inflammatory
effects after hypoxia-ischemia via an Nrf2-dependent manner.
While Nrf2-dependent endogenous neuroprotection effects
attenuate sensorimotor deficits and gliosis reactive in
microglia and astrocytes, they regulate dynamic glutamine
synthetase (GS) and aquaporin 4 (AQP4) expressions, thus
improving long-term functional recovery (Liu L. et al., 2018;
Liu et al., 2019b; Liu et al., 2020). Red ginseng could play the
effect of anti-oxidant by reducing the level of lipid
peroxidation (Ban et al, 2012), and increasing the
expression of GSH, CAT, GST, glutathione peroxidase GPx
and SOD (Kim et al., 2009) (Shah et al., 2005). Meanwhile, the
neuroprotection of anti-inflammation may raise IL-10
expression and reduce the levels of TNF-«, IL-1f, and IL-6
in serum (Lee et al., 2011). In addition, black ginseng is helpful
for the treatment of vascular dementia via reduced loss of
cholinergic immunoreactivity and nicotinamide adenine
dinucleotide  phosphate-diaphorase (NADPH-d)-positive
neurons in the hippocampus (Park H. J. et al., 2011).
Ginseng total saponins could increase the number of
BrdU+/NeuN+ cells to induce endogenous neural stem cell
activation (Zheng et al, 2011), further supporting the
beneficial role of ginseng in ischemic stroke.

Ginsenosides Against Ischemic Stroke

Ginsenoside Rd and its Neuroprotective
Effect

Ginsenoside Rd is one of the major ginsenosides responsible for
pharmaceutical activities and has been demonstrated to exert
significant neuroprotective in preclinical and clinical studies. In
vitro and in vivo studies show that ginsenoside Rd could improve
neuron survival and decrease neuron apoptosis. Ginsenoside Rd
modulates the balance between acetylated histone H3 (Ac-H3)
and histone deacetylase [histone deacetylase 2 (HDAC2)], thus
upregulating BDNF in chronic cerebral hypoperfusion (CCH)
mice and OGD/R neurons (Wan et al,, 2017). Ginsenoside Rd
significantly inhibits glutamate-induced Ca®" entry in cortical
neurons and prevents cell apoptosis (Li et al., 2010). A recent
study shows that ginsenoside Rd regulates cerebral ischemia/
reperfusion injury by exerting an anti-pyroptotic effect through
the miR-139-5p/FoxO1/Keapl/Nrf2 axis (Yao et al, 2022).
What’s more, ginsenoside Rd administration could enhance
ischemic  stroke-induced  cognitive  impairment  and
downregulate tau protein phosphorylation via the PI3K/AKT/
GSK-3 pathway (Zhang et al., 2014). Glutamate is essential for
excitatory synapse transmission; however, overstimulation of
ionic glutamate receptors can trigger excessive calcium influx,
leading to excitotoxicity of neurons. Ginsenoside Rd protects
neurons against glutamate-induced excitotoxicity by inhibiting
Ca®" influx (Zhang C. et al., 2012), attenuating the expression of
transient receptor potential melastatin 7 (TRPM7) and acid-
sensing ion channels la (ASICla) (Zhang Y. et al,, 2012), and
mitigating DAPK1-mediated NR2b phosphorylation and
attenuating calcineurin activity (Xie et al, 2016; Zhang C.
et al, 2020). Ginsenoside Rd administration promotes
glutamate clearance by upregulating the expression of glial
glutamate transporter-1 (GLT-1) through PI3K/AKT and
ERK1/2 pathways (Zhang et al., 2013).

Pretreatment of ginsenoside Rd plays antiapoptotic and anti-
inflammatory effects in MCAO rats through inhibiting poly
(ADP-ribose) polymerase-1, preventing the mitochondrial
release of apoptosis-inducing factor (AIF), and reducing the
accumulation of NF-kB p65 subunit nuclear (Hu et al., 2013).
Another study showed that ginsenoside Rd could eliminate
inflammatory injury by inhibiting the expression of iNOS and
cyclooxygenase-2 (COX-2) (Ye et al,, 2011c). Oxidative stress
caused by ischemic stroke leads to DNA damage and triggers cell
death. Ginsenoside Rd could upregulate the endogenous
antioxidant system, preserve the mitochondrial respiratory
chain complex and aconitase activities, downregulate
mitochondrial hydrogen peroxide production, and stabilize
mitochondrial membrane potential (Ye et al., 2009; Ye et al,
2011b; Yang et al,, 2016). Another similar report showed that
ginsenoside Rd minimizes mitochondria-mediated apoptosis
following focal ischemia by reducing the mitochondrial release
of cytochrome ¢ (CytoC) and AIF. In vitro studies further
exhibited that ginsenoside Rd could attenuate mitochondrial
swelling, preserve MMP, and decrease ROS production (Ye
et al,, 2011d). Following ischemic stroke, impaired cell volume
regulation can lead to cytotoxic cell swelling, disruption of BBB
integrity, and brain edema. Ginsenoside Rd could pass through
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TABLE 2 | Summary of clinical trials of ginsenosides interventions in cerebarl ischemic stroke patients.

Gensinosides Model Sample sizes

Rd Acute Ginsenoside Rd group (n =
ischaemic 290) placebo group (n = 96)
stroke

Rd Acute Ginsenoside-Rd 10 mg (n =
ischaemic 65) ginsenoside-Rd 20 mg
stroke (n = 67) placebo group

(n =67)

Inclusion criteria

1) 18-75 years of age; 2) had
received a clinical diagnosis of
primary acute ischaemic stroke and
were able to receive the study drug
within 72 h after the onset of
symptoms; 3) had a score of 5-22
on the NIHSS

1) between 18 and 75 years of age;
2) had a clinical diagnosis of primary
acute ischaemic stroke with an
onset of the first episode within the
previous 72 h; 3) had a score of

Ginsenosides Against Ischemic Stroke

Evaluaive Results References
critera

NIHSS BI Ginsenoside Rd improved the Liu et al.
NIHSS and mRs scores, and had  (2012)
an acceptable adverse event
profile.

NIHSS Ginsenoside Rd improved NIHSS  Liu et al.

Bl mRs scores at 15 days, no significance  (2009)

of Bl and mRs scores at 15 and
90 days.

5-22 on the NIHSS

NIHSS, national institutes of health stroke scale; mRs, modified Rankin scalel; Bl, barthel index.

the intact BBB and exert neuroprotection effects in transient and
permanent MCAO rat models (Ye et al, 2011a). In addition,
ginsenoside Rd attenuates BBB by inhibiting proteasome activity
and sequentially suppressing the NF-kB/MMP-9 pathway (Zhang
X. et al.,, 2020). At the same time, ginsenoside Rd could promote
neurogenesis via upregulating the expression of VEGF, BDNF,
and growth-associated protein of 43kDa (GAP-43) and
activating the PI3K/Akt and ERK1/2 dependent pathways (Liu
et al., 2015; Wu S. D. et al,, 2016).

Two randomized, double-blind, placebo-controlled, phase II
multicenter clinical trials involving 199 patients (Liu et al., 2009)
and 390 patients (Liu et al, 2012) with acute ischemic stroke
showed that Rd could improve patients’ neurologic deficits scores
at 15 or 90 days and ameliorate disability by modified Rankin
Scale (mRS) score at 90 days after stroke. The therapeutic effect of
ginsenoside Rd may be related to its capability to suppress
microglial proteasome and secondary inflammation (Zhang
et al, 2016). The studies suggested that ginsenoside Rd is a
promising neuroprotectant in acute ischemic patients.

Ginsenoside Rb1 and its Neuroprotective
Effects

Ginsenoside Rb1 is one of the main bioactive saponins in ginseng,
which could alleviate cerebral ischemia injury via modulating
apoptosis, autophagy, oxidative, inflammation, BBB permeability,
and promoting neurogenesis (Jiang et al., 2013; Luo et al., 2014;
Chen et al., 2015; Cheng et al., 2019). Apoptotic caspases further
classified as initiator caspases (Caspase-8, -9, -10), and effector
caspases (Caspase-3, -6, -7) based on their functions (Wu Y. et al.,
2016). Ginsenoside Rbl could inhibit apoptosis and attenuate
damaged neurons by downregulation of the expression of
caspase-3, caspase-9 (Liu A. et al, 2018), nitric oxide, and
superoxide (Ke et al, 2014), and up-regulating the expression
of the mitochondrion associated antiapoptotic factor Bcl-xL
(Zhang et al, 2006). Ginsenoside Rbl could inhibit the
expression of Beclin-1 and LC3-II via activation of PI3K/Akt
pathway (Lu et al,, 2011; Luo et al,, 2014). The neuroprotective

effect of ginsenoside Rbl is also related to the activation of Akt/
mTOR signaling pathway and inhibition of P-PTEN protein
(Guo et al., 2018).

Free radicals can be excessively produced following cerebral
ischemia. Ginsenoside Rbl protects the cerebral cortex and
hippocampal CA1l neurons against ischemic damage by
scavenging free radicals (Lim et al., 1997; Zhang et al., 1998).
Administration of Rbl or Rgl could improve the mitochondrial
and reduce ROS production in OGD/R cultured astrocytes, with
increased activity of CAT, complexes I, II, III, and V, elevated
level of mtDNA and ATP, and attenuated the MMP
depolarization (Xu et al., 2019). Furthermore, ginsenoside Rb1l
also showed an antioxidative effect in aged mice (Dong et al,
2017). Inflammation plays an important role in the
pathophysiological process after ischemic stroke, which could
induce secondary brain damage (Rajkovic et al, 2018).
Ginsenoside Rbl could exert anti-inflammatory effects by
downregulating the expression of IL-6, and TNF-a (Zhu et al,,
2012), which is associated with TLR4/MyD88 and SIRTI
signaling pathways (Cheng et al.,, 2019). High mobility group
box1 (HMGB1) is a highly abundant non-histone DNA-binding
nuclear protein and is a crucial pro-inflammatory factor in
ischemic stroke. Administration of Ginsenoside Rb1 could also
attenuate cerebral ischemic reperfusion-induced apoptosis and
inflammation via inhibiting HMGBIlinflammatory signals (Liu A.
et al,, 2018). In addition, ginsenoside Rb1 protects BBB integrity
following cerebral ischemia and reduces brain edema by
suppressing neuroinflammation induction of MMP-9 and
NOX4-derived free radicals (Chen et al., 2015). Ginsenoside
Rbl has a positive effect on neurogenesis, probably via
improving the expression of NeuN, BDNEF, glial-derived
neurotrophic factor (GDNF), and growth-associated protein 43
(GAP43), while decreasing the expression of TUNEL, caspase-3,
and GFAP (Yuan et al.,, 2007; Yoshikawa et al., 2008) (Jiang et al.,
2013) (Gao et al,, 2010). Intravenous infusion of ginsenoside Rb1l
prevents ischemic brain damage through upregulation of VEGF
and Bcl-xL (Sakanaka et al, 2007). In addition, ginsenoside
Rblcould promote functional motor recovery in post-stroke
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mice by stimulating axonal regeneration and brain repair by
regulating the cAMP/PKA/CREB pathway (Gao X. et al., 2020).

Ginsenosides Rg1, Rg2, Rg3, Rg5 and Their
Neuroprotective Effects

Ginsenoside Rg, including Rgl, Rg2, Rg3, and Rg5, has been
widely used in cerebral ischemic stroke with therapeutic effects of
anti-apoptosis (Zhang G. et al, 2008), antioxidant (Li et al,
2017a), anti-inflammation (Zheng et al, 2019), regulating
energy metabolism (Gao J. et al, 2020), and promoting
angiogenesis (Chen J. et al., 2019) and neurogenesis (Shen and
Zhang, 2003).

Ginsenoside Rgl could reduce the neurological deficit scores,
brain edema, and infarct volume in MCAO mice and inhibit
intracellular Ca®" overload and ROS production in astrocytes
(Sun et al., 2014). Neuron apoptosis, inflammation, and oxidative
stress are the main pathological characteristics of cerebral
ischemia stroke. Ginsenoside Rgl protects NSCs from OGD-
induced cell apoptosis and oxidative stress via inhibiting the
phosphorylation of p38/JNK2 (Li et al, 2017b), while Rgl
combined with mannitol protects neurons against apoptosis
through the PERK-elF2-a-ATF4 signaling pathway (Gu et al,
2020). PPARy/Heme oxygenase-1 (HO-1) signaling was critical
in mediating apoptosis and inflammation, while ginsenoside Rgl
could activate PPARyY/HO-1 and provide neuroprotective effects
via modulating the expression of levels of PPARy, Bcl-2, cleaved
caspase-3, cleaved caspase-9, IL-1f3, TNF-a, HMGBI1 (Yang et al.,
2015). Similarly, ginsenoside Rg2 and Rg3 exert a neuroprotective
effect against apoptosis by decreasing the levels of Bax, and

increasing the levels of Bcl-2 (He et al., 2012; He et al,, 2017)
(861 Ginsenoside Rgl, Rg3, Rg5, Rbl, Rh2, and Re could reduce
cerebral ischemic damage by inhibiting NF-kB transcriptional
activity and the expression of pro-inflammatory cytokines
(Cheng et al, 2019; Zheng et al., 2019). Administration of
ginsenoside Rgl in combination with geniposide protected
against focal cerebral ischemia injury via microglial
microRNA-155-5p inhibition (Wang J. et al., 2018). Moreover,
the neuroprotection of ginsenoside Rg3 against ischemic injury is
associated with multiple IncRNAs, miRNAs sand mRNAs, which
mainly related to the tumor necrosis factor (TNF), NF-kB,
cytokine, and c¢GMP-PKG, cAMP and MAPK signaling
pathways (Yang et al., 2022; Zhang et al., 2022).

A previous study confirmed that ginsenoside Rgl exerts the
neuroprotective effect of antioxidant via downregulation of the
NF-kB signaling pathway, and activation of Akt and ERK1/2 in
H,0,-induced cell injury (Liu et al., 2011). In vitro and in vivo
studies showed that Ginsenoside Rgl significantly increased
PPARy expression and regulated the oxidative stress and
inflammation after ischemic injury (Li et al, 2017a).
Additionally, ginsenoside Rgl could alleviate oxidative stress
via inhibiting miR-144 and promoting the Nrf2/ARE pathway
after ischemic/reperfusion injury (Chu et al.,, 2019). What’s more,
ginsenoside Rgl exerts neuroprotective effects by blocking the
intracellular calcium overload and decreasing the concentration
of free calcium and iNOS activity after OGD exposure (He et al.,
2014), the inhibition of calcium influx via NMDA receptors and
L-type voltage-dependent Ca®" channels (Zhang Y. F. et al,
2008). Metabolic changes play an important role in cerebral
ischemic damage. The potential therapeutic effect of
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FIGURE 3 | The effects and mechanisms of ginsenosides against cerebral ischemic injury via multiple signaling pathways.

ginsenoside Rgl is possible via suppressing the systemic
metabolic changes in cerebral injury rats (Lin et al, 2015).
NSCs transplantation combined with ginsenoside Rgl could
significantly improve the cerebral infarct and neurological
deficits via intervening energy metabolism, amino acids
metabolism, and lipids metabolism (Gao J. et al, 2020).
Besides, ginsenoside Rg3 could decrease the activities of SOD
and GSH-Px, and enhance MDA and ATP levels after cerebral
ischemia, which provide neuroprotection via reducing lipid
peroxides, scavenging free radicals, and improving
mitochondrial energy metabolism (Tian et al, 2005; Tian
et al., 2009).

Angiogenesis plays a crucial role in reconstructing brain tissue
and recovering neurological function after an ischemic stroke.
Ginsenoside Rgl could promote cerebral angiogenesis through
the PI3K/Akt/mTOR signaling pathway, via upregulating the
expressions of VEGF, HIF-1a, PI3K, p-Akt, and p-mTOR, and
significantly increase the proliferation, migration and tube
formation of endothelial cells (Chen J. et al., 2019). Besides,
ginsenoside Rgl exerts neuroprotection in cerebral ischemic
injury via increasing the expression of BDNF in the
hippocampal CA1 region and decreasing the expression of IL-
18, IL-6, and TNF-« in serum (Wang L. et al., 2018), as well as
promoting the neurogenesis in the dentate gyrus of gerbils after
global ischemia (Shen and Zhang, 2003). Ginsenoside Rgl could
also ameliorate neurological injury by attenuating BBB

permeability, which is related to the downregulation of PAR-1
and aquaporin 4 expressions (Xie et al., 2015) (Zhou et al., 2014).

Other Ginsenosides and Their

Neuroprotective Effects

In addition to ginsenosides summarized above, ginsenoside Re,
Rh2, F1, and Compound K, Oleanolic acid may also play a
neuroprotective role in treating cerebral ischemic stroke.
Ginsenoside Re  significantly ~improved  mitochondrial
membrane fluidity and decreased mitochondrial swelling,
which ameliorated lipid peroxidation and protected neurons
via improving the activities of SOD and GSH-Px, and
reducing the content of MDA in the rat brain (Zhou et al,
2006; Chen et al, 2008). Oleanolic acid (OA) exerts
neuroprotective effects via reducing ROS production and
suppressing the activation of GSK-3f, and upregulating the
expression of HO-1throgh GSK-38/HO-1 signaling pathway in
OGD/R induced SH-SY5Y cells and MCAO rats (Lin et al., 2021).
Compound K (CK), a ginseng saponin metabolite, showed the
neuroprotective effect of anti-inflammatory via suppressing
microglial activation through inhibiting ROS, MAPK, and NF-
kB/activator protein-1 (AP-1) and enhancement of HO-1
signaling (Park et al, 2012). Pretreatment of CK protects
against neuron damage by increasing cell viability and
decreasing ROS generation, mitochondrial damage, and Ca**
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overload. What’'s more, OGD/R-induced autophagy and
apoptosis in neurons could be regulated by modulating the
AMP-activated protein kinase (AMPK) and mTOR pathway
(Huang et al., 2020). Ginsenoside Rh2 inhibited the expression
of COX-2, TNF-a, and IL-1f8, and promoted the anti-
inflammatory cytokine IL-10, depending on the AP-1 and
protein kinase A (PKA) pathway, which is more potent than
the anti-inflammatory effect of ginsenoside Rg3 (Bae et al., 2006).
Ginsenoside F1 could promote angiogenesis through the insulin-
like growth factor 1 (IGF-1)/insulin-like growth factor 1 receptor
(IGF1R) pathway and might also enhance focal cerebral blood
perfusion and increase cerebral microvessel density in MCAO
rats (Zhang et al., 2019).

CONCLUSION AND PERSPECTIVES

Currently, effective therapies for preventing and treating patients
with ischemic stroke remain a challenge. Panax ginseng has been
widely used in eastern countries for various diseases. The
neuroprotective effects of ginseng or ginsenosides on preclinical
and clinical ischemic stroke injury have been demonstrated during
the last decade. This review concludes our recent findings related to
the effects of ginseng and ginsenosides against ischemic stroke. As
shown in Figure 2, ginsenoside Rd, Rbl and Rgl are the most
commonly used in treating ischemic stroke. Mechanisms
underlying the neuroprotective effects of ginseng or
ginsenosides include regulation of excitotoxicity, Ca** overload,
inflammation, mitochondria dysfunction, oxidative stress,
apoptosis, pyroptosis, autophagy, BBB permeability, improving
angiogenesis and neurogenesis. These effects can potentially
improve abnormal neurobehaviors, such as sensorimotor or
cognitive  deficits. = Ginseng and  ginsenosides  exert
neuroprotective effects via modulating multiple signaling
pathways, such as MAPK/ERK, PI3K/AKT, cAMP/PKA,
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Panax quinquefolius L. has attracted extensive attention worldwide because of
its prominent pharmacological properties on type 2 diabetes, cancers, central
nervous system, and cardiovascular diseases. Ginsenosides are active
phytochemicals of P. quinquefolius, which can be classified as propanaxdiol
(PPD)-type, propanaxtriol (PPT)-type, oleanane-type, and ocotillol-type oligo-
glycosides depending on the skeleton of aglycone. Recently, advanced
analytical and isolated methods including ultra-performance liquid
chromatography tandem with mass detector, preparative high-performance
liquid chromatography, and high speed counter-current chromatography have
been used to isolate and identify minor components in P. quinquefolius, which
accelerates the clarification of the material basis. However, the poor
bioavailability and undetermined bio-metabolism of most saponins have
greatly hindered both the development of medicines and the identification
of their real active constituents. Thus, it is essential to consider the bio-
metabolism of constituents before and after absorption. In this review, we
described the structures of minor ginsenosides in P. quinquefolius, including
naturally occurring protype compounds and their in vivo metabolites. The
preclinical and clinical pharmacological studies of the ginsenosides in the
past few years were also summarized. The review will promote the
reacquaint of minor saponins on the growing appreciation of their biological
role in P. quinquefolius.

KEYWORDS

Panax quinquefolius, minor ginsenosides, metabolites, structural diversity,
pharmacological effects
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Introduction

Ginseng root has historically been used as medicine food
homology plant for thousand years in oriental countries. It
occupies a prominent position in the list of best-selling natural
medicines worldwide (Qi et al., 2011). Panax ginseng C.A.
Meyer (known as Asian or Korean ginseng), P. quinquefolius
(known as American ginseng), and P. notoginseng (Burkill)
F.H. Chen (known as Sanchi ginseng) are three reputable folk
medicine around the world. P. quinquefolius is one of the top
10 selling natural health products in the United States. Despite
high
quinquefolius instead exhibits heat-clearing and refreshing

its chemical similarity with Asian ginseng, P.
functions as a tonic medicinal plant (Yang et al., 2014).
Modern pharmacological studies indicated P. quinquefolius
exert a wide range of biological activities, such as
hypoglycemic, cardiovascular protective, anti-diabetic, anti-
tumor, anti-inflammatory, anti-obesity, anti-aging, and
antimicrobial effects (Assinewe et al., 2003; Szczuka et al,,
2019).

It is well documented that the triterpenoid saponins,
called ginseng saponins or ginsenosides, are the major
active compounds in P. quinquefolius (Yuan et al,, 2010).
The ginsenoside profile varies in this herb due to the
cultivation in different areas in terms of total ginsenosides,
the ratio of protopanaxadiol (PPD) to protopanaxatriol
(PPT), and other marker ginsenosides. The type and

contents of ginsenosides are also different in the root,

10.3389/fphar.2022.972813

stem/leaves, flower bud, and fruits. Thus, a wide spectrum
of advanced analytical methods including ultra-performance
liquid chromatography tandem with mass detector,
preparative high-performance liquid chromatography, and
high-speed counter-current chromatography have been
used to isolate and identify minor components in P.
quinquefolius, which accelerates the clarification of its
material basis.

Rbl, Rb2, Rc, Re, and Rgl are considered as major
ginsenosides with high contents in P. quinquefolius. The
multitude of sugar moieties in major ginsenosides affects their
bioavailability after oral intake, as well as the biological activities.
The bioactive ginsenosides in vitro do not always represent the
real active form in vivo, due to the bio-metabolism of constituents
by trillions of gut microbiota in the gastrointestinal tract and
enzymes in blood and tissues after absorption. To link the health
benefits of major ginsenosides to their effects, it is warranted to
determine the profiles of P. quinquefolius and its minor
metabolites.

In this review, the structural diversities of ginsenosides in
different parts of P. quinquefolius are described, especially
naturally occurring minor ginsenosides and those resulting
from biotransformation. Preclinical and clinical studies of P.
quinquefolius and ginsenosides are also delineated. Finally,
special attention is paid to future research trends for P.
quinquefolius, and targets identification of bioactive
ginsenosides and their underlying mechanism exploration

are discussed and prospected.
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FIGURE 1

Geographical distribution of P. quinquefolius based on GMPGIS. The map was plotted using online ArcGIS (ESRI, Redland, CA, United States.
URL: http://www.learngis2.maps.arcgis.com/). Flags showing cultivated or wild resources of P. quinquefolius.
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TABLE 1 The natural occurring ginsenosides in different parts of P. quinquefolius.
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Name

Rb1

Rb2

Rb3

Rc

Rd

Q-1

Q-II

Q-III

Qv
Malonyl-G-Rb1
Pseudo-G-Rcl
G-F2
Gypenoside XVII
Malonyl-G-Rb2
Malonyl-G-Re
20(S)-G-Rh2

Rsl

Pseudo-G-F8
Q-L10

Q-L14

Q-L16
20(5)-G-Rg3

G-F8
Malonyl-G-Rd
20(R)-G-Rg3
20(R)-G-Rh2
20(S)-PPD
20(R)-PPD

Q-Iv
Notoginsenoside G
Notoginsenoside C
floralquinquenoside D
ginsenoside I
Notoginsenoside E
Notoginsenoside K
quinquenoside L3
Notoginsenoside A
quinquenoside L2
quinquenoside L1
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Re

Rf

Rg2

Rh1

F1
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Identification
methods

NMR

NMR

NMR

HPLC

NMR

NMR

NMR

NMR

NMR

NMR

NMR

NMR

NMR

LC/MS/MS, NMR
LC/MS/MS, NMR
LC-MS/MS

NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
NMR
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Yoshikawa et al. (1998)
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TABLE 1 (Continued) The natural occurring ginsenosides in different parts of P. quinquefolius.

No Name Type Medicinal parts Identification References
methods
Root Stem/ Flower Fruits
leaves buds
46 F3 PPT v NMR Nakamura et al. (2007)
47 Q-L17 PPT v NMR Li et al. (2009)
48 Q-F6 PPT v NMR Lu et al. (2012)
49 6-0-Ac-G-Rgl PPT VA NMR Qi et al. (2011)
50 20(S)-Ac-G-Rg2 PPT YV NMR Qi et al. (2011)
51 20(R)-Ac-G-Rg2 PPT v NMR Qi et al. (2011)
52 F-E PPT v NMR Qi et al. (2011)
53 Malonyl-G-Re PPT Y, NMR Wang et al. (2015¢)
54 Rg8 Modified PPT VA NMR Dou et al. (2006)
55 F4 Modified PPT VA NMR Dou et al. (2006)
56 floralquinquenoside E PPT / NMR Nakamura et al. (2007)
57 floralquinquenoside A Modified PPT v, NMR Nakamura et al. (2007)
58 floralquinquenoside B Modified PPT v NMR Nakamura et al. (2007)
59 floralquinquenoside C Modified PPT v NMR Nakamura et al. (2007)
60 quinquenoside L9 Modified PPT v NMR Nakamura et al. (2007)
61 24(R)-pseudo-G-F11 Ocotillol v NMR Chen et al. (1981)
62 24(S)-pseudo-G-F11 QOcotillol v NMR Nakamura et al. (2007)
63 pseudo-RT5 Ocotillol v NMR Nakamura et al. (2007)
64 24(R)-vina-G-R1 Ocotillol v NMR Nakamura et al. (2007)
65 12-one-pseudo-G-F11 Ocotillol v NMR Qi et al. (2020)
66 Ocotillol QOcotillol v NMR Han et al. (2014)
67 3a-ocotillol Ocotillol v NMR Han et al. (2014)
68 pseudo-ginsenoside RT6 Modified v NMR Liu et al. (2013)
Ocotillol
69 pseudoginsengenin R1 Modified v, NMR Liu et al. (2013)
Ocotillol
70 Chikusetsusaponin IVa Oleanane VA NMR Yoshikawa et al. (1998)
71 G-Ro Oleanane VA NMR Qi et al. (2011)
72 ginsenoside la Modified type N NMR Nakamura et al. (2007)
73 quinquefoloside-Ld Modified type VA NMR Xiang et al. (2013)
74 quinquefoloside-Le Modified type vV NMR Xiang et al. (2013)
75 dammar-20(S), 25(S)-epoxy-3p, 12p, Modified type iV NMR Han et al. (2016)

26-triol

P. quinquefolius: Geographical
distribution and application

P. quinquefolius was first found in 1716 by father Joseph-
Francois Lafitau, a Jesuit priest in Canada. He stumbled across
P. quinquefolius growing in the woods near Montreal. It is
distributed native to the temperate forest regions of North
America, from 67° to 95°W longitude and 30° to 48°N latitude,
including North of Quebec and Ontario and South of
Mississippi, Arkansas, and Georgia. Wild ginseng is still
harvested from areas in Wisconsin, Pennsylvania, and New
York State. P. quinquefolius was first introduced to China in
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1975, and the major producing areas are Heilongjiang, Jilin,
Liaoning, Hebei, Shandong, and Shanxi Provinces (Figure 1)
(Shen et al., 2019).

P. quinquefolius can be cultivated in large number of
countries except for the abovementioned places. Based on the
environmental variables over 30 years from 1970 to 2000, and
226 global distribution areas of P. quinquefolius, the maximum
entropy model (MaxEnt) was used to predict the global ecological
suitable areas for P. quinquefolius. The potential ecological
suitable places of P. quinquefolius were primarily in Changbai
Mountain in China and Appalachian Mountain in America, in

the range of 35N-50°N, 110°E-145" and E35°N-50°N,
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Ri107 7
PPD Modified PPD
No Name R1 R2 R3 No Name R1 R2
1 Rbl gle?—gle CH, O-glcS—gle 29 Q-Iv gle?—gle  gleb—gle
2 Rb2 gle?—gle CH;  O-glcS—arap 30 Notoginsenoside G glc?—gle  gle
3  Rb3 gle’—gle CH;  O-gleb—xyl
4 Re gle’—gle CH;  O-glc®—araf
5 Rd gle?—gle CHy;  O-gle
6 QI gle*—>gle®—Butenoyl CH;  O-gle
7 QI gle?’—>gle®—O0ctenoyl CH;  O-gleb—gle
8 Q-II Ac—Sglc’—gle CH; O-gle
9 Q-V gle?—gle CH;  O-gle®—glet—gle Ri07
10 Malonyl-G-Rb1 gle2—!glcS—mal CH;  O-glcS—gle “  Modified PPD
11 Pseudo-G-Rel  gle*—!gle®—Ac CH;  O-gle
12 G-F2 gle CH; O-gle No Name R1 R2
13 Gypenoside XVII glc CH; O-glc—gle
14 Malonyl-G-Rb2 gle?—!glcS—mal CH;  O-glcS—arap 31  Notoginsenoside C gle’—gle  glef—gle
15 Malonyl-G-Re  glc*—!glcS—mal CH;  O-glc®—araf 32 floralquinquenoside D gle gle
16 20S-G-Rh2 glc CH,4 OH 33  ginsenoside I gle—>gle  gle
17 Rsl gle?—!gle®—Ac CH;  O-gleb—arap
18 Pseudo-G-F8  Ac—Sglc’—glc CH;  O-glc®—arap , ORj
19 Q-L10 gle CH;  O-glcS—arap OH ™
20 Q-L14 gle?—gle CH;  O-arap
21 Q-LI16 gle’—gle CH;  O-gleS—gle OOH
22 205-G-Rg3 gle?—gle CH; OH :
23 G-F8 Ac—Sglc?—gle CH;  O-gleS—arap R,0
24 Malonyl-G-Rd glc>—glcb—mal CHy;  O-gle Modified PPD
25 20R-G-Rg3  glc—gle OH  CH,
26 20R-G-Rh2 gle OH CH; No Name R1 R2
27 20S8-PPD H CH, OH
28 20R-PPD H OH CH; 34  Notoginsenoside E gle?—gle  gle
35 Notoginsenoside K gle—gle  gleb—gle
Ri07
* Modified PPD
No Name R1 R2
36  quinquenoside L3 gle glcb—xyl No Name R1 R2 R3
37  Notoginsenoside A gle?—>gle  gleS—gle
40 Rgl gle CH; O-gle
gles, 41 Re gle>—rha  CH, O-gle
OH ™R 42 Rf gle’—gle  CH; OH
43 Rg2 gle>—>rha  CH;, OH
44 Rl gle CH, oH
45 Tl H CH, O-gle
1 2 46 F3 H CH; O-glcS—arap
glc-"gle=0 47 Q-L17 gle CH, O-gleb—xyl
48 Q-F6 gle CH, O-glcé—araf
No Name R 49 6-0-Ac-G-Rgl gle—Ac  CH, O-gle
] ] % N 50 20S-Ac-G-Rg2 glc’—Ac CH; OH
38  quinquenoside L2 CH,0H 51 20R-Ac-G-Rg2 gle>—Ac  OH CH;4
= 52 F-E gle>->rha  CH, 0O-glc—xyl
39 quinquenoside L1 i’"‘/\/\ﬂ/ 53 Malonyl-G-Re glc*—rha CH, 0O-glcb—mal

FIGURE 2
Ginsenosides characterized from P. quinquefolius. PPD, Protopanaxadiol; PPT, protopanaxatriol; G, ginsenoside; Q, quinquenoside.
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No Name R
68  pseudo-ginsenoside RT6 gle
69  Pseudoginsengenin R1 H
R ” OR
Ocotillol-type Modified Ocotillol-type
No Name R 3-OH
61  24(R)-pseudo-G-F1l  glc>—rha B-OH
62 24(S)-pseudo-G-Fl11 glc>—rha B-OH 2 y
63  24(R)-pseudo-G-RTS glc p-OH Oleanane-type
64 24(R)-vina-G-R1 Ac—Sglc’—rha -OH No Name R
65 12-one-pseudo-G-F11  gle>—rha (12-one)  $-OH
66 24(R)- Ocotillol H B-OH 70  Chikucitsusaponin IVa  glcA
67 24(R)- 3a-ocotillol H a-OH 71 G-Ro gleA’—gle
5 Modified PPT
xyl-’ glc
) . OH Ne=
\HO’ A hiss "OOH \ )i
l[ T \L [j A/ \E, /[ 3 J\/\JLN ) / Of}i{/\ {/ \!/\‘/];/ OOH
HO' HO” 7 HO” 7 HOJ>/ ~~ HO”
7 - gle?- ‘glc -glc’ gle 7 o glc7 rtha / o glc O-glc*rha O-glc?. rha
54, Rg8 55, F4 56, ide £ 57, A 58, i B 59, c
Other types HO—
OH gle x \
OoH - o /
LA ol oH I y z\oﬂ'c J\ O-glc
“oH «’ - ~ f *é
~ f |/\/ I\Lf +h . /\if {l = LEL, ~k
HO! blc 0" ~ gle?-'glc-07 7 HO'
o- glc’-rha / O- glc1 rha
60, quinquenoside L9 72, gmsenos-dem 73, quinquefoloside-Ld 74, Le 75,d 208, 25S-epoxy-3p, 12, 26-triol
glcA: B-D-glucopyranosiduronic acid; gle: $-D-glucopyranosyl; mal: malonyl; rha: a-L-rhamnopyranosyl;
araf: o-L-arabinofuranosyl; arap: o-L-arabinopyranosyl; Ac: acetyl; xyl: f-D-xylpyranosyl
FIGURE 2
Continued.

60°"W-120"W, respectively, including Canada, the United States,
China, North and South Korea, Russia and Japan. Japan and South
Korea were the potential producing regions (Zhang et al., 2018).

P. quinquefolius has been used by native Americans for a long
history. It was used in Cherokee medicine for coughing, shortness of
breath, headaches, digestive upset, fatigue, convulsions, female
reproductive problems, and general weakness. An assortment of
products containing P. quinquefolius are currently available on the
market, including capsule, tablet, powder, and tea. The roots are
implemented in drugs, cosmetic and skin care, food and feed
additives. In United States, P. quinquefolius extracts are used in
candies and drinks, while in China, they are used in alcoholic
beverages (Szczuka et al., 2019).

Structural diversity of ginsenosides in
P. quinquefolius

Ginsenosides, which share a unique dammarane type
triterpenoid saponin structure (Fuzzati, 2004), are the major
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characteristic constituents of P. quinquefolius. More than
100 ginsenosides have been identified in P. quinquefolius,
including naturally occurring compounds and those resulting
from steaming and biotransformation (Yuan et al., 2010). The
contents and types of ginsenosides vary from the roots, leaves,
stems, flower buds and fruits of P. quinquefolius (Table 1). A
comprehensive study was conducted to compare the components
among different parts of P. quinquefolius and found that the root
contains much more abundant Rbl, Ro, and mRbl isomer,
compared with the other parts. The stem leaf and flower bud
show similar saponin composition, with richer m-Rb2, Rb3, and
p-F11, than the root (Wang et al., 2019). Differences were found
in sugar moieties, numbers, and sugar attachment at positions C-
3, C-6, or C-20 and they provided diversity in ginsenoside
2011). The carbonylation at C-3,
dehydrogenation at C-5, 6 and changeable C-20 side-chain,

structures (Qi et al.,

and stereoisomerism further enrich the structural diversity of
ginsenosides.

As summarized in Figure 2, ginsenosides in P. quinquefolius
are generally classified into four groups, consisting of
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TABLE 2 Biotransformation of major ginsenosides into rare ginsenosides.

Transformation pathways

Rbl1—-Rd—20(S)-Rg3

Rbl—Rd—Compound K

Rbl—Compound K

Rbl1—Rd

Rb1, Rb2, Rc, Rd—Ginsenoside F2

Rb2—Compound Y—Compound K

Rb2—Rd—Compound K, Rb2—C-
O—Compound K

Rb2—Rd

Rc—Rd

Re—Rg2, Rgl—Rh1

Rf—Rh1

Rf—Protopanaxatriol

Rgl—Ginsenoside F1

Rbl—Rd

Rbl1—Gypenoside LXXV

Rb1—Ginsenoside XVII—Ginsenoside F2

Rb1—Ginsenoside F2

Rbl—Compound K

Rbl—Compound K

Rbl—3-keto and dehydrogenated C-K

Rbl1—Rd—Rg3

Rb1—Rd—Rg3
Rb1—Rd—Rg3
Rbl—Rd, Re—Rg2, Rgl—Rhl,

Ginsenoside F1
Rbl—Compound K, Rgl—F1

Rc—Rg3

Rc—C-MC1

Frontiers in Pharmacology

Enzymes

Enzymatic transformation
M. esteraromaticum (p-glucosidase bgpl)
M. esteraromaticum (B-glucosidase bgp3)
L. mesenteroides DC102 (Crude glycosidase)
A. niger (B-glucosidase immobilized with amino-based
silica)
Sphingomonas sp. 2F2 (B-glucosidase bglSp)
M. esteraromaticum (B-glycosidase)
A. mellea mycelium (B-glucosidase)
a-L-Arabinopyranosidase
T. thermarum DSM5069 (a-L-arabinofuranosidase)
B-glucosidase (Bgp1)
A. niger (B-glucosidase (Bgll))
A. niger (B-glucosidase)
S. keddieii (glycosidase bglSk)

Microbial Transformation
B. pyrrocinia GP16, Bacillus megaterium GP27,
Sphingomonas echinoides GP50
Fungus E. vermicola CNU 120806
Intrasporangium sp. GS603
Rat Intestinal Enterococcus gallinarum

L. mesenteroides KFRI 690

Fungi Arthrinium sp. GE 17-18
P. bainier sp. 229

Microbacterium sp. GS514

Bacterium Burkholderia sp. GE 17-7
Bacterium Flavobacterium sp. GE 32

Cellulosimicrobium sp. TH-20
Cladosporium cladosporioides
Leuconostoc sp. BG78

Sphingopyxis sp. BG97

49

Biotransformation
conditions

pH 7.0, 37°C, 6 h
pH 7.0, 40°C, 1 h
pH 6-8, 30°C, 72 h
pH 5.5, 45°C, 1 h
pH 5.0, 37°C

pH 7.0, 40°C

pH 4-4.5, 45-60°C, 72-96 h
pH 7.0, 40°C, 1 h
pH 5.0, 95°C

pH 7.0, 37°C

pH 75, 37°C

pH 5.0, 55°C

pH 8.0, 25°C

30°C, 48 h

pH 5.0, 50°C

27°C, 160 rpm, 72 h
pH 7.0, 40°C

37°C, 96 h

30°C, 24 h
28°C, 5 days

30°C, 48 h

pH 7.0, 30°C, 15 h
30°C, 72 h
pH 7.0, 30°C, 5 days

pH 7.0, 30°C
37°C, 96 h

37°C, 72 h

10.3389/fphar.2022.972813

Yield

74.3%

77%

99%

3.30-fold

99.4%
100%,

78%

90.4%

100%

99.5%-
99.8%

95.4%

45%

97.8%

100%

41.4%

98%

38%-96%
74.2%,
89.3%

70%-75%

75%

Ref.

Quan et al.
(20124)

Quan et al.
(2012b)

Quan et al.
(2011)

Wu et al.
(2021)

Wang et al.
(2011)

Quan et al.
(2012a)

Kim et al.
(2018)

Kim et al.
(2020)

Xie et al.
(2016)

Quan et al.
(2012¢)

Ruan et al.
(2009)

Liu et al.
(2010a)

Kim et al.
(2012)

Kim et al.
(2005)

Hou et al.
(2012)

Cheng et al.
(2007)

Yan et al.
(2021)

Park et al.
(2012)

Fuetal. (2016)

Zhou et al.
(2018)

Cheng et al.
(2008)

Fuetal. (2017)
Fu, (2019)
Yuetal. (2017)

Wu et al.
(2012)

Ten et al.
(2014a)

Ten et al.
(2014b)

(Continued on following page)
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TABLE 2 (Continued) Biotransformation of major ginsenosides into rare ginsenosides.

Transformation pathways Enzymes

Rd—Compound K Lactobacillus pentosus DC101

Rg1—25-OH-20(S/R)-Rh1 Cordyceps Sinensis

Human fecal microflora

Saponins—mainly Rg3, F2, Compound K

Rbl, Rb2, Rb3, Re—Compound K Human intestinal bacteria

In vivo Transformation

Rb1—Rg3, Rh2— Protopanaxadiol Rat intestinal microbiota

Rb1—Rb1+O Rat plasma and urine

Rbl—Rd—Protopanaxadiol Rat intestinal microbiota

Rgl—Rgl+O Rat plasma and urine

Rgl, Re, Rf>Rh1—Protopanaxatriol Rat intestinal microbiota

Rgl, Re—Rhl, Rg2—FI1, Rhl, Rgl Human stomach and intestine

Rbl, Re, Rd—>Rg3, F2—Rh2, Compound Human intestinal microbiota

K—Protopanaxadiol

protopanaxadiol-type (PPD), protopanaxatriol-type (PPT),
ocotillol-type, and oleanolic acid-type. PPD and PPT are the
major groups of ginsenosides and are usually found in neutral
forms. In the PPD-type, sugar residues are attached to B-OH at
C-3 and/or C-20. Natural occurring PPD compounds include
compounds 1-28. Compounds 29-30 with modified PPD
structure were characterized by a double bond between C-5
and C-6 and a hydroxyl group in C-7 was isolated from the
roots of P. quinquefolius (Yoshikawa et al., 1998). Compounds
31-39 were clarified as modified PPD structures with variable C-
20 side-chains. In the PPT group, sugar moieties are attached to
the a-OH at C-6 and/or B-OH at C-20. PPT constituents include
compounds 40-60. PPD and PPT type ginsenosides constitute
the main saponins in P. quinquefolius, and reports have shown
that Rb1, Rb2, R, Rgl, Re, and Rd account for 90% of the total
saponins (Wang et al.,, 2015b). Minor ginsenosides isolated from
P. quinquefolius include ocotillol-type (compounds 61-69),
oleanane-type (compounds 70-71), and dammarane saponins
with a modified aglycone skeleton (compounds 29-39 and
54-60). A variety of minor ginsenosides have been isolated
and the structures were elucidated via MS/MS, and NMR
analysis. For example, in 1998, Yoshikawa et al. identified
5 dammarane-type triterpene  oligoglycosides named
quinquenosides I-V from the root of P. quinquefolius, along
with notoginsenoside A, C, G, K, malonyl G-Rb1, pseudo-G-Rcl,
gypenoside XVII, and chikusetsusaponin Iva (Yoshikawa et al.,

Frontiers in Pharmacology

Biotransformation Yield Ref.
conditions
pH 7.0, 30°C, 3 days 97% Quan et al.
(2010)
28°C, 150 rpm, 6 days 82.5% Sui et al.
(2020)
37°C, 24 h — Wan et al.
(2013)
37°C, 48 h 83.5%— Zheng et al.
88.7% (2021)
Rat feces — Qian and Cai,
(2010)
Plasma and urine — Wang et al.
(2015a)
Plasma, urine, and feces — Kang et al.
(2016)
Plasma and urine - Wang et al.
(2016)
Plasma, urine, and feces — Dong et al.
(2018)
Plasma and urine — Tawab et al.
(2003)
Plasma — Wan et al.
(2016)
1998). Three new dammarane-type saponins named

quinquenosides L1-3 were isolated from the leaves and stems
of P. quinquefolius collected in Canada (Wang et al., 1998; Wang
et al,, 2001). By using LC/MS/MS, the ginsenosides malonyl
G-Rb2 and malonyl G-Rc were characterized in the root of P.
quinquefolius (Wang et al., 1999). In 2004, a new dammarane-
type triterpenoid saponin, ginsenoside Rg8, was isolated from the
roots of P. quinquefolius, along with (20E)-ginsenoside F4, Rhl,
and F1 (Dou et al., 2006). In 2007, from the flower buds of P.
quinquefolius, 5 new dammarane-type triterpene glycosides,
floralquinquenosides A, B, C, D, and E, along with 18 known
ginsenosides were isolated and identified by NMR analysis
(Nakamura et al, 2007). Four new triterpenoid saponin
quinquenoside L10, 14, 16, and 17 were isolated from the
leaves and stems of P. quinquefolius in 2009 (Chen et al.,
2009; Li et al., 2009). Quinquenoside F6 was isolated from the
fruits of P. quinquefolius (Lu et al., 2012). Two new dammarane-
type saponins quinquefoloside-Ld and Le with a novel
heptatomic ring between C-12 and C-17 from leaves of P.
quinquefolius were elucidated (Xiang et al, 2013). Two new
ocotillol-type compounds were isolated from the leaves and
stems of P. quinquefolium L. and identified as pseudo-
ginsenoside RT6 and pseudoginsengenin R1 (Liu et al., 2013).
ocotillol-type
pseudoginsenoside F;; (12-one-Pseudo-G-F;;), was isolated

A new ginsenoside, namely  12-one-

from stems and leaves of P. quinquefolium (Qi et al., 2020).
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FIGURE 3

Schematic illustration of biotransformation of major PPD-type ginsenosides Rbl, Rb2, and Rc into minor ginsenosides.

The biotransformation of major
ginsenosides into minor ginsenosides

The ginsenosides Rb1, Rb2, Rc, Re, and Rgl are usually
characterized as major ginsenosides, and account for more
than 80% of total ginsenosides (Yu et al., 2017). The bioactive
ginsenosides have been widely utilized in medical and
fields, which their
availability. However, cell

created a demand for
the

membrane permeability of major ginsenosides restricted

chemical
large size and poor
their absorption and bioavailability in human body after
2010a). Therefore, the

production of rare or minor smaller ginsenosides by

oral administration (Liu et al.,

transformation is urgently requisite. On the one hand,
in vitro or in vivo biotransformation of major ginsenosides
can generate an assortment of novel structural ginsenosides,
resulted from the reduction of sugar moieties, substituent
The
small molecular ginsenosides are easily absorbed in the

groups alteration and aglycone backbone changes.

gastrointestinal tract after oral administration due to the
deglucosylation (Ryu et al,, 2017). In addition, a multitude
of evidence showed that biotransformation of major
ginsenosides to minor ginsenosides result in improved
pharmacological activities (Quan et al., 2015; Ryu et al., 2017).
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The deglycosylation of sugar moieties is mainly occurred in the
transformation of major ginsenosides. Thermal and mild acid
hydrolysis treatments show inefficient and low selective
decomposition, while biotransformation including microbial
enzymatic transformation, microbial transformation, and in vivo
transformation, exerts high selectivity, lower by-products, and high
targets yields. Thus, research on the biotransformation of major
ginsenosides for increasing the bioavailability and pharmacological
activities by structural modification of ginsenosides attracts more
attention. The types, pathways, conditions, and yields of

biotransformation were shown in Table 2.

Enzymatic transformation

Ginsenosides Rb1, Rb2, and Rc belong to protopanaxadiol
(PPD) triterpenoid saponins, which are further modified by the
glycosidation at the positions of C-3 and C-20 with different
sugar moieties. The variable origin of microbial p-glucosidase
determines the position and efficiency of deglycosylation.
Microbacterium  esteraromaticum  derived  B-glucosidase
bgpl Rbl 20(S)-Rg3
intermediate product Rd, while p-glucosidase bgp3 transforms
Rbl1 into Compound K (C-K) via Rd (Quan et al., 2012b; Quan

catalyses  ginsenoside into via
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et al, 2012d). Intriguingly, crude glycosidase obtained from
DC102 Rb1
compound K with a yield of 99% after 3 days cultivation

Leuconostoc  mesenteroides transforms into
(Quan et al, 2011). In addition, an enzyme immobilization
method was developed for the effective biotransformation of
Rblto Rd, and the catalytic efficiency of the immobilized B-
glucosidase from Aspergillus niger was 3.30-fold higher than that
of the free enzyme (Wu et al., 2021). Ginsenoside Rb2 can be
transformed to Rd in the treatment of a-L-Arabinopyranosidase
(Kim et al., 2020). While, after coculture Rb2 with B-glucosidase
from M. esteraromaticum or Armillaria mellea mycelium, the
product compound K was obtained via intermediate compounds
Y, Rd, and C-O (Quan et al, 2012a; Kim et al., 2018). The
a-L-arabinofuranosidase purified from thermarum
DSM5069 catalyses ginsenoside Rc to Rd with a high yield of
99.4% (Xie et al.,, 2016). The biotransformation pathways were
shown in Figure 3.

Ginsenosides Re, Rf, and Rgl are another type of major
ginsenosides belong to protopanaxatriol (PPT) triterpenoid
saponins, and the positions of C-6 and C-20 are glycosidased
with different sugar moieties. The p-glucosidase bgpl gene
consists of 2,496 bp encoding 831 amino acids which have
homology to the glycosyl hydrolase families 3 protein
domain. Recombinant [-glucosidase bgpl transformed
ginsenosides Re and Rgl to ginsenosides Rg2 and Rhl,
respectively (Quan et al., 2012c). A B-glucosidase gene

isolated from A. niger, bgll, was able to transform
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ginsenoside Rf into Rhl (Ruan et al, 2009). The B-
glucosidase finally transform Rhl into PPT with a yield of
90.4% (Liu et al., 2010). Another P-glucosidase gene bglSk,
isolated from Sanguibacter keddieii, consists of 1,857 bp and
revealed significant homology to that of glycoside hydrolase
family 3, which could convert major ginsenosides Rb1l, Rb2,
Rc, Rd, Re, and Rgl into rare ginsenosides such as Compound
Y, C-Mc, Compound K, Rg2(S), and F1. Kim et al. (2012)
found bgiSk could completely convert the Rgl into F1. The
biotransformation pathways were shown in Figure 4.

Collectively, the different p-glucosidase showed specialized
catalysed position, and B-glucosidase bgp1l prefers to hydrolyse
the glucosides at C-20 position, while (-glucosidase bglSk
recognizes C-3 and C-6 position. However, [-glucosidase
bgp3 and P-glucosidase isolated from A. niger do not show
selectivity at C-6 and C-20.

Microbial transformation

Microbial
ginsenosides to obtain new chemical derivatives and is also a

transformation is effective in modifying
major production method of minor ginsenosides. The enzymatic
transformation showed advantages of a short reaction time,
superior environmental protection, and high product yield
and purity. However, the separation and purification processes

of enzymes are high-cost and complicated, and the reaction
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The oxygenated metabolites involved in in vivo biotransformation pathways of ginsenosides Rb1 and Rgl.

conditions are strictly controlled due to the susceptible enzyme
activity. In contrast, microbial transformation is characterized by
wide applications and low costs, but a dearth of high selectivity
and a long conversion time. Thus, the combination of enzymatic
and microbial transformation of ginsenosides could warrant the
actual production process.

Burkholderia pyrrocinia GP16, Bacillus megaterium GP27,
and Sphingomonas echinoides GP50 were screened from
70 strains of aerobic bacteria with B-glucosidase activity, and
they almost completely transformed Rb1 to Rd (Kim et al., 2005).
With the aid of bacteria L. mesenteroides KFRI 690 or Fungi
Arthrinium sp. GE 17-18, ginsenoside Rb1 can be converted to
Compound K efficiently with yields of 97.8% and 100%,
respectively (Park et al, 2012; Fu et al, 2016). In addition,
LXXV
intermediate product Ginsenoside XVII without further

gypenoside and F2 were finally obtained via
conversion by Fungus Esteya vermicola CNU 120806 and
bacteria  Intrasporangium  sp.  GS603  transformation,
respectively (Cheng et al., 2007; Hou et al., 2012). The scale-
up fermentation was carried out using Paecilomyces bainier
sp. 229, and ginsenoside Rbl was converted to a known 3-
keto C-K and two new dehydrogenated C-K metabolites
(Figure 3), which were isolated through repeated silica gel
column  chromatography  and  high-pressure  liquid
chromatography (Zhou et al, 2018). Furthermore, several
kinds of bacteria, such as Microbacterium sp. GS514,
Burkholderia sp. GE 17-7, and Flavobacterium sp. GE 32, can

transform Rb1 to Rg3 via the intermediate product Rd (Cheng
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et al.,, 2008; Fu et al., 2017; Fu, 2019). Rc was converted into
minor ginsenosides Rg3 and C-MC1 with bacteria Leuconostoc
sp. BG78 and Sphingopyxis sp. BG97, respectively (Ten et al.,
2014a and Ten et al., 2014b). Sui et al. (2020) demonstrated that
ginsenoside Rgl could be thoroughly converted into 20(S/R)-
Rh1 and 25-OH-20(S/R)-Rh1 by Cordyceps Sinensis, with a
biocatalytic pathway established as Rgl—20(S/R)-Rh1—25-
OH-20(S/R)-Rh1, and the molar bioconversion rate for total
25-OH-20(S/R)-Rh1 was 82.5%. Aside from bacteria and fungi,
human fecal, and intestinal microflora could also transform
ginsenosides. While human fecal microflora was prepared
from a healthy Chinese man and subsequently incubated with
P. quinquefolius saponins at 37°C for 24 h, three most abundant
identified with
quadrupole time-of-flight mass spectrometry (LC-Q-TOF-MS)

metabolites are liquid chromatography/
as 20(S)-ginsenoside Rg3, ginsenoside F2, and Compound K
(Wan et al.,, 2013). Additionally, human intestinal bacteria were
incubated with ginsenosides Rb;, Rb,, Rbs and Rc at 37°C under
anaerobic conditions, and ginsenoside Compound K was
identified as the transformed product after 48h with
transformation rates of 83.5%, 88.7%, 85.6%, and 84.2%,

respectively (Zheng et al., 2021).

In vivo transformation

Gut microbiota mainly transform prototype ginsenosides
into rare bioactive metabolites. Unlike in vitro enzyme and
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Anti-hepatotoxicity

Diabetes and obesity

Anti-neurodegenerative disease

FIGURE 6

Biological and pharmacological activities of P. quinquefolius and its derived ginsenosides.

the
anaerobically with pooled gut bacteria resulted in some

microbial  transformation, ginsenosides  underlying
novel metabolites in the plasma, bile, urine, and feces.
After Rbl, Rg3, and Rh2 were administered to male
Sprague Dawley rats at a dose of 100 mg/kg body weight,
Rbl and Rg3 could be metabolized to Rh2, while Rbl
could be metabolized to Rg3. The final products of Rbl,
Rg3, and Rh2 were protopanaxadiol and monooxygenated
protopanaxadiol (Qian and Cai, 2010). To further clarify
the role of microbiota on metabolism of Rbl, ginsenoside
Rbl was administered to normal and antimicrobials treated
rats, and the metabolites of Rbl, such as Rd, F2, and
Compound K were detected in normal rat plasma but not
in antimicrobials treated rats (Kang et al., 2016). Oxygenated
metabolites have been considered as the major circulating
metabolites of ginsenosides. After ginsenosides Rbl and
Rgl were oral administered to rats for 24 h, totally 10 and
9 oxygenated metabolites were characterized by UHPLC-
QTOF MS analysis, respectively (Figure 5) (Wang et al.,
2015a; Wang et al,, 2016). The degradation of ginsenosides
has been thoroughly investigated in animals and in vitro using
enzymes and microbiota, thus the elucidation of metabolites
reaching the systemic circulation in human is of great
importance. Six healthy male volunteers ingested 1g of P.
quinquefolius twice a day for 7 days. Totally, 5, 10, and
20 metabolites were detected in plasma, urine, and feces,
respectively. And Compound K is found to be the major
metabolite in all three samples (Wan et al., 2016).
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Pharmacological activities of
ginsenosides from P. quinquefolius

Anti-obesity and diabetes

PPD and PPT types of ginsenosides were purified from the
leaves of P. quinquefolius, and the porcine pancreatic lipase
activity was determined in vitro. PDG inhibited the pancreatic
lipase activity in a dose-dependent manner at the concentrations
of 0.25-1 mg/ml, while PPT showed no inhibitory activity.
Moreover, PPD was effective in preventing and healing
obesity, fatty liver and hypertriglyceridemia in mice fed with a
high-fat diet (Liu et al., 2010b). Another clinical study indicated
that the oral intake of P. quinquefolius extract with 1 g/meal (3 g/
day) significantly reduced HbA1c and fasting blood glucose, and
systolic blood pressure was also lowered (Vuksan et al., 2019). A
dammarane from acid hydrolysates of P. quinquefolius total
saponins, named 20(R)-dammarane-3(,12(3,20,25-tetrahydroxy-
3B-O-B-D-glucopyranoside, ~exhibited significantly  inhibitory
activity against a-glucosidase, and the ICs, value [(0.22 +
0.21) pmol/L] was about 43-fold lower than the positive control
acarbose, indicating the potential effects of saponins on diabetes
(Han et al, 2020). After a 5-weeks treatment of malonyl
ginsenosides from P. quinquefolius, the fasting blood glucose
(FBG), triglyceride (TG), total cholesterol (TC), low-density
lipoprotein  cholesterol (LDL-C), nonesterified fatty acid
(NEFA), transaminase  (ALT), aspartate
transaminase (AST) levels were significantly reduced and

alanine and
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glucose tolerance and insulin resistance were improved (Liu et al.,
2021). IRS1/PI3K/Akt and IRS1/PI3K/Akt pathways are involved
in the anti-T2DM effects of malonyl ginsenosides.

Anti-tumors

20(S)-PPD is a metabolite of ginseng saponin of P.
quinquefolius, which significantly inhibited the growth and
induced cell cycle arrest in HCT116 cells. An in vivo study
showed that when ip. administered (30 mg/kg) PPD once every
2 days for 3 weeks, xenograft tumor growth in athymic nude mice
bearing HCT116 cells were inhibited (Gao et al., 2013). A structure-
function relationship study indicated that sugar numbers within a
ginsenoside exerted an inverse impact on tumor cells, and the sugar
moiety at C-6 possess higher anti-cancer activity than that with
linkages at C-3 or C-20, due to the increased steric hindrance to
target proteins after C-6 was sugar substituted (Qi et al., 2010).

The number and position of hydroxyl groups in ginsenosides
also affect their pharmacological activities. The substitution of
hydroxyl or methoxyl groups at C-25 increases the anti-tumor
effects of ginsenosides. Compared with 20(S)-Rh2, 20(S)-PPD
and 20(S)-Rg3, 20(S)-25-OH-PPD showed the most apoptotic,
antiproliferative, cell cycle arrest, and tumor growth inhibition
effects in vivo (Wang et al., 2008b). In addition, usually 20(S)
stereoisomers of ginsenosides show stronger chemopreventive
effects than 20(R) stereoisomers (Qi et al., 2010).

Anti-neurodegenerative diseases

When fifty-two healthy volunteers (40-60 years old, mean age
51.63) received 200 mg of P. quinquefolius or a matching placebo for
1, 3, and 6h according to a double-blind, placebo-controlled,
balanced, crossover design, the result showed that cognitive
performance on “Working Memory” was significantly improved
after treatment for 3h (Ossoukhova et al, 2015). In addition,
Cereboost™, an extract of P. quinquefolius extract, restored AP1-
42 which insulted downregulation of brain microtubule-associated
protein 2 and synaptophysin as well as acetylcholine concentration,
thus recovered the cognitive function (Shin et al.,, 2016). When APP/
PS1 AD mice was administered by pseudoginsenoside-F11 at
8 mg/kg for 4 weeks, the expressions of B-amyloid precursor
protein (APP) and AP1-40 in the cortex and hippocampus were
significantly inhibited, and the activities of superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) were restored (Wang
et al, 2013a). Additionally, pseudoginsenoside-FI11 exerts anti-
Parkinson effects through inhibiting free radical formation and
stimulating ~ endogenous  antioxidant release in a 6-
hydroxydopamine-lesioned rat model (Wang et al., 2013b).

Experimental autoimmune encephalomyelitis (EAE) is a
commonly used experimental model for the demyelinating

disease, multiple sclerosis (MS). An aqueous extract of ginseng
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(150 mg/kg body mass) was oral administered to MOG (35-55)
peptide induced EAE mice, and the clinical signs of EAE, TNF-a
expression, and iNOS and demyelination scores were significantly
improved compared with model mice (Bowie et al, 2012).
Pseudoginsenoside-F11 (4 and 8mg/kg bw twice at a 4h
interval) significantly —mitigated anxiety-like behavior in
shortened the time of
immobility in forced swimming test, and significantly decreased

methamphetamine-induced  rats,

the number of errors in the T-maze test (Wu et al., 2003).

Others

The saponins from the leaves of P. quinquefolius showed a
renoprotective effect in a mouse model of cisplatin-induced acute
kidney injury. The further mechanism study clarified that
saponins administration significantly suppressed the protein
expression levels of Nox4, cleaved-Caspase-3, cleaved-Caspase-
9, Bax, NF-kB, COX-2, and iNOS (Ma et al., 2017).

A MI/R model was constructed to investigate whether P.
quinquefolius saponins decrease no-reflow phenomenon via
suppression of inflammation, and the results showed that the
inhibition of NLRP3 inflammasome via TLR4/MyD88/NF-«kB
signaling pathway is involved in P. quinquefolius saponins effects
on cardiac functional improvement and pathological morphology
changes of myocardium (Yu et al,, 2021). Mice pretreated with
saponins from the leaves of P. quinquefolius (150 or 300 mg/kg) by
oral gavage for 7 days significantly reversed acetaminophen induced
liver injury. Further study indicated that anti-oxidant, anti-apoptotic
and anti-inflammatory activities were involved in its mechanism
(Xu et al,, 2017).

The heated P. quinquefolius could protect cell viability against
H,0,-induced oxidative damage, and enhance the activities of
superoxide dismutase and catalase dose dependently in V79-4 cells
(Kim et al., 2007). Heat-processing reduced the content of ginsenosides
Rb1, Re, Re, and Rd, and increased the content of Rg2 and Rg3 in
P. quinquefolius. After 2 h steaming, the percent content of ginsenoside
Rg3 increased from 0.06% to 5.9%, and Rg3 showed the best
antiproliferative effects in human breast cancer cell line MCF-7 via
arresting cancer cells in Gl-phase (Wang et al,, 2008a).

Ginsenoside C-Y can be used as a potential botanical agent to
protect premature skin from UVB-induced photodamage and
prevent skin hyperpigmentation (Liu et al, 2019). Taken
together, P. quinquefolius and its derived ginsenosides possess
a variety of pharmacological activities (Figure 6), which is a
promising medicinal plant for human health.

Conclusion and perspectives
Collectively, recent advances on the cultivation, chemical

diversity, biotransformation, pharmacological, and clinical
studies of P. quinquefolius were summarized in this review. A
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total of 75 naturally occurring ginsenosides have been identified
from the roots, leaves and stems, flower buds, and fruits of wild or
cultivated P. quinquefolius. With the aid of advanced chemical
and analytical techniques and the characterization of novel
compounds, the diversity of ginsenosides is constantly revealed.

Major ginsenosides, the main components in P.
quinquefolius, are usually difficult to be absorbed and exhibit
low bioavailability. However, minor ginsenosides with relatively
high Dbioavailability and pharmacological activities can be
obtained by biotransformation. Some of P. quinquefolius
associated bacteria, fungus or their enzymes were purified,
with highly selectivity to the substituted sugar moieties in C-3,
C-6 and C-20. The in vitro and in vivo metabolic pathways of
major ginsenosides are also discussed. Moreover, the
pharmacological activities of P. quinquefolius or its derived
ginsenosides, including anti-tumor, anti-diabetes and obesity,
anti-colitis, anti-hepatotoxicity, anti-neurodegenerative disease,
myocardial, and renoprotection were exhibited and summarized.

In conclusion, P. quinquefolius is a very promising medicinal
plant for the treatment of diverse diseases, while the greater
attention of the following issues should be focused in the future:
1) Due to the low yields of naturally occurring minor
ginsenosides, most of the novel compounds are not screened
for their biological activities, and total or semi-synthesis and
directional biotransformation may be efficient ways. 2) Although
the pharmacological effects of some ginsenosides were
investigated, the direct targets and mechanism are rarely
discovered, which need to be further elucidated.
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Ginseng (Panax ginseng) is a perennial herbaceous plant belonging to Panax
genus of Araliaceae. Ginsenosides are a kind of important compounds in
ginseng and minor ginsenosides are secondary metabolic derivatives of
ginsenosides. Studies have shown that minor ginsenosides have many
pharmacological effects, such as antioxidant, anti-tumor, anti-platelet
aggregation, and neuroprotective effects. However, the therapeutic effects
of minor ginsenosides are limited due to poor solubility in water, short half-
life, and poor targeting accuracy. In recent years, to improve the application
efficiency, the research on the nanocrystallization of minor ginsenosides have
attracted extensive attention from researchers. This review focuses on the
classification, preparation methods, pharmacological effects, and action
mechanisms of minor ginsenoside nanoparticles, as well as existing
problems and future direction of relevant research, which provides a
reference for the in-depth research of minor ginsenoside nanoparticles.
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mechanism

1 Introduction

Belonging to Panax genus of Araliaceae, ginseng is a perennial herbaceous plant with
fleshy roots. It is also a traditional precious herb, a tonic that can enhance physical vitality
(Park et al., 2005), known as the “king of herbs” (He et al., 2019). Ginseng can be used for
the treatment of several diseases effectively, such as liver and stomach diseases, diabetes,
cardiovascular diseases, etc., so it is widely used in the world. Ginsenoside is a tetracyclic
triterpenoid saponin extracted from ginseng (Li et al., 2009), and it is the main active
ingredient of ginseng. In recent years, the pharmacological effects of ginsenosides have
been continuously discovered. According to the literature, ginsenosides have clinical
applications such as anti-allergy (Yoo et al., 2016) and reducing hypertension (Zhou et al.,
2017). Minor ginsenosides are secondary metabolic derivatives of ginsenosides, and they
are the most important active ingredient in ginsenosides. At present, more than 60 minor
ginsenosides have been found (Liu et al., 2019), mainly including Rg3, Rg5, Rh1, Rh2,
Compound K (CK), etc. It has been confirmed that minor ginsenosides are easier to be

frontiersin.org
59


https://www.frontiersin.org/articles/10.3389/fphar.2022.974274/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.974274/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.974274/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.974274&domain=pdf&date_stamp=2022-08-08
mailto:wangtaoyun@mail.usts.edu.cn
mailto:wanglinmao12345@sina.com
https://doi.org/10.3389/fphar.2022.974274
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.974274

Ke et al.

absorbed by the human body and have more prominent effects
on promoting cell differentiation and regeneration, repairing
nerves, and resisting tumors (Li et al, 2021a). However,
minor ginsenosides show low solubility in water, low
bioavailability and short half-life (Ye et al., 2014), which
restricts the pharmacological effects of minor ginsenosides to
a certain extent.

Nanotechnology is a modern technology which controls the
material structure in 0.1-100 nm and makes the material show
special properties (Kachler, 1994). Professor Xu Bihui (Yang
etal., 2000) took the lead in introducing nanotechnology into the
field of traditional Chinese medicine and put forward the concept
of “nano traditional Chinese medicine”. Based on the different
forms of nanoparticles, nano-drugs can be divided into two types:
one is nano-drug crystal, that is, the material itself is nanosized or
crushed to nano size; the other one is nano-drug carrier, which
carries drugs with the help of nanoscale carrier materials (Zheng
and Shi, 2012). Nano-drugs improve the utilization rate of drugs,
enhance the original curative effects and improve the targeting
effect (Liu et al., 2014). Therefore, in recent years, to improve the
pharmacological effects of minor ginsenosides, the research of
minor ginsenoside nanoparticles has attracted extensive
attention from researchers in related fields.

Focusing on the current research hotspot of minor
this the
classification, preparation methods, pharmacological effects,

ginsenoside nanoparticles, review summarizes
and action mechanisms of minor ginsenoside nanoparticles,
and provides a reference for the in-depth research of minor

ginsenoside nanoparticles.

2 Preparation of minor ginsenoside
nanoparticles

2.1 Preparation of minor ginsenoside
nanocrystals

Nanocrystalline drugs do not have any matrix materials and
can form a stable nano state only through the action of a small
number of surfactants or polymers (Zheng and Song, 2012).
Nanocrystalline drugs have the advantages of high solubility and
dissolution, strong adhesion to biofilm, and low interference by
food. There are mainly three types of nanocrystalline drug
preparation technologies (Wang et al., 2014).

2.1.1 “Top-bottom” technology

“Top-bottom” technology is to crush large particles into
nano-sized small particles (Dai et al., 2019), mainly including
the medium grinding method, high-pressure homogenization
method, and extrusion method. This technology has the
advantages of low cost, large output, and simple operation
(Shen et al, 2014). The disadvantage of “Top-bottom”
technology is that reducing the particle size below 100 nm
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requires much processing time and is not easy to expand
production (Sinha et al., 2013). Xie et al. (2016) prepared
Rg3
homogenization and precipitation. The minor ginsenoside

minor ginsenoside nanocrystals by high-pressure
Rg3 was dissolved in methanol as the organic phase, and
poloxamer 188 was dissolved in purified water as the aqueous
phase. The organic phase was added to the aqueous phase to
prepare the crude suspension. The nanosuspension was obtained
by circulating 4 times under the pressure of 28 MPa and 10 times
under the pressure of 48 MPa through a high-pressure
homogenizer. The suspension mixed with mannitol were pre-
frozen in an ultra-low temperature refrigerator, and then
transferred into a freeze dryer for freeze-drying to obtain
ginsenoside Rg3 nano freeze-dried powder. The prepared
nanocrystals had a small particle size of (284 + 14) nm, an
ideal polydispersity coefficient of 0.156 + 0.007 and good overall
stability. It was measured that Rg3 contained in each gram of

nano freeze-dried powder was 36.70 mg.

2.1.2 "Top-bottom"” and “bottom-top” combined
technology

The combined technology of “Top-bottom” and “Bottom-
top” which to dissolve the drug in solvent and add the medicine
solution to nonsolvent to precipitate it (Gao et al., 2012) takes
one method as the pretreatment step, and then another method is
used to prepare nano-drug crystals (Wang et al., 2014). This
technology can make up for the shortcomings and make full use
of the advantages of the two technologies. Wang et al. (2018)
combined high-pressure homogenization technology with spray
drying technology to prepare expandable particles to load with
minor ginsenoside Rg3. Rg3 coarse powder was dispersed in
aqueous solution. The dispersion was first treated by a high speed
homogenizer at 15000 rpm for 2 min, and then it was processed
through a high-pressure homogenizer that the cycle operation
was carried out under different pressures. The prepared
nanosuspension had a particle size of 400-500 nm, with the
polydispersity coefficient less than 0.3.

2.1.3 Other preparation technology of minor
ginsenoside nanocrystals

Aerosol solvent extraction system (ASES) means that
supercritical fluid CO, and solution are pumped into a
previously installed precipitation reactor through a nozzle, in
which the solute is oversaturated and precipitated into
nanoparticles through the extraction and absorption of CO,
to the solvent and the diffusion of solvent molecules to CO,
(Yu et al., 2006). Tao et al. (2018) synthesized minor ginsenoside
Rh2 and re-drug nanocomposites using ASES technology. The
author chose vapor-over-liquid, subcritical liquid and
supercritical liquid to prepare. In contrast, as the operating
pressure and temperature increased to subcritical conditions,
the particle size decreased: the average particle size was 164 nm.

And the aggregation behavior was significantly improved. The
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zeta potential was —4.79 mV, and it had an excellent dissolution
rate of 96.2%.

2.2 Preparation of minor ginsenoside
nano-drug carrier

Nano-drug carrier has the advantages of improving the
bioavailability, the of
chemotherapy drugs, and the accuracy of drugs reaching

pharmacokinetics traditional
tumor cells. Nano-drug carrier also reduces the toxicity of
drugs and prolongs the action time of drugs in vivo. At
present, nano-drug carrier technology has been applied to the
administration of minor ginsenosides. The commonly used
preparation methods of minor ginsenoside nano-drug carrier
include emulsion  solvent

film hydration, evaporation,

desolvation and self-assembly.

2.2.1 Film hydration method

Film hydration usually refers to dissolving the carrier
material and drug in an appropriate organic solvent,
removing the solvent by rotary evaporation, forming a film
between the drug and the film-forming material, and then
hydrating the film to prepare nanoparticles. Yang et al
(2016) dissolved CK, phospholipids and D-a-tocopheryl
polyethylene glycol 1000 succinate in ethanol by ultrasound.
Subsequently, the evaporation solution was evaporated by
rotary vacuum evaporation until the film was formed on the
vessel wall. The film removed residual ethanol, rehydrated to
form liposomes loaded with CK followed by lyophilization
(GCKT-liposomes). The particle size was 119.3 + 1.4 nm, the
zeta potential was 1.9 + 0.4mV, and drug encapsulation
efficiency was 98.4 + 2.3%.

2.2.2 Emulsion solvent evaporation method
Emulsion solvent evaporation method refers to taking water-
insoluble organic solvents (usually dichloromethane and
chloroform) as the “oil phase”, in which the carrier material is
dissolved, and take acetone or methanol as the “aqueous phase”
to dissolve the drug into the influent phase, then make the two
phases mix evenly (Qiu et al, 2004). After sufficient
emulsification, the organic solvent is removed by rotary
evaporation to obtain nanoparticles. Youwen Zhang et al.
(2017) added Rg3 dissolved in ethanol to polylactic-co-glycolic
acid (PLGA) dissolved in dichloromethane as the oil phase, and
added it to the water phase formed by mixing polyvinyl alcohol
and ethanol. The mixture was emulsified by a probe sonicator,
then
ultracentrifugation and freeze-drying to obtain nano freeze-

and subjected to magnetic stirring, washing,
dried powder. The average size of nanoparticles was 97.5 nm.
Drug encapsulation efficiency was 97.5%, and the drug loading

rate was 70.2%. The zeta potential was -28 mV.
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2.2.3 Desolvation method

Desolvation is commonly used in the preparation of albumin
nanoparticles. This method dissolves albumin in water as the
aqueous phase, and drugs are generally dissolved in absolute
ethanol as the organic phase (Li et al., 2021b). The two phases are
mixed evenly by magnetic stirring, and the mixed solution is
treated by dialysis or centrifugal purification and other methods
to remove organic solvents, then the solution is freeze-dried to
obtain nanoparticles. Singh et al. (2017a) embedded minor
CK (BSA) by
desolvation method to form BSA-CK nanoparticles. That is,

ginsenoside in bovine serum albumin
BSA was dissolved in water and sonicated, then magnetic
stirring. Then CK dissolved in ethanol was added to the BSA-
water solution and stirring was continued. The mixture was then
dialyzed against excess methanol/distilled water using a dialysis
membrane for 1day and against distilled water for 2 days.
Finally, BSA-CK nanoparticles was obtained by lyophilization.
The average particle size of BSA-CK nanoparticles is about
157.2 nm, and the zeta potential was —70.80 mV. Compared
CK, the solubility of BSA-CK were
significantly enhanced.

with non-nano

2.2.4 Preparation method based on self-
assembly

The chemical components of minor ginsenosides are
complex and diverse. After decoction and dissolution, it is
easy to use the electrostatic interaction between opposite
charges, hydrogen bonding, and acid-base complexation to
aggregate into self-assembled nanoparticles (Ma et al., 2021;
Shen et al, 2021). Usually, the relevant drug ingredients are
placed directly in water or buffer solution and stirred by heating
to form self-assembled nanoparticles. Zhao et al. (2016) made
that etoposide and ginsenoside Rh2 were covalently linked to
both ends of polyethylene glycol (PEG) at the same time to form
an amphiphilic polymer with hydrophobic ends and hydrophilic
middle. The final yield of the target product was 62.9%. The
particle size of nanoparticles was (112.64 + 4.28) nm, the
polydispersity index was (0.224 * 0.002), and the surface
potential was (-13.82 + 2.74) mV.

3 Pharmacological effects and
mechanism of nano minor
ginsenoside

3.1 Pharmacological effects and
mechanism of minor ginsenoside
nanocrystals

3.1.1 Anticancer effect and related mechanism

Tao et al. (2018) prepared Rh2 nanoparticles using ASES
technology. The cytotoxicity of Rh2 nanoparticles to cancer cell
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FIGURE 1
Preparation process and cell uptake diagram.

SCC-15 was measured by the MTT assay. The results showed that
Rh2 nanoparticles had good anticancer activity, and the
anticancer ability was more effective with the decrease in
particle size. This may be through endocytosis, which
promotes the uptake of nano drugs by cancer cells and
further leads to apoptosis. At the same time, X-ray diffraction
showed that there were very few crystalline substances and no
valuable diffraction peaks, indicating that Rh2 nanoparticles
showed an amorphous shape after being treated by the ASES
process. This situation may be due to the rapid precipitation in
the process of ASES, which makes the drug form a metastable
region, and then reduces the crystallinity of the drug. This
transformation from crystalline state to amorphous state may
reduce the water insolubility of drugs, improve the dissolution
efficiency, and then improve the bioavailability. This may also be
the reason for improved anticancer activity. (Figure 1).

3.1.2 Antitumor activity of minor ginsenoside
nanocrystals

Xie et al. (2016) prepared ginsenoside Rg3 nanocrystals and
evaluated the antitumor effect of Rg3 nanocrystal suspension
in vitro by the MTT method. Compared with commercial Shenyi
capsule, the results showed that the two drugs had strong
inhibitory effects on HepG2 cells and A549 cells. And when
the drug concentration was greater than 50 pg/ml, nano-drugs
showed better inhibition of tumor cell proliferation than Shenyi
capsules. This result shows that Rg3 nanocrystals have good
antitumor activity.

3.2 Pharmacological effects and
mechanism of minor ginsenoside
nanocarrier drug delivery system

According to different carrier materials, nano-drug carriers

can be classified into organic nanocarriers, inorganic
nanocarriers and composite nanocarriers (Zhou, 2020). The

Frontiers in Pharmacology

2

In vitro
—_—

Cell

pharmacological effects of minor ginsenosides were
significantly enhanced by the introduction of nano-drug
carriers (Table 1). The typical feature of this kind of drug
carriers is that it can carry out targeted delivery, and the
action mechanism of its pharmacological effects can be
classified into passive targeting and active targeting (Figure 2).
Drugs of passive targeting type enter pathological sites through
the intercellular space of the inner wall of blood vessels, and use
the high enhanced permeability and retention (EPR) effect to
make drugs accumulate in tumor, inflammation and other
pathological sites (Iyer et al., 2006), so that the required drug
level in the blood can be maintained for a long time (Torchilin,
2010). The active targeting type mainly refers to the target site has
some special receptors. The antibody specifically bound to it or
some modification is carried out on the carrier, and the targeted
ligand is linked to the surface of the carrier. Through the mutual
recognition of the ligand and the receptor, a specific binding with
the target is realized, and then the drug is released at a specific
location (Dong et al., 2017). Nano drugs are engulfed by tumor or
other pathological cell membrane invagination to form
endocytosomes (Sahay et al., 2010), and then the drugs are
released to achieve the therapeutic effect. The pharmacological
activities and specific mechanisms are introduced according to
different carrier types as follows.

3.2.1 Organic nanocarrier drug delivery system
3.2.1.1 Pharmacological effects and mechanism of minor
ginsenoside liposome drug delivery system

Liposomes are vesicle structures composed of lipid bilayers
with high biocompatibility (Pei et al., 2021). It can improve the
solubility of drugs, enhance the hold time of drugs in vivo and
reduce toxicity (Liu and Feng, 2015). Cholesterol is an important
component of liposomes, but it can lead to allergic reactions and
cardiopulmonary side effects (Moein Moghimi et al., 2006), so it
needs to be replaced. Ginsenoside has a steroid structure similar
to cholesterol (Nag et al., 2012), which can make the arrangement
of phospholipids in the liposome bilayer more compact (Hui
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TABLE 1 Enhanced effect of minor ginsenoside nano drug delivery system on minor ginsenoside.

Minor ginsenoside

types

CK

Rg3

Type
of drug carriers

Liposomes

Liposomes

Micelles
Micelles
Micelles

Chitosan-based
nanoparticles

Chitosan-based
nanoparticles

Chitosan-based
nanoparticles

Albumin-based
nanoparticles

Gold nanoparticles

Mesoporous silicas

Liposomes
Liposomes

Liposomes

Liposomes
Liposomes

Liposomes

Liposomes
Microemulsions
Microemulsions
Micelles
Micelles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Frontiers in Pharmacology

Enhanced effects of
nano-drug delivery system

Improving encapsulation efficiency; enhanced uptake efficiency and cytotoxicity of
A549 cells

Increase drug solubility; increased tumor targeting; enhancement of anti-tumor effect

Enhanced the cytotoxicity of HepG2 and Huh-7 cells in vitro; enhanced uptake efficiency;
sustained drug release

Cytotoxicity to A549 cells; increased tumor targeting

Improved CK water solubility; promoted tumor cell apoptosis, inhibited tumor cell
invasion, metastasis and efflux; increased tumor targeting

Improved CK water solubility; anti-proliferation effect on HepG2 cells; greater
cytotoxicity and higher apoptosis rate

Enhanced uptake efficiency and cytotoxicity of PC3 cells
Improved CK water solubility; higher cytotoxicity to HT29 and HepG2 cells

Improved CK water solubility; higher toxicity to cancer cells; enhanced anti-
inflammatory effect

Slightly high cytotoxicity to A549 and HT29 cells; increased apoptosis of cancer cells

Good biocompatibility to normal cell line ( HaCaT skin cells ); higher cytotoxicity to
A549, HepG2 and HT29 cell lines; better anti-inflammatory effect on RAW264.7 cells

Increased uptake, antiproliferative and targeting of glioma spheres
More pronounced sustained release

Improved the bioavailability; enhanced cytotoxicity ; inhibited angiogenesis and growth
of lung cancer

Enhanced inhibition of tumor cell proliferation
Enhanced inhibition of tumor cell proliferation; Increased tumor targeting

Enhance the inhibitory efficiency on HepG2 cells and HUVEC cells; increased cellular
uptake

Inhibition of A375 melanoma cells

Microemulsion with optimum physical and chemical stability

Controlled drug release

Inhibition of tumor angiogenesis

Improved water solubility and bioavailability of Rg3; reduced adriamycin - induced
cardiotoxicity and enhanced its anticancer effect

Improved cardiac function and reduced infarct size

Targeted cancer cells ; significantly inhibited tumor proliferation; circulated in blood
longer

Sustained drug release; inhibited the proliferation of A431 cancer cells and induced
apoptosis

More easily through the blood brain barrier; inhibition of proliferation of C6 glioma cells
Sustained drug release and delivery

Sustained drug release

Drug release regulated with temperature; inhibitory effect on HepG2 hepatoma cells
Inhibited tumor angiogenesis ; sustained drug release

Improved antitumor activity

Sustained drug release; Improved anti-angiogenic activity

References

Yang et al. (2016)

Jin et al. (2018)
Zhang et al. (2020)

Shaozhi Zhang et al.
(2017)

Lei Yang et al. (2017)
Zhang et al. (2018)
Zhang et al. (2021)
Mathiyalagan et al.
(2014)

Singh et al. (2017a)

Kim et al. (2019)
Singh et al. (2017b)

Zhu et al. (2021)
Cui et al. (2020)
Yu et al. (2013)

Li et al. (2014a)
Wei et al. (2014)
Li et al. (2014b)

Ye et al. (2014)
Hou et al. (2019)
Liu et al. (2008)
Yu et al. (2015)
Lan Li et al. (2017)

Li et al. (2020)

Qiu et al. (2019)

Wei Zhang et al. (2017)
Su et al. (2020)

Cao et al. (2022)

Pan et al. (2015)
Zhang W N et al.
(2017)

Geng et al. (2014a)

Geng et al. (2016)

Geng et al. (2014b)
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TABLE 1 (Continued) Enhanced effect of minor ginsenoside nano drug delivery system on minor ginsenoside.

Minor ginsenoside

types

Rg5

Rh1

Rh2

Type
of drug carriers

Polymer-based
nanoparticles

Chitosan-based
nanoparticles
Albumin-based
nanoparticles

Albumin-based
nanoparticles

Albumin-based
nanoparticles

Gold nanoparticles
Gold nanoparticles
Mesoporous silicas
Magnetic nanoparticles
Magnetic nanoparticles
Composite nano carriers
Nanofibers

Liposomes

Liposomes

Albumin-based
nanoparticles

Liposomes
Self - microemulsions

Polymer-based
nanoparticles

Liposomes

Liposomes

Liposomes
Microemulsions
Microemulsions

Self - microemulsions

Micelles
Micelles

Micelles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Polymer-based
nanoparticles

Chitosan-based
nanoparticles

Albumin-based
nanoparticles

Mesoporous silicas

Frontiers in Pharmacology

Enhanced effects of
nano-drug delivery system

Sustained drug release; higher fatigue resistance

Higher antitumor activity in HepG2 and A549 cells
Sustained drug release; inhibitory effect on proliferation of A549 cells
Sustained drug release; inhibitory effect on Hela cells of cervical cancer

Improved Rg3 water solubility

Enhanced anti-inflammatory effect

Inhibited the proliferation of A549 cells; improved drug dissolution rate
Nontoxic safety; automatic targeting of mouse liver

Sustained drug release; inhibition of HeLa cell proliferation

Sustained drug release; improved cell uptake efficiency

Higher inhibitory effect on hypertrophic scar formation

Tumor targeting; inhibited tumor growth

Tumor targeting; inhibited tumor growth

Inhibited tumor growth

Improved encapsulation efficiency and solubility
Enhanced intestinal cellular uptake and oral utilization

Increased cytotoxicity to lung cancer
Sustained drug release; enhanced uptake and cytotoxicity of PC3 cells

Extended blood circulation; inhibited tumor growth
Higher inhibitory activity against HepG2 xenografts
Inhibited the growth of A549 tumor xenografts
Accumulation in tumors; improved antitumor effect
Enhanced intestinal cellular uptake and oral utilization

Improved Rh2 water solubility; enhanced drug uptake; extended drug retention;
improved antitumor effect

Increased cell uptake; inhibited the proliferation of A549 cells; longer blood retention
period

Increased solubility; inhibited tumor growth

Increased cytotoxicity to lung cancer
Sustained drug release; increased the residence time of drugs in inflammatory tissues
Increased solubility; longer circulation time; improved antitumor effect

Increased solubility; sustained drug release; increased inhibition of glioma cell
proliferation; improved antitumor effect

Higher cytotoxicity to A549 cells

Improved water solubility; enhanced the anticancer effect on A549 lung cancer cells and
HT29 colon cancer cells; higher anti-inflammatory ability

Good biocompatibility to normal cell line ( HaCaT skin cells ); higher cytotoxicity to
A549, HepG2 and HT29 cell lines; better anti-inflammatory effect on RAW264.7 cells

Higher antitumor activity; reduced toxicity to the coagulation system and heart tissue

References

Youwen Zhang et al.
(2017)
Zhang et al. (2019)

Cheng and Zheng,
(2014)

Chen et al. (2013)

Park et al. (2011)
Kang et al. (2016)
Jiang et al. (2016)
Zhao et al. (2018)
Yang et al. (2014)

Lee et al. (2014)

Sun et al. (2014)
Hong et al. (2019)
Xue Wang et al. (2021)
Dong et al. (2019)

Choi et al. (2015)
Lei Yang et al. (2017)

Mathiyalagan et al.
(2019)

Zare-Zardini et al.
(2020)

Hong et al. (2020)
Weiguo Xu et al. (2015)
Qu et al. (2017a)

Qu et al. (2017b)
Feifei Yang et al. (2017)
Xia et al. (2020)

Peng Li et al. (2017)
Chen et al. (2014)
Mathiyalagan et al.
(2019)

Xu et al. (2022)

Xu et al. (2020)
Zou et al. (2016)
Gu et al. (2021)

Singh et al. (2017a)

Singh et al. (2017b)
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TABLE 1 (Continued) Enhanced effect of minor ginsenoside nano drug delivery system on minor ginsenoside.

Higher anticancer activity; reduced side effects on normal cells ( red blood cells, heart

References

Zare-Zardini et al.
(2018a)
Zare-Zardini et al.
(2018b)

Minor ginsenoside  Type Enhanced effects of
types of drug carriers nano-drug delivery system
Graphene-based
nanoparticles
Graphene-based
nanoparticles tissue, etc. )
A

Passive targeting

Drug-loaded
nanocarrier

Endothetial,_~ | um | wm [ wm |

cells
Q
Cell <«—

Nucleus

FIGURE 2
Main action mechanism: Passive targeting (A); Active targeting (B).

et al, 2014), and reduce the particle size of liposomes. The
membrane stability of liposomes was improved by changing
the thermodynamic parameters of bilayer phospholipids
(Fukuda et al, 1985; Hong et al, 2020). Zhu et al. (2021)
studied a minor ginsenoside Rg3-based liposomal system
(Rg3-LPs). Rg3 was used to replace cholesterol in liposomes.
(C-LPs), Rg3-LPs
improved the uptake and targeting of glioma spheres in vitro,

Compared with cholesterol liposomes

and the anti-proliferation effect of paclitaxel-loaded Rg3-LPs on
glioma cells was significantly stronger than that of paclitaxel
loaded C-LPs. Hong et al. (2020) developed a new nanocarrier,
the ginsenoside Rh2 liposome (Rh2-lipo), in which cholesterol
was replaced by Rh2 and paclitaxel (PTX). The results showed
that compared with ordinary liposomes, Rh2-lipo loaded with
PTX could significantly inhibit tumor growth and reverse the
immunosuppressive  microenvironment in the tumor
microenvironment (TME).

TME is still the main challenge of drug therapy. Data show
that some immune cells have immunosuppressive properties,
which lead to the production of cancer stem cells and promote
the proliferation of cancer cells, thus reducing the efficacy of
drugs (Arneth, 2019). Minor ginsenosides themselves have
excellent antitumor and anticancer activities, and some also
show good immunomodulatory effects in reshaping the TME.

Therefore, the combination of TME remodeling ability and
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smaller particle size improves its tumor penetration effect and
uptake rate (Zhu et al., 2021). At the same time, the interaction
between glucose transporters of tumor cells and minor
ginsenosides significantly increases the accumulation of
liposomes in tumors. After endocytosis, nanoparticles can be
separated from lysosomes, so that drugs can be released and take

effect in the cytoplasm (Figure 3).

3.2.1.2 Pharmacological effects and mechanism of minor
ginsenoside microemulsion and self microemulsion drug
delivery systems

The microemulsion is a thermodynamic stable system
composed of water, oil and amphiphilic substances (Pei
et al, 2021). It can improve the utilization and absorption
rate, enhance the solubility and make the drugs play a better
effect. Qu et al. (2017a) studied a
microemulsion (ECG-MEs) composed of etoposide, coix seed

multicomponent

oil and minor ginsenoside Rh2. ECG-MEs may effectively enter
various types of tumor cells and have good synergistic
antitumor effect. The reason may be that microemulsions
have very low surface tension and small droplet size,
resulting in high absorption and penetration (Talegaonkar
et al, 2008). The addition of an appropriate amount of
Rh2 not only maintains the stable nanostructure of the
multicomponent microemulsion, but also stimulates the
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Minor ginsenoside liposome drug delivery system and mechanism of tumor-targeted therapy.
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stronger ability of small-size nanoparticles permeate into the
tumor and improves the anti-tumor potential.

Self microemulsion drug delivery system is a solid or liquid
preparation composed of oil, surfactant and cosurfactant (Liu
and Feng, 2015). Because of its small droplet size and large
surface area, the bioavailability is improved (Bolko et al., 2014).
Feifei Yang et al. (2017) encapsulated minor ginsenosides
Rh1 and Rh2 into two self microemulsions (SME-1 and SME-
2). The results showed that compared with unencapsulated
drugs, encapsulated drugs enhanced intestinal cell uptake and
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oral utilization. This may be because the self microemulsions can
disturb the cell membrane, reversing the opening of tight
junctions (Wu et al., 2015), thereby improving cell uptake and
bioavailability.

3.2.1.3 Pharmacological effects and mechanism of minor
ginsenoside polymer micelle drug delivery system
Polymer micelles are colloidal dispersion systems formed by
self-assembly of amphiphilic block copolymers in water (Pei et al,,
2021), which can prevent drugs from being degraded (Wang et al,,
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Preparation and action mechanism of Rg3-NPs.

2013). The hydrophobic core is used as the natural carrier for
encapsulating hydrophobic drugs, while the hydrophilic shell
stabilizes the particles in aqueous solution (Nasongkla et al.,
2006) (Figure 4). Zhang et al. (2020) prepared micelles loaded
with minor ginsenoside CK (APD-CK) with A54 peptide.
Compared with CK alone, polymer micelles have enhanced
antiproliferative effects on Huh-7 cells and HepG2 cells, and
have better anticancer effects. This may because the A54 is a
hepatoma-specific binding peptide, it can help the modified drug-
loaded nanosystem specifically target hepatoma cells through cell
surface receptors and be absorbed by these cells quickly. The
release of CK in micelles is pH-dependent, which may be
attributed to the electrostatic interaction between polymer-
carriers and hydrophobic drugs. The sustained release may be
due to the gradual separation of CK from the micellar carrier and
release into the solution. And this prolongs the time of the drug in
the blood, which is conducive to the targeted release and improves
the bioavailability of minor ginsenosides.

3.2.1.4 Pharmacological effects and mechanism of minor
ginsenoside polymer nano-drug delivery system
Polymer nanoparticles encapsulate drugs into the core
formed by polymer materials and adsorb them onto particles
(Liu and Feng, 2015), which can make drugs release
continuously. Qiu et al. (2019) prepared self-assembled
polymer nanoparticles of poly (ethylene glycol)-block-poly
[mPEG-b-P  (Glu-co-
Phe)]. Then the minor ginsenoside Rg3 was encapsulated into
it to form mPEG-b-P (Glu-co-Phe) nanoparticles (Rg3-NPs).
Compared with free Rg3, Rg3-NPs are more cytotoxic to colon

(L-glutamic acid-co-L-phenylalanine)

cancer cells and can effectively inhibit the proliferation of tumor
cells. The mechanism is that nanoparticles enter cells through
endocytosis, and there is electrostatic interaction between drugs
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and polymers. The increase of acidity in the TME destroys the
electrostatic interaction, which is conducive to the release of
more drugs, enhancing the accumulation of drugs in tumors and
achieving the effect of treating tumor cells (Lv et al., 2013). It is
reported that the particle size of 100 nm is an appropriate particle
size for selective accumulation in the tumor through EPR effect
(Lingiang Xu et al., 2015). And it leads to apoptosis by enhancing
the expression of caspase-3 (Figure 5).

3.2.1.5 Pharmacological effects and mechanism of minor
ginsenoside biopolymer nano-drug delivery system
Biopolymer based nanocarriers include natural biopolymers
derived from proteins and polysaccharides, as well as modified
forms of these substances and derivatives (Pei et al., 2021). Zhang
et al. (2018) prepared chitosan nanoparticles (CK-NPs) loaded
CK, with deoxycholic acid-O
carboxymethyl chitosan as polymer carrier (Figure 6). The

with minor ginsenoside
results showed that the prepared nanoparticles had uniform
particle size distribution and good dispersion, and showed a
significant anti-proliferation effect on HepG2 cells. This may be
because the release of CK is pH-dependent, and CK release is
significantly enhanced in a slightly acidic environment. CK-NPs
may be absorbed by cells through endocytosis, and the
released in a acidic
the by

HepG2 cells. At pH 7.4, it will reduce the release, to decrease

encapsulated drugs are slightly

environment, increasing absorption of drugs

the toxic and side effects on normal tissues.

3.2.2 Inorganic nanocarrier drug delivery system
3.2.2.1 Pharmacological effects and mechanism of minor
ginsenoside gold nano-drug delivery system

As a drug carrier, gold nanoparticles show biocompatibility
and non-toxicity. Drugs are loaded through non-covalent
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interactions (Vigderman and Zubarev, 2013). Kim et al. (2019)
prepared biosynthetic gold nanoparticles loaded with minor
ginsenoside CK. Compared with free minor ginsenosides, gold
nanoparticles showed slightly higher cytotoxicity to A549 cells
and HT29 and were more likely to increase the apoptosis of
cancer cells under light-induced hyperthermia. It is reported that
as a drug carrier, gold nanoparticles can increase the absorption
of drugs by tumor tissues stimulated by hyperthermia (Zhang
et al., 2016). Nanoparticles bind to cells through endocytosis.
And because the surface is cationic, nanoparticles can gather on
After photoinduced
hyperthermia, they can quickly induce cell lysis and release

the anionic surface of cancer cells.
the curative effect (Figure 7).

3.2.2.2 Pharmacological effects and mechanism of minor
ginsenoside mesoporous silica nano-drug delivery
system

Mesoporous silica nanoparticles with large surface area
and pore volume have been reported as an effective drug
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FIGURE 8
Structure of mesoporous silica nanoparticles (Singh et al.,
2017¢).

delivery carrier due to their biocompatibility and high drug
loading (Liu and Feng, 2015). Singh et al. (2017b) loaded
minor ginsenoside CK and Rh2 onto 200 nm mesoporous
silica nanoparticles (MSNPs) with pore size of 4nm to
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FIGURE 9
Functional principle of carbon nanotubes (Bianco et al., 2005).

prepare  MSNPs-CK and MSNPs-Rh2
Fluorescein isothiocyanate (FITC) fluorescent dye was

respectively.

combined in MSNPs carrier system to track cell uptake and
facilitating in vitro research (Figure 8). The results showed
that compared with the unencapsulated CK and Rh2, the two
nanoparticles had biocompatibility with HaCaT skin cells, and
showed higher cytotoxicity in A549, HepG2, and HT29 cell
lines. The

anti-inflammatory effect was better in
RAW264.7 cells. This may be because MSNPs are
essentially immune to hydrolysis and enzymatic

degradation, which can protect drugs from early release
before reaching the point of action (Tang et al., 2012).
Moreover, MSNPs have nanoscale pores, and the diameter
of most enzymes is much larger than their pores, which
prevents the entry of many enzymes, thus protecting the
drugs from being hydrolyzed prematurely (Heidegger et al.,
2016). Combined with its high drug loading, the curative effect
of the drug is enhanced.

3.2.2.3 Pharmacological effects and mechanism of minor
ginsenoside magnetic nano-drug delivery system
Magnetic nanoparticles are often used to obtain targeting and
trigger drug release through the heat generated by the magnetic
field (Pei et al., 2021). Zhao et al. (2018) coupled minor
ginsenoside Rg3 with magnetic components to obtain
The that the
synthesized nanoparticles had good biocompatibility and

stability, and had the ability of automatic targeting to mouse

magnetic nanoparticles. results showed

liver. Subsequent evaluation of important organs in mice showed
that nanodrugs were non-toxic and safe.

3.2.2.4 Pharmacological effects and mechanism of
minor ginsenoside nanotube drug delivery system

Two functionalization methods are widely used to modify
carbon nanotubes (CNT). One is to use strong acid oxidation,
and the other one is to react with amino acid derivatives and
aldehydes to add solubilized parts around the outer surface.
Functionalized carbon nanotubes can be connected to a
variety of active molecules (Bianco et al., 2005). Luo et al.
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(2021) combined the minor ginsenoside Rg3 with CNT to
obtain the conjugate CNT-loaded Rg3 (Rg3-CNT). Nitric acid
and sulfuric acid were mixed to functionalize CNT. This
method reduced the length, produced carboxyl groups and
increased the dispersion in aqueous solution (Liu et al., 1998)
(Figure 9). The results showed that the anti-cancer activity
was enhanced compared with free Rg3. The reason is that Rg3-
CNT can reduce the expression of PD-1 in activated T cells,
thereby enhancing the anti-cancer effect of Rg3 on triple-
negative breast cancer. Many experiments have proved that
diverse mammalian cells absorb CNT or its conjugates, and
CNT can overcome the cell barrier (Shi Kam et al., 2004),
CNT-loaded glycopolymer can target breast cancer (Ozgen
etal., 2020), so the enhancement of anticancer activity may be
because CNT overcomes the cell barrier to release drugs in
cells.

3.2.2.5 Pharmacological effects and mechanism of minor
ginsenoside graphene drug delivery system

Graphene is a single layer of SP*>-hybridized carbon atoms
arranged in a two-dimensional honeycomb lattice (Liu et al.,
2013), with a high specific surface area and easy surface
modification (Hong Wang et al., 2021). Zare-zardini et al.
(2018a) studied several graphene nanosystems treated with
minor ginsenoside Rh2, that is, Rh2 combined with lysine
(Lys) treated high porous graphene (Gr) (Gr-Lys-Rh2),
Rh2 combined with arginine (Arg) treated Gr (Gr-Arg-
Rh2). The results showed that the functionalization of Gr
composite Rh2, positively charged amino acids lysine and Gr
showed higher antitumor activity. Compared with pure
graphene, it reduces the toxicity to the coagulation system
and heart tissue.

This may be due to the synergistic effect of minor ginsenoside
and graphene, which show better antitumor effect and cytotoxic
activity. In addition, there is stronger electrostatic absorption and
interaction between positively charged amino acids and negative
charged amino acids on certain biological surfaces and cancer
cells, which may also be responsible for the enhanced biological
activity.
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3.2.3 Pharmacological effects and mechanism of
minor ginsenoside composite nano-drug
delivery system

Combining with
nanomaterials to prepare composite nanocarriers can make

organic nanomaterials inorganic
the carrier absorbed adequately to improve curative effect
(Zhou, 2020). Lee et al. (2014) developed a mixed composite
nanocarrier based on hyaluronic acid-ceramide (HACE) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy (polyethyleneglycol)-2000] to load minor
ginsenoside Rg3. The results showed that compared with
HACE alone, the composite nanocarrier had higher cell
uptake rate and enhanced circulation time in the blood
stream. This may be due to the fact that lipid vesicles can
bind to the cell surface and their lipid parts can fuse with the
cell membrane, thus improving the cell uptake rate. The lipid
fraction also provides spatial stability, thereby prolonging
circulation in the blood stream. Therefore, composite

nanocarriers can become a superior choice for drug delivery.

3.2.4 Pharmacological effects and mechanism of
other new minor ginsenoside nano-drug
delivery systems

Other novel nanocarriers for the delivery of drugs and
active ingredients include nanocapsules, liquid crystals,
polymer vesicles and nanofibers (Liu and Feng, 2015). Sun
et al. (2014) used electrospun PLGA with three-dimensional
nanofiber structure as drug carrier and coated it with chitosan
to load minor ginsenoside Rg3. The results showed that
PLGA-Rg3 surface coated chitosan had a better effect on
inhibiting hypertrophic scar formation than materials and
drugs alone. This may be because chitosan coating promotes
wound healing and improves the hydrophilicity and
biocompatibility of fiber membrane. The sustained release
of Rg3 also helps to significantly inhibit the formation of
hypertrophic scars.

4 Conclusion and prospects

Minor ginsenosides have attracted the attention of
researchers due to their various pharmacological activities.
However, because of poor water solubility and stability, the
efficacy cannot be well guaranteed, which limits the clinical
application. Nanocrystallization of minor ginsenosides can
well solve this problem. At present, relevant researchers have
the
pharmacological effects and mechanism of minor ginsenosides

explored and practiced in preparation methods,
nanocrystallization, which provides a reference for the clinical
application of minor ginsenoside nanoparticles.

Compared with nanocarriers, nanocrystals have the

advantages of high drug load, simple preparation methods
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and not restricted by carrier materials. The preparation
difficulty of nanocrystals is closely related to the choice of
preparation methods and physicochemical properties of
still  difficult to the
preparation time and improve the stability of nanocrystals.

drugs. However, it is shorten
The key factors affecting the preparation of nanocrystals and
the content of targeted drug delivery need to be further
studied. Compared with nanocrystals, nanocarriers can
achieve targeted release and protect drugs from early
release before reaching the endpoint. But there are also
the

technology

some shortcomings. In the preparation process,

research and development of nanocarrier
requirements are high, and the preparation process is
complex. The process is greatly affected by equipment,
raw  materials

operating  conditions,

parameters. The subtle changes in the manufacturing

and  process

process can cause large changes in the final product
high
reproducibility in production. The tissue specificity of the

quality, resulting in uncertainty and poor
targeted drug is not high, and most experiments are conducted
in vitro, and intracorporeal environment is not easy to be
detected. So the development of core technology of nano
medicine needs to be further broken.

In summary, some achievements have been made in the
research of minor ginsenoside nanoparticles. However, the
research on the targeted release, mechanism and optimization
of preparation of minor ginsenoside nanoparticles needs to be
further strengthened. It is necessary to further explore the
pharmacokinetics in vivo and pre-clinical safety evaluation
and management of minor ginsenoside nano-drugs, in
addition, to evaluate the side effects and adverse reactions of
minor ginsenoside nano-drugs to patients and promote the
clinical application of nano minor ginsenoside drugs. The
development and improvement of new dosage forms of minor
ginsenosides show great potential in minor ginsenoside drug
treatment.
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Background: The clinical efficiency of terpenoids in treating human acute lung
injury (ALl) is yet to be determined. The lipopolysaccharide-induced rat model
of ALl is a well-established and widely used experimental model for studying
terpenoids’ effects on ALl Using a systematic review and meta-analysis, the
therapeutic efficiency of terpenoid administration on the lung wet-to-dry
weight ratio in rats was investigated.

Methods: Using the Cochrane Library, Embase, and PubMed databases, a
comprehensive literature search for studies evaluating the therapeutic
efficacy of terpenoids on ALl in rats was conducted. The lung wet-to-dry
weight ratio was extracted as the main outcome. The quality of the included
studies was assessed using the Systematic Review Center for Laboratory Animal
Experimentation’s risk of bias tool.

Results: In total, 16 studies were included in this meta-analysis. In general,
terpenoids significantly lowered the lung wet-to-dry weight ratio when
compared with the control vehicle (p = 0.0002; standardized mean
difference (SMD): -0.16; 95% confidence interval (Cl): -0.24, -0.08).
Subgroup analysis revealed that low dose (<10 umol/kg) (p < 0.0001; SMD:
—-0.68; 95% Cl: -1.02, —0.34), intraperitoneal injection (p = 0.0002; SMD: -0.43;
95% CI: -0.66, -0.20), diterpenoid (p = 0.004; SMD: -0.13; 95% CI:
—-0.23, -0.04), and triterpenoid (p = 0.04; SMD: -0.28; 95% CI: —-0.54, -0.01)
significantly lowered the lung wet-to-dry weight ratio when compared with the
control vehicle.

Conclusion: A low dose of diterpenoid and triterpenoid administered
intraperitoneally is effective in alleviating ALI. This systematic review and
meta-analysis provides a valuable mirror for clinical research aiming at the
advancement of terpenoids for preventive and therapeutic use.

Systematic Review Registration: CRD42022326779
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Introduction

Acute lung injury (ALI) is an acute inflammatory disease
that disrupts the lung’s endothelial and epithelial barriers
2009). Tt s
inflammatory response syndrome and multiple organ
dysfunction syndrome (Wu et al., 2021). ALI, which is
characterized by pulmonary edema and severe hypoxia, has

(Manicone, associated  with  systemic

also been regarded as the leading cause of death in patients
with sepsis, imposing an enormous health burden worldwide
each year (Schingnitz et al., 2010).

Although the pathophysiology of ALI has been extensively
studied, effective clinical treatments for ALI remain limited.
Therefore, there is an urgent need for the development of
additional medications to treat ALIL Several natural
compounds, such as terpenoids, alkaloids, and flavonoids,
have been used over the last few years to treat ALI (Ren et al.,
2019; Zhang et al, 2019; Zhao et al,, 2021). Terpenoids, also
known as isoprenoids, are the most abundant and structurally
diverse natural compounds found in numerous plant species.
They are a diverse and large group of naturally occurring organic
chemicals derived from the 5-carbon compound isoprene. In
addition, they are known to have diverse pharmacological
properties, including antiatherosclerotic, antitumor, anti-
inflammatory, antinociceptive, and antimalarial activities (Liu
etal., 2019; Yuan et al., 2020; El-Baba et al., 2021; Sankhuan et al.,
2022). The majority of research on terpenoids” anti-ALI effects
has focused on diterpenoids; however, there is no consensus on
other terpenoids (Yang et al., 2011; Yang et al,, 2014; Li et al,,
2018a).

Endotoxin can enter humans’ airways through inhalation of
contaminated dust or aerosol particles in hospital, occupational,
agricultural, and domestic environments. Lipopolysaccharide
(LPS), which is a major endotoxin component of Gram-
negative bacteria, is regarded as the most important pathogen
responsible for the development of ALI in sepsis (Li et al., 2014a;
Park etal., 2018). Animal studies allow for the investigation of the
efficacy and safety of novel therapies, linking basic research and
clinical trials. LPS is thought to be a significant inducer of lung
injury. Because of its widespread use and accessibility, LPS-
induced lung injury is the most commonly used animal model
of ALI for replicating the pathophysiological process (Li et al.,
2018a). In this present meta-analysis, we investigated the effects
of terpenoid administration on the wet-to-dry weight (W/D)
ratio of the lungs in rats with LPS-induced ALI to better
understand the preventive and therapeutic potential of
terpenoids on ALL

Frontiers in Pharmacology

Materials and methods
Reporting standards

The systematic review protocol for animal intervention
studies was prepared in accordance with the Preferred
Reporting Ttems for Systematic Reviews and Meta-Analyses
guideline and the Systematic Review Center for Laboratory
Animal Experimentation (SYRCLE) format (Hooijmans and
Ritskes-Hoitinga, 2013; De Vries et al., 2015).

Search strategy

A comprehensive search was conducted by a competent
information specialist (SW) in the Cochrane Library, Embase,
and PubMed databases between January 2000 and March
2022 using the terms “acute lung injury,” “ALL” “terpenoid,”
“lipopolysaccharide,” “LPS,” and “rat.” The search terms are as
follows: (acute lung injury or ALI) and (diterpenoid or
hemiterpenoid or monoterpenoid or  polyterpenoid or
sesquiterpenoid or sesterterpenoid or terpenoid or tetraterpenoid
or triterpenoid) and (lipopolysaccharide or LPS) and (rat or rats).
Following a manual screening, further relevant studies were

identified from the datasheet of included and reviewed articles.

Inclusion and exclusion criteria

The inclusion criteria are as follows: (a) original research, (b)
terpenoid intervention, and (c) rat with LPS-induced ALI
research model. The exclusion criteria were as follows: (a)
reviews, abstracts, case reports, comments, and editorials; (b)
missing data; (c) duplicate and/or overlapping datasets; and (d)
publications that were not written in English.

Study selection

To collect qualified studies, the abstracts and titles of the
articles identified by the comprehensive search were
independently reviewed by three investigators (SW, JJ, and
HL). The full text of potentially eligible studies was thereafter
reviewed and checked by three investigators (SL, DL, and LS) to
determine if the studies met the inclusion and exclusion criteria.
Disagreements as regards the study’s selection were resolved
through discussion and compromise.
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Data extraction

The characteristic data were extracted from qualified studies
independently by three investigators (SL, LS, and HL), such as
publication year, first author name, sample size of control and
terpenoid groups, age, gender, rat strain and weight, diet type,
terpenoid dosage, the interval between LPS administration and
of LPS
administration, lung wet-to-dry weight ratio, and dryer

sacrifice, route and duration and terpenoid
parameter. The statistics displayed graphically in the original
publications were extracted using Adobe Photoshop (Ps v7.0).
The main outcome was the lung wet-to-dry weight ratio, which is
measured as a numerical value. Disagreements as regards data

extraction were resolved through discussion and compromise.

Quality assessment

The quality of the included studies was assessed by two
investigators (SW and JJ) using SYRCLE’s risk of bias tool. The
allocation concealment, incomplete outcome data, randomization,
blinding and selective outcome assessments, baseline characteristics,
random housing, domains evaluating sequence generation, and
other sources of bias were included in the SYRCLE’s risk of bias
tool (Hooijmans et al., 2014). Publication bias was assessed through
visual inspection of funnel plots. Disagreements about quality
assessment were resolved through discussion and compromise.

Data synthesis and statistical analysis

All statistical analyses were conducted using the Review Manager
(RevMan v5.3) software. The effects of control vehicle and terpenoids
on lung wet-to-dry weight ratio were assessed using the mean
differences with 95% confidence intervals (CI). A fixed effects model
was used to pool studies, and the inconsistency index was used to
calculate heterogeneity as high (I* > 50%) or moderate (I* > 30%).

In one study, datasets with more than three independent groups,
namely, a control group, a low terpenoid dosage group, and a high
terpenoid dosage group, were defined. A single control group was
compared with various groups that investigated different terpenoid
dosages in eight studies (Yang et al,, 2011; Chen et al,, 2014; Yang
et al,, 2014; Wei and Wang, 2017; Li et al,, 2018a; Ren et al., 2019;
Wang et al., 2021; Wu et al., 2021). To avoid a redundant expansion
in the meta-analysis sample size, the number of samples in the
control group in each study was divided by those in the matched
groups. Subanalyses of the effects of different terpenoid routes and
doses on lung wet-to-dry weight ratio were conducted. A sensitivity
analysis was conducted to assess the robustness of the results. A p-
value of <0.05 was considered statistically significant.
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TABLE 1 The characteristics of included studies.

Study

Ali F, 2021 (Ali et al.,
2021)

Chen J, 2014 (Chen
et al,, 2014)

Dikmen N, 2021
(Dikmen et al., 2021)

LiJ, 2017 (Li et al.,
2018a)

Li L, 2018 (Li et al,,
2018b)

Li S, 2021 (Li et al,
2021)

Luo X, 2019 (Luo
et al., 2019)

Shi XM, 2007 (Shi
et al., 2007)

Wang YJ, 2020 (Wang
et al,, 2021)

Terpenoid

Aescin, triterpenoid

Triptolid, diterpenoid

Oleuropein,
monoterpenoid

Tanshinone IIA,
diterpenoid

Tanshinone IIA,
diterpenoid

Retinoic acid,
diterpenoid

Genipin,
monoterpenoid

Tanshinone IIA,
diterpenoid

Zaluzanin D,
sesquiterpenoid

Gender Age
Male 8w
Male ?

Male 8-10 w
Male 10 w
Male 8w
Male 8-10 w
Male 8w

? ?

Male 6-8 w

Strain

Wistar

Sprague
Dawley

Wistar

Wistar

Sprague
Dawley

Sprague
Dawley

Sprague
Dawley

Sprague
Dawley

Sprague
Dawley

Weight

180-200 g

200-250 g

180-250 g

250-300 g

200-220 g

220-270 g

180-220 g

240-280 g

Route  Dose
of LPS of LPS
it 8 mg/kg
iv. 5 mg/kg
it 5 mg/kg
iv. 5 mg/kg
ip. 10 mg/kg
iv. 5 mg/kg
it. 5 mg/kg
iv. 5 mg/kg
it 3 mg/kg

77

Dose
of
terpenoid

4.42 umol/kg

0.28 pmol/kg

0.14 pmol/kg

0.08 pmol/kg

370 umol/kg

34 umol/kg
20 pumol/kg

10 pmol/kg

1 pmol/kg

17 pmol/kg

22 pumol/kg

17 pmol/kg

347 pumol/kg

174 pmol/kg

Interval
between

LPS
administration
and sacrifice

24h

12h

20 h

24h

8d

12h

6h

7d

Route
of
terpenoid

Parameter
of dryer

80°C
24h

60°C

72 h

70 °C
72h

72h
80°C

48 h
80°C

20h

60°C

48h

Groups
and sample
size

Control = 10
Triterpenoid = 10

Control = 5

Diterpenoid high = 5

Diterpenoid
medium = 5

Diterpenoid low = 5

Control = 8

Monoterpenoid = 8
Control = 24

Diterpenoid high = 24

Diterpenoid
medium = 15

Diterpenoid low = 15
Control = 10

Diterpenoid = 10
Control = 10

Diterpenoid = 10

Control = 6

Monoterpenoid = 6

Control = 8

Sesquiterpenoid = 8

Control = 6

Sesquiterpenoid
high =6

(Continued on following page)
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TABLE 1 (Continued) The characteristics of included studies.

Study Terpenoid Gender Age  Strain Weight Route Dose Dose Interval Route Parameter Groups
of LPS of LPS of between of of dryer and sample
terpenoid LPS terpenoid size
administration
and sacrifice
Sesquiterpenoid
medium = 6
69 pumol/kg Sesquiterpenoid
low =6
Wei Y, 2017 (Wei and  Celastrol, triterpenoid Male ? Wistar 180-220g it 2 mg/kg 24 h ig. Control = 8
Wang, 2017) 44 pymol/kg 80°C Triterpenoid high = 8
11 pmol/kg 72h Triterpenoid
medium = 8
1.1 pmol/kg Triterpenoid low = 8
WuY, 2021 (Wuetal, Platycodin D, ? 6w Sprague 90-110g it 5 mg/kg ? ip. Control = 7
2021) triterpenoid Dawley
20 pmol/kg 60°C Triterpenoid high = 7
10 pmol/kg 48 h Triterpenoid low = 7
Yang N, 2014 (Yang Andrographolide, Male 8w Sprague 180-220g  iv. 5 mg/kg 6h ig. Control = 43
et al,, 2014) diterpenoid Dawley
128 pmol/kg 80°C Diterpenoid high = 43
13 pmol/kg 72h Diterpenoid low = 43
Yang W, 2011 (Yang  Isoforskolin, Male 2w Sprague 260-300g iv. 6 mg/kg 3h ip. Control = 8
et al,, 2011) diterpenoid Dawley
49 pumol/kg 80 °C Diterpenoid high = 8
24 pymol/kg 48 h Diterpenoid
medium = 8
12 umol/kg Diterpenoid low = 8
Yuan Q, 2014 (Yuan  Ginsenoside Rbl, Male ? Wistar 300-350 g iv. 0.1 mg/kg 4.5 pmol/kg ? iv. 80°C Control = 10
et al., 2014) triterpenoid
48 h Triterpenoid = 10
Zhang E, 2020 (Zhang  Artesunate, ? ? Sprague 220-250 g it 5 mg/kg 5.2 pmol/kg 24h ip. ? Control = 8
et al,, 2020) sesquiterpenoid Dawley
Sesquiterpenoid = 8
Zhang Z, 2019 (Zhang  Genipin, Male 8w Sprague 180220 g it 5 mg/kg 12 h ip. Control = 6
et al,, 2019) monoterpenoid Dawley
22 pumol/kg 80°C Monoterpenoid
high = 6
8.8 umol/kg 48 h Monoterpenoid low = 6

Note: i.v., intravenous injection; i.t., intratracheal administration; i.p., intraperitoneal injection; i.g., intragastric administration;? = not reported.
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Results
Study selection

Through the search strategy, 872 articles were identified. The
investigators extracted the abstracts and titles and identified
38 studies that met the inclusion criteria. After reviewing all
of the publications, 10 studies were excluded because of missing
outcome data (Ehrhart et al., 2000; Tawadros et al., 2007; Nader
and Baraka, 2012; An et al., 2014; Wang et al,, 2015; Liu and
Chen, 2016; Shen et al., 2017; Ni et al., 2019; Wang et al., 2019;
Yang et al., 2019), and another 12 studies were excluded because
multiple interventions were investigated (Murakami et al., 2000;
Lin et al., 2011; Li et al., 2014b; Li et al., 2016a; Li et al., 2016b;
Baradaran Rahimi et al., 2019; Ye et al., 2019; Duan et al., 2020;
Yue et al.,, 2020; Choi et al,, 2021; Zhang et al., 2021; Liu et al,,
2022). In conclusion, 16 studies were included in this meta-
analysis, as described below (Shi et al., 2007; Yang et al.,, 2011;
Chen et al., 2014; Yang et al., 2014; Yuan et al., 2014; Wei and
Wang, 2017; Li et al., 2018a; Li et al., 2018b; Luo et al., 2019; Ren
etal, 2019; Zhang et al., 2020; Ali et al., 2021; Dikmen et al., 2021;
Li et al,, 2021; Wang et al., 2021; Wu et al., 2021) (Figure 1).

Study characteristics

From the 16 included studies, 29 datasets and 499 rats were
extracted. The characteristics of these studies are shown in
Table 1. Rats ranged in age from 6 to 8 weeks and in weight
from 90 to 350g. In terms of intervention, diterpenoid,
monoterpenoid, sesquiterpenoid, and triterpenoid were used
in seven studies (Shi et al, 2007; Yang et al, 2011; Yang
et al., 2014; Wei and Wang, 2017; Li et al,, 2018a; Li et al,
2018b; Luo et al., 2019), three studies (Yuan et al., 2014; Ren et al.,
2019; Li et al,, 2021), two studies (Ali et al., 2021; Wang et al,,
2021), and four studies (Chen et al., 2014; Zhang et al., 2020;
Dikmen et al., 2021; Wu et al., 2021), respectively. In addition,
13 studies used male rats (Shi et al., 2007; Yang et al., 2011; Chen
et al,, 2014; Yang et al,, 2014; Yuan et al.,, 2014; Wei and Wang,
2017; Lietal., 2018a; Luo et al., 2019; Ren et al., 2019; Zhang et al.,
2020; Dikmen et al., 2021; Li et al,, 2021; Wang et al., 2021),
whereas three studies did not report gender (Li et al., 2018b; Ali
et al,, 2021; Wu et al., 2021). Sprague Dawley rats were used in
11 studies (Shi et al., 2007; Yang et al., 2014; Wei and Wang,
2017; Li et al., 2018a; Li et al., 2018b; Luo et al., 2019; Ren et al.,
2019; Ali et al., 2021; Li et al., 2021; Wang et al., 2021; Wu et al.,
2021) and Wistar rats in five studies (Yang et al., 2011; Chen
et al,, 2014; Yuan et al., 2014; Zhang et al., 2020; Dikmen et al,,
2021).

LPS was administered intravenously in seven studies (Yang
et al,, 2011; Yang et al., 2014; Wei and Wang, 2017; Li et al,,
2018a; Li et al,, 2018b; Luo et al., 2019; Dikmen et al., 2021),
2007),

intraperitoneally in one study (Shi et al, and
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intratracheally in eight studies (Chen et al., 2014; Yuan et al,
2014; Ren et al., 2019; Zhang et al., 2020; Ali et al., 2021; Li et al.,
2021; Wang et al., 2021; Wu et al,, 2021). The LPS dosage ranged
10 mg/kg.
intragastrically in four studies (Chen et al., 2014; Yang et al,
2014; Yuan et al,, 2014; Zhang et al., 2020), intravenously in three
studies (Yang et al., 2011; Dikmen et al., 2021; Wang et al., 2021),
intraperitoneally in eight studies (Shi et al., 2007; Wei and Wang,
2017; Li et al., 2018a; Li et al., 2018b; Luo et al., 2019; Ren et al.,
2019; Ali et al., 2021; Wu et al., 2021), and intratracheally in one
study (Li et al., 2021). The terpenoid dosage ranged from 0.08 to
370 umol/kg. The terpenoid was given prior to LPS in eight
studies (Chen et al., 2014; Yang et al.,, 2014; Yuan et al., 2014; Li
etal,,2018a; Luo etal., 2019; Ren et al., 2019; Zhang et al., 2020; Li
etal., 2021), after LPS in seven studies (Shi et al., 2007; Yang et al.,
2011; Wei and Wang, 2017; Li et al,, 2018b; Ali et al., 2021;
Dikmen et al., 2021; Wang et al., 2021), and undetermined in one
study (Wu et al., 2021). The interval between LPS administration
and sacrifice ranged from 3 h to 8 days. The drying time ranged

from 0.1 to Terpenoid was administered

from 20 to 72 h, and the temperature ranged from 60 to 80°C.

Quality assessment

The quality assessment of these studies is shown in Figure 2.
In total, 12 studies were randomized, with eight studies
demonstrating unclear risks of bias in blinding and allocation
concealment. All studies’ outcomes were reported, with six
studies demonstrating an unclear risk of selective outcome
reporting. Overall, the risk of bias from other sources was
low. The potential publication bias was evaluated through
visual inspection of a funnel plot (Figure 3).

Effect of terpenoids on lung wet-to-dry
weight ratio

The effect of terpenoids on lung wet-to-dry weight ratio was
presented for 29 datasets acquired from 16 studies (rats given
terpenoids [n = 317] vs. rats given a control vehicle [n = 182]).
Overall, terpenoids significantly reduced the lung wet-to-dry
weight ratio when compared with the control vehicle (p =
0.0002; standardized mean difference (SMD): —0.16; 95% CI:
-0.24, —0.08), with no evidence of heterogeneity among studies
(P = 0%) (Figure 4).

Subgroup analyses were conducted to assess the effects of
diterpenoid, monoterpenoid, sesquiterpenoid, and triterpenoid
on the lung wet-to-dry weight ratio. Monoterpenoid (rats given a
monoterpenoid [n = 26] vs. rats given a control vehicle [n = 20];
p = 0.22; SMD: -0.21; 95% CI: —0.55, 0.13) and sesquiterpenoid
(rats given a sesquiterpenoid [n = 26] vs. rats given a control
vehicle [n = 14]; p = 0.22; SMD: —0.26; 95% CI: —0.69, 0.16) did
not significantly lower the lung wet-to-dry weight ratio when
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The funnel plot for accessing publication bias.

compared with the control vehicle, with no evidence of
heterogeneity among studies (I = 0%). Diterpenoid (rats
given a diterpenoid [n = 207] vs. rats given a control vehicle
[n = 111]) significantly reduced the lung wet-to-dry weight ratio
when compared with the control vehicle (p = 0.004; SMD: —0.13;
95% CI: —0.23, —0.04), with evidence of low heterogeneity among
studies (I* = 20%). Triterpenoid (rats given a triterpenoid [n = 58]
vs. rats given a control vehicle [n = 37]) significantly decreased
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the lung wet-to-dry weight ratio when compared with the control
vehicle (p = 0.04; SMD: —0.28; 95% CI: -0.54, —0.01), with no
evidence of heterogeneity among studies (I* = 0%) (Figure 4). The
sensitivity analysis, which substituted the random effects model
for the fixed effects model, had no effect on the overall outcome
(SMD: -0.16, CI: —0.24, —0.08 vs. SMD: —0.36, CI: -0.55, —0.17).

In terms of the administration route, subgroup analyses
revealed that intraperitoneal injection of terpenoid (rats given
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Experimental Control
Study or Subgrou Mean _SD Total Mean
1.1.1 Monoterpenoid
Dikmen etal., 2021, 370umolfky 242 055 8 267 053 8
Luo etal., 2019, 22Zumolikg 217 058 6 241 067 6
Zhang etal,, 2019, 22umolfky 1.94 0.56 B 2.2 0586 3
Zhang etal., 2018, 8.8umolfky 216 0.56 ] 2.2 056 3
Subtotal (95% CI) 26 20
Heterogeneity: Chi®= 0.23, df= 3 (P = 0.97); F= 0%
Testfor overall effect Z=1.23 (P=0.22)
1.1.2 Sesquiterpene
Wang et al, 2020, 174umolikg 2 053 6 234 053 2
Wang etal., 2020, 347umolfkg 227 035 6 234 053 2
Wang et al., 2020, 69umaoliky 218 0.51 6 234 053 2
Zhang et al., 2020, 5.2umoliky 1.98 0.91 8 257 1 8
Subtotal (95% Cl) 26 14
Heterogeneity: Chi*= 0.80, df= 3 (P = 0.85); F= 0%
Testfor overall effect Z=1.22 (P=0.22)
1.1.3 Diterpenoid
Chenetal, 2014, 0.08umolfkg 263 082 5 254 0.84 2
Chenetal, 2014, 0.14umaolfky 228 072 5 254 084 2
Chenetal, 2014, 0.28umolfkg 223 085 5 254 0.84 2
Lietal, 2017, 10umoliky 235 0.46 18 239 049 8
Lietal, 2017, 20umoliky 2.24 036 16 239 048 8
Lietal, 2017, 34umolfkg 221 0.44 24 239 048 8
Lietal, 2018, 1Tumoliky 1.71 0.44 10 265 041 10
Lietal, 2021, 17umoliky 279 094 10 31058 10
Shietal, 2007, 17umoliky 1.53 0.44 8 1.8 083 8
Yang etal, 2011, 12umoliky 217 042 8 228 053 3
Yang etal,, 2011, 2dumolfkg 209 0.86 8 228 053 3
Yang etal, 2011, 48umolfkg 204 0.84 8 228 053 3
Yang etal., 2014, 128umoliky 214 022 43 222 033 22
Yang etal., 2014, 13umolfkg 215 0.22 43 222 033 22
Subtotal (95% CI) 207 111
Heterogeneity: Chi*=16.22, df=13 (P =0.24), F= 20%
Testfor overall effect: £= 2.91 {P = 0.004)
1.1.4 Triterpenoid
Alietal, 2021, 4. 4umolfkg 225 0.54 10 287 062 10
Weietal, 2017, 1.1umolfkg 27 079 8 267 075 3
Weietal, 2017, 11umaoliky 255 0.77 8 267 075 3
Weietal, 2017, 4. 4dumaoliky 235 079 8 267 075 3
Wu etal, 2021, 10umolika 224 0.56 7 2.4 079 4
Wu etal, 2021, 20umalikg 2.04 0.47 7 24 079 4
Yuan etal,, 2014, 4. 5umoliky 222 048 10 231 056 10
Subtotal (95% CI) 58 37
Heterogeneity: Chi*=2.94 df=6 (P=082); F=0%
Test for overall effect Z= 2.04 (P = 0.04)
Total (95% CI) 317 182
Heterogeneity, Chi*= 21.53, df = 28 (P = 0.80); F= 0%
Testfor overall effect: Z= 3.78 (P = 0.0002)
Testfor subaroun differences: Chi*=1.34. df=3(P=0720.F=0%
FIGURE 4
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deviation.

a terpenoid [n = 81] vs. rats given a control vehicle [n = 51])
significantly reduced the lung wet-to-dry weight ratio when
compared with the control vehicle (p = 0.0002; SMD: -0.43;
95% CI: —0.66, —0.20), with no evidence of heterogeneity among
studies (I* = 0%). However, intravenous injection of terpenoid
(rats given a terpenoid [n = 64] vs. rats given a control vehicle
[n = 34]) did not significantly lower the lung wet-to-dry weight
ratio when compared with the control vehicle (p = 0.25; SMD:
-0.12; 95% CI: —0.32, —0.08), with no evidence of heterogeneity
among studies (I” = 0%). Likewise, intragastric administration of
terpenoid (rats given a terpenoid [#n = 96] vs. rats given a control
vehicle [n = 54]) did not significantly lower the lung wet-to-dry
weight ratio when compared with the control vehicle (p = 0.06;
SMD: -0.10; 95% CI: -0.20, —0.00), with no evidence of
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heterogeneity among studies (I = 0%) (Figure 5). The
sensitivity analysis, which substituted the random effects
model for the fixed effects model, had no effect on the overall
outcome (SMD: -0.15, CI: —0.24, -0.06 vs. SMD: -0.36, CI:
~0.57, =0.15).

In terms of terpenoid dosage, subgroup analyses revealed that
low doses of terpenoid administered intraperitoneally (rats given
terpenoid at a dose of 10 umol/kg or lower [# = 32] vs. rats given a
control vehicle [n = 20]) significantly lowered the lung wet-to-dry
weight ratio when compared with the control vehicle (p < 0.0001;
SMD: -0.68; 95% CI: —1.02, —0.34), with no evidence of
heterogeneity among studies (I* = 0%). However, the high
dose (rats given terpenoid at a dose greater than 10 umol/kg
[n = 49] vs. rats given a control vehicle [n = 31]) did not
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Experimental Control Mean Difference Mean Difference
Study or Subarouy Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed. 95% CI
1.2.1 Intraperitoneal injection
Chenetal,, 2014, 0.08umolfky 2.63 0.82 5 254 084 2 0.4% 0.09[1.28 1.46] G
Chenetal,, 2014, 0.14umoliky 228 072 5 254 084 2 04% -0.26[-1.58,1.06] 1
Chenetal, 2014, 0.28umolfky 223 085 5 254 084 2 0.4% -0.31[-1.69,1.07] i
Li etal., 2018, 1umolikg 171 044 10 265 051 10  4.2% -0.94[1.36,-0.52] e
Lietal, 2021, 17umolikg 279 084 10 3 108 10 1.0% -0.21[-1.08, 0.66] =
Shietal., 2007, 17umaolfky 1.53 0.44 g 1.8 083 g 1.7% -0.27 [-0.92,0.38] -T
Wu etal, 2021, 10umoliky 224 056 724079 4 1.0% -0.16[1.04,072) i
Wu etal., 2021, 20umolikg 2.04 047 7 24 079 4 1.0% -0.36[1.21,0.49] |
Yang etal., 2011, 12umolikg 217 042 8 228 053 3 1.7% -0.11[-0.78, 0.56] -
‘ang etal., 2011, 24umoliky 2.09 0.88 8 228 053 3 1.0% -019[1.04, 0.68] S
Yang etal., 2011, 49umoliky 2.04 084 8 228 053 3 11% -0.24 [-1.08, 0.60] =l
Subtotal (95% Cl) 81 51  13.9% -0.43[-0.66,-0.20] +
Heterogeneity: Chi*= 8.64, df= 10 (P = 0.57); F= 0%
Test for overall effect: Z= 3.68 (P = 0.0002)
1.2.2 Intravenous injection
Lietal, 2017, 10umolikg 235 046 15 239 0489 8 4.4% -0.04 [-0.45 0.37] kB
Lietal, 2017, 20umolfky 224 0.36 18 239 049 g 5.0% -0.15[-0.54,0.24] il
Lietal, 2017, 34umolfky 221 0.44 24 239 049 g 5.0% -0.18[-0.56,0.20] -
Yuanetal., 2014, 4.5umaolikg 222 048 10 231 0.56 10 3.5% -0.09[-0.55 0.37] T
Subtotal (95% Cl) 64 34 17.9% -0.12[-0.32,0.08]
Heterogeneity: Chi®= 0.28, df= 3 (P = 0.96); F= 0%
Testfor overall effect Z=1.16 (P = 0.25)
1.2.3 Intragastric administration
Alietal, 2021, 4.4umolfky 225 054 10 2.87 0.62 10 2.8% -062[1.13,-0.11] =
Weietal, 2017, 1.1umalikg 27 079 8 267 075 3 0.7% 003098, 1.04] S
Weietal, 2017, 11umolfkg 255 0.77 8 267 075 3 0.7% -012[1.12,0.88] i i
Weietal, 2017, 4.4umolfkg 235 079 8 267 075 3 0.7% -0.32[1.33,0.69] =
Yang et al., 2014, 128umaolfky 214 0.22 43 222 033 22 31.6% -0.08[0.23, 0.07] L
Yang etal., 2014, 13umoliky 215 0.22 43 222 033 22 31.6% -0.07 [-0.22,0.08] N
Subtotal (95% CI) 120 63 68.2% -0.10[-0.20, 0.00] [
Heterogeneity: Chi*= 4.46, df= 5 (P = 0.48); = 0%
Test for overall effect: Z=1.88 (P = 0.06)
Total (95% CI) 265 148 100.0% -0.15[-0.24, -0.06] [
?enta;ogeneiwl-l C#i’T 50,133‘,‘?(;200(2;006)45); F=1% 1 5 5 ) 5 110
estfor overall effect: Z= 3. =0. ; i
Testfor subaroun differences: Chi= 6.75. df= 2 (P = 0.03). = 70.4% Favours fexperimental] Favours feontrol]
FIGURE 5

The forest plot of therapeutic efficiency of the route of terpenoid administration on lung wet-to-dry weight ratio. Subgroup analyses evaluated
the therapeutic efficiency of intraperitoneal injection, intravenous injection, and intragastric administration. Cl, confidence interval; IV, inverse

variance; Std, standard; SD, standard deviation.

significantly lower the lung wet-to-dry weight ratio when
compared with the control vehicle (p = 0.16; SMD: -0.22;
95% CI: —0.54, —-0.09), with no evidence of heterogeneity
among studies (I* = 0%) (Figure 6). The sensitivity analysis,
which substituted the random effects model for the fixed effects
model, had no effect on the overall outcome (SMD: —-0.43, CI:
—-0.66, —0.20 vs. SMD: —0.46, CI: —0.83, —0.09).

Discussion

Despite significant advances in pharmacotherapy agents
for ALI, such as antibiotics, N-acetylcysteine, B-agonists,
corticosteroids, surfactants, and statins, an efficient
approach to lowering ALI morbidity and mortality is yet to
be identified (Lewis et al., 2019). Because diterpenoids were
found to be promising in treating ALI in some studies (Yang
etal, 2011; Yangetal,, 2014; Li et al., 2018a), it was necessary
to investigate the pharmacological effects of terpenoids on
ALL The use of animal models provides a valuable gateway for

preclinical research, identifying novel therapeutic strategies
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for disease and developing new drugs. An ideal animal model
should be able to replicate the consequences and mechanisms
of human disease, including pathological and physiological
hallmarks. LPS is a component of Gram-negative bacterial cell
walls. LPS-induced animal models, by inhalation or systemic
(intravenous and intraperitoneal) administration, reproduce
acute damage to the lung epithelial and endothelial barriers, as
well as acute inflammatory responses, in a short period of time
(typically <48 h) (Matute-Bello et al., 2008). LPS-induced
injury is a valuable in vivo experimental model that is
similar to ALI and acute respiratory distress syndrome in
humans. LPS is easy to use, and its outcomes are often
replicable in experiments. Although mouse models of
human disease are widely used because of the availability of
specific reagents and the development of transgenic mice that
can be administered to assess the physiological function of
specific genes, animal size remains an important
consideration when choosing an animal model for ALL
Because there is no difference between rats and mice in
ALI animal models (Matute-Bello et al., 2008), rats were

used as experimental animals in this study.
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Mean Difference
IV, Fixed, 95% CI

Mean Difference
IV. Fixed, 95% CI

Wang et al.
Experimental Control

Study or Subgrou Mean SD Total Mean SD Total Weight
1.3.1 Low dose, =10uomlikg
Chen etal, 2014, 0.08umollky 263 0.82 5 254 084 2 28%
Chenetal, 2014, 0.14umoliky 228 072 5 254 084 2 3.0%
Chen etal,, 2014, 0.28umol/ky 223 085 5 254 084 2 2.8%
Lietal, 2018, 1Tumoliky 1.71 0.44 10 265 051 10 30.5%
W etal, 2021, 10umaoliky 2.24 0.56 7 24 079 4 6.9%
Subtotal (95% CI) 32 20  46.1%
Heterogeneity: Chi*=4.71, df=4 (P=0.32); F=15%
Test for overall effect: Z= 3.90 (P < 0.0001)
1.3.2 High dose, =10uomlkg
Lietal, 2021, 17umoliky 279 094 10 3108 10 7.0%
Shietal, 2007, 17umolfikg 153 0.44 g 1.8 083 8 126%
Wu etal, 2021, 20umolfky 204 047 7 24 079 4 7.4%
Yang etal, 2011, 12umoliky 217 042 8 228 053 3 12.0%
Yang etal., 2011, 24umoliky 209 0.86 8 228 053 3 7.4%
Yang etal, 2011, 43umoliky 2.04 0.84 8 228 053 3 T.6%
Subtotal (95% Cl) 49 31 53.9%
Heterogeneity: Chi*= 0.24, df=5 (P =1.00); F=0%
Testfor overall effect: Z=1.40 (P =0.16)
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Heterogeneity: Chi*= 8.64, df=10{P=057), F=0%
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Previous animal experiments suggest that natural terpenoids
may have therapeutic effects on ALL However, study parameters
such as sample size, animal strain and age, and treatment and
follow-up duration were noted to differ among studies. A
quantitative and comprehensive analysis of these heterogeneous
sources of animal model data can provide insights into the benefits
of terpenoids in the treatment of ALIL Therefore, we conducted a
systematic review and meta-analysis to investigate the effects of
terpenoids on lung wet-to-dry weight ratio in rats with LPS-induced
ALL The findings revealed that the use of terpenoids significantly
reduced the lung wet-to-dry weight ratio and alleviated pulmonary
edema when compared with the control group.

The
sesquiterpenoid, diterpenoid, triterpenoid, and tetraterpenoid

terpenoid  family  includes  monoterpenoid,
(Christianson, 2017). In a subgroup analysis, the number of
isoprene groups, monoterpenoid and sesquiterpenoid, did not
drastically lower the lung wet-to-dry weight ratio. By contrast,
diterpenoid and triterpenoid attenuated pulmonary edema and
ameliorated ALI in LPS-induced ALI rats compared with the
control vehicle. We presumed that the differences among the
groups might be induced by the sample size gap and underlying
publication bias. Of course, more studies are needed to confirm
this speculation. Moreover, a low dose (<10 pmol/kg) of
diterpenoid and triterpenoid via intraperitoneal injection
showed a significant outcome for decreasing lung wet-to-dry
weight ratio. To our knowledge, this meta-analysis is an initial
assessment of the therapeutic efficiency of terpenoids on LPS-
induced ALI in rats. The total outcomes might offer a valuable
reference to the future preventive and therapeutic use of

terpenoids in human ALL
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In the overall analysis, there was no heterogeneity among
studies. However, among studies in the subgroups of diterpenoid
and low-dose terpenoid, it had a low degree of heterogeneity.
Possible origin of heterogeneity contained strain of rat, route of
LPS, and interval between LPS administration and sacrifice, each
of which can influence the progression of ALI (Chen et al., 2010).

The meta-analysis is coupled with some restrictions. First,
the correlation between the outcomes and humans is
restrained by the differences between species in the
development of pulmonary edema. The LPS-induced ALI
the
characteristics and development of pulmonary edema in

animal model is well reputable, and main
humans and rats emerge similar, but to a certain extent, it
is different in pathogenesis (Tomashefski, 2000). We realize
that an LPS-induced ALI animal model duplicates a lot of
pathological features, but it is still relatively simple and rapid
to reproduce the pathologic processes of humans (Matute-
Bello et al., 2008). Second, other animal models of ALI were
not included in this meta-analysis, such as pigs and sheep,
which are easier to be induced by LPS because they have a
more sensitive pulmonary hypertensive response and a higher
speed than (Warner et al, 1988;
Schmidhammer et al., 2006). Third, only the lung wet-to-
dry weight ratio was extracted to investigate the effects of
ALL ~ Other

proinflammatory cytokines, including tumor necrosis factor

circulation rats

terpenoids  on parameters, such as
and interleukin, lung injury score, and lung-to-body weight
ratio, were not considered (Eastwood et al., 2015; Butt et al.,
2016). Fourth, hemiterpenoids, sesterterpenoids, and other

terpenoids were not investigated in the analysis. In addition,
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more studies based on a huge number of samples and large-
scale animal models are still necessary for determining
whether terpenoids are effective for attenuating ALI in
humans.

This meta-analysis showed that terpenoid is beneficial for
alleviating ALI in rats. In particular, low-dose (<10 umol/kg)
diterpenoid and triterpenoid significantly decrease lung wet-to-
dry weight ratio in rats via intraperitoneal injection. We need
more well-designed, prospective, and extensive animal model
research to expand our understanding of the mechanisms of
terpenoids in ALI treatment. We still need randomized
controlled trials in humans to demonstrate the clinical benefit
of terpenoids in the prevention and therapy of ALL
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Inflammation is an innate immune response to infection, and it is the main
factor causing bodily injury and other complications in the pathological
process. Ginsenoside Rh4 (G-Rh4), a minor ginsenoside of Panax ginseng C.
A. Meyer and Panax notoginseng, has excellent pharmacological properties.
However, many of its major pharmacological mechanisms, including anti-
inflammatory actions, remain unrevealed. In this study, network
pharmacology and an experimental approach were employed to elucidate
the drug target and pathways of G-Rh4 in treating inflammation. The
potential targets of G-Rh4 were selected from the multi-source databases,
and 58 overlapping gene symbols related to G-Rh4 and inflammation were
obtained for generating a protein—protein interaction (PPI) network. Molecular
docking revealed the high affinities between key proteins and G-Rh4. Gene
ontology (GO) and pathway enrichment analyses were used to analyze the
screened core targets and explore the target—pathway networks. It was found
that the JAK-STAT signaling pathway, TNF signaling pathway, NF-xB signaling
pathway, and PI3K-Akt signaling pathway may be the key and main pathways of
G-Rh4 to treat inflammation. Additionally, the potential molecular mechanisms
of G-Rh4 predicted from network pharmacology analysis were validated in
RAW264.7 cells. RT-PCR, Western blot, and ELISA analysis indicated that G-Rh4
significantly inhibited the production of pro-inflammatory cytokines such as
TNF-a, IL-6, and IL-1B, as well as inflammation-related enzymes in
lipopolysaccharide (LPS)-stimulated RAW264.7 cells. Moreover, in vitro
experiments evaluated that Ginsenoside Rh4 exerts anti-inflammatory
effects via the NF-xB and STAT3 signaling pathways. It is believed that our
study will provide the basic scientific evidence that G-Rh4 has potential anti-
inflammatory effects for further clinical studies.

KEYWORDS

network pharmacology, ginsenoside, inflammation, proinflamamtory cytokines,
pharmacological mechanism
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Introduction

The occurrence of self-limited inflammation is critical for
survival during physical injury and infection; however, the
persistence of inflammation leads to several pivotal diseases that
collectively represent the leading causes of disability and mortality
worldwide (Furman et al,, 2019; Panigrahy et al,, 2020). Recent
research has revealed that chronic inflammatory diseases have
been recognized as the most important cause of death in the world
today (Libby, 2021), and more than 50% of deaths are attributed to
inflammation-related diseases such as ischemic heart disease,
cancer, non-alcoholic fatty liver disease (NAFLD), and diabetes
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mellitus (GBD 2017 Causes of Death Collaborators, 2018). In
addition, it was reported that typical biomarkers of acute
inflammation can predict the incidence rate and mortality of
various diseases (Arai et al, 2015), but this approach also has
limitations. To address the limitations of assessment with a few
selected inflammatory biomarkers, researchers have adopted a
multi-dimensional approach, including analyzing a large
number of inflammatory markers and then combining these
markers into more reliable indicators representing high
inflammatory activity (Morrisette-Thomas et al, 2014). The
including anti-

anti-inflammatory  drugs, non-steroidal

inflammatory drugs, have been developed and applied in
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clinics, but studies have shown that these drugs frequently cause
adverse effects such as liver injury (Schmeltzer et al, 2016).
Looking for more effective and safe anti-inflammatory drugs is
an urgent issue in the global medical community.

Ginsenoside is the main active ingredient of ginseng, which
displayed a broad spectrum of activities, such as cancer cell toxicity,
anti-inflammation, and enhancing immunity. G-Rh4 is a trace
saponin in white ginseng, and it became the most abundant
triol-type ginsenoside after the heating process. Compared with
other saponins, G-Rh4 has relatively better water solubility (Wang
et al., 2022), suggesting its potential clinical applications. However,
due to its low content in fresh or white ginseng and consequent
preparation difficulty, there are few studies on the pharmacological
effects of G-Rh4; especially, its anti-inflammatory activity and
underlying mechanism are largely unknown.

Network pharmacology is the construction and analysis of
biological networks based on network database retrieval and
computer simulation calculation to study the mechanism of drug
action. In particular, in determining the pharmacological
mechanism and safety of Chinese medicine, the application of
network analysis is a new paradigm for traditional Chinese
from medicine to evidence-based
(Wang et 2021). network
pharmacology research, as a new interdisciplinary approach, is

medicine, empirical

medicine al,, Therefore,
of great value to the research and development of modern
Chinese medicine (Sun et al., 2020; Wang et al., 2021). In this
study, we clarified the drug target and multiple pathways of
G-Rh4 in
pharmacology and the experimental approach.

the treatment of inflammation by network

Methods
Prediction of G-Rh4-related targets

The PubChem database (https://pubchem.ncbinlm.nih.gov/)
was searched to obtain the two-dimensional structure diagram in
SDF format and the canonical smiles of G-Rh4 (Figure 1A). The
main potential targets of ginsenoside-Rh4 were identified using the
Swiss Target Prediction (http://swisstargetprediction.ch/), the
TargetNet (http://targetnet.scbdd.com/), the Similarity Ensemble
Approach (SEA) (https://sea.bkslab.org/), and the Encyclopedia of
Traditional Chinese Medicine (ETCM) (http://www.tcmip.cn/
ETCM/index.php/Home/Index/) database.

Acquisition of gene targets for
inflammation

The genes related to inflammation were selected from the
Therapeutic Target Database (TTD, http://db.idrblab.net/ttd/)
(Wang Y. et al.,, 2019), the GeneCards (https://www.genecards.
org/) (Rappaport et al.,, 2017), DisGeNET (https://www.disgenet.

Frontiers in Pharmacology

89

10.3389/fphar.2022.953871

org/search) (Pifiero et al, 2019), and the Comparative
Toxicogenomics Database (CTD, http://ctdbase.org/search/)
(Davis et al,, 2021), where the database was searched using
“inflammation” and “inflammatory” as the keywords.

Screening of potential therapeutic targets

The target genes of G-Rh4 and the target information of
inflammation were uploaded to Venny 2.1 (https://bioinfogp.
the
information of G-Rh4 intersecting with inflammation, and it

cnb.csic.es/tools/venny/index.html) to obtain target
is considered as the potential target of Rh4 in the treatment of

inflammation.

Network diagram of drug—disease PPI

The protein—protein interaction (PPI) network diagram was
obtained through the STRING database (https://string-db.org/)
(Szklarczyk et al., 2021). The TSV-format file was downloaded
from the STRING database and imported into Cytoscape 3.8.
0 for core target screening.

Gene Ontology and KEGG enrichment
analysis

The candidate targets were identified by using the DAVID
v6.8 (https://david.ncifcrf.gov/) (Huang et al., 2009) to conduct
GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis on the target of G-Rh4 in the treatment of
inflammation. A threshold of p < 0.05 was used to identify key
GO and KEGG pathways; GraphPad Prism 8 0.1 software was
used to visualize the analysis results.

Diagram of core drug targets

Using the software Cytoscape 3 8.0, the relationship network
diagram of core drug targets was constructed and topological
analysis was performed, after which the importance of targets
was analyzed according to the degree value (Rahimmanesh and
Fatehi, 2020).

Molecular docking verification

First, PDB format of the key target proteins and
MOL2 format of Ginsenoside Rh4 were obtained through
the RCSR protein database (https://www.rcsb.org/) and the
NCBI PubChem Compound database, and PyMOL software
was employed to remove the water and ligands. After that,
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molecular docking was conducted between the treated proteins and
active components by using AutoDock Vina software, and the
binding energy was evaluated, where the value of <0 indicated
that the receptors and compounds can bind by themselves (Liang
et al,, 2021), while the value of <-5.0 kcal/mol meant that they had
good binding activities. The lower the binding energy, the greater the
probability of binding and the more credible the result.

Cell lines and culture

RAW264.7 cells were purchased from the Chinese
Academy of Sciences Stem Cell Bank. DMEM containing
10% FBS and double antibodies (penicillin 100 U/mL and
streptomycin 100 pg/ml) was used as a culture medium, and
cells were cultured in an incubator at 37°C and 5% CO,.

Assay to measure cell viability

The logarithmic period RAW264.7 cells (1 x 104 cells/well)
were inoculated on 96-well plates and cultured for 24 h. After
treatment with different concentrations of G-Rh4 in serum-free
DMEM for 24 h, 20 puL of MTT (5 mg/ml; Sigma, USA) solution
was added. After incubation for another 4 h, the culture medium
was discarded and 150 uL. DMSO (Sigma, USA) was added to
each well. The absorbance at 550 nm was measured using a
TECAN microplate reader (Maennedorf, Switzerland).

Real-time quantitative polymerase chain
Reaction

RAW264.7cells (2 x 105 cells/mL) were inoculated in 100-
mm dishes and cultured for 24 h. LPS (1 ug/ml) was pretreated
for 4 h and further treated with different concentrations (5, 7.5,
and 10 pg/ml) of G-Rh4 for another 16h. At the end of
treatments, the total RNA of RAW264.7 cells was isolated
with TRIzol (Invitrogen, Grand Island, NY, USA), and 5 pg
total RNA was proceeded for ¢cDNA synthesis with a High
Capacity cDNA Reverse Transcription Kit (4368814, Applied
Biosystems, Foster City, CA, USA). Real-time quantitative
experiments were conducted according to the instructions of
the 7,500 Real-time PCR system (Applied Biosystems, Foster
City, CA, USA) to determine the mRNA expression. The primer
sequences are shown in Supplementary Table S1.

Determination of levels of IL-6, TNF-q, IL-
1B, and PGE; by ELISAs

RAW264.7 cells (2.5 x 105 cells/mL) were inoculated in 12-well
platesand cultured for 24 h. LPS (1 pg/ml) was pretreated for 4 hand

Frontiers in Pharmacology

90

10.3389/fphar.2022.953871

different concentrations of G-Rh4 were treated for 16 h. Thelevels of
IL-6, TNF-a, IL-1B, and PGE2 in the supernatant were measured,
respectively, according to the operation instructions of the ELISA kit
(CLOUD-CLONE CORP., Wuhan, Hubei).

Nitrite assay

The logarithmic period RAW264.7 cells (1 x 104 cells/well)
were inoculated on 96-well plates and cultured for 24 h. The
cells were pretreated with LPS (1 pg/ml) for 4 h and then
treated with different concentrations of G-Rh4 for 16 h. Nitrite
levels in the cell culture supernatants were measured using
Griess assay. Subsequently, 50 pL of the culture medium were
mixed with 50 pL reagents of Griess A and Griess B, followed
by incubation for 10min at room temperature (light
protected). A wavelength of 540 nm was selected to detect
the absorbance values using a microplate reader, and nitrite
levels were measured using a standard curve prepared from
sodium nitrite (Park et al., 2005).

Western blot analysis

RAW264.7cells (7x10° cells/well) were seeded in 6-well
plates and cultured for 24 h. The cells were pretreated with
LPS (1 ug/ml) 4h treated with different
concentrations of G-Rh4 for 16 h. At the end of treatments,
the cells were collected in a 1.5-ml centrifuge tube and then
centrifuged at 10,000 r/min (rpm) for 5 min at 4°C, and the
supernatant was discarded. The supernatant was washed with
PBS and centrifuged at 10,000 rpm for 5 min, after which the
cells were lysed with the RIPA cell lysate supplemented with
1% PMSF for 50 min and centrifuged at 12,000 rpm for 15 min
to collect the supernatant. The protein concentrations were

for and

detected using BSA (bovine serum albumin, Sigma) as a
standard. Equal amounts of protein (30 pg) were taken and
subjected to SDS-PAGE electrophoresis. Then, the protein
was transferred to the PVDF membrane and sealed with 5%
(w/v) skim milk in Tris-buffered saline containing 0.1%
Tween 20 (TBST). The primary antibody was incubated
overnight at 4°C. After washing with TBST buffer, the
membranes were incubated with the secondary antibody at
room temperature for 1h. The protein bands were
quantitatively analyzed by ECL chromogenic exposure in a

dark chamber.

Statistical analysis
The experimental data were obtained from independent

triple-replicated experiments and were expressed as the
mean * SD. Statistical analyses were processed using
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Inflammation G-Rh4

FIGURE 1

Targets screening involved in G-Rh4 for treating inflammation. (A) Molecule structure of G-Rh4. (B)Venn diagram of the potential
inflammation-specific targets. (C) Fifty-eight overlapping target proteins between inflammation-related proteins and targets of G-Rh4. (D)
Protein—protein networks of overlapping 58 target proteins. Edges: Interactions between protein(s) and protein(s).

CTD DisGeNET

GraphPad Prism 8.0, and the Student’s f-test statistical analysis
method was used to compare groups. p < 0.05 showed that the
difference was statistically significant.

Results
Prediction of G-Rh4 potential target

In this experiment, network pharmacology and an experimental
approach were employed to elucidate the drug target and pathways
of G-Rh4 against inflammation (Figure 1). A total of 182 potential
targets of ginsenoside Rh4 (G-Rh4) were collected from the
databases such as Swiss Target Prediction, TargetNet, SEA, and
ETCM, and 674 inflammation-related targets were screened
through databases including GeneCards, DisGeNET, Therapeutic
Target Database (TTD), and Comparative Toxicogenomics
Database (CTD) (Figure 1B). The potential targets of G-Rh4
were intersected with inflammation-related genes, and as a result,
58 intersected genes were obtained. The Venn diagram is drawn in
Figure 1C, and the names of intersection genes are listed in
Supplementary Table S2.
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Identification of G-Rh4 core targets
against inflammation

A total of 58 intersected target genes of G-Rh4 against
the
Organization was set as Homo sapiens, and obtained the key

inflammation were uploaded to String  database.
targets (Figure 1D). The PPI data were imported into Cytoscape
software, and the target node degree is taken as an important
parameter of topology analysis to screen out the key nodes in the
network, which are shown in Figure 2, where the size of the

ellipse represents the major degree of the target genes.

Gene Ontology and KEGG pathway
enrichment analysis of the target genes of
G-Rh4 against inflammation

To further understand the biological processes involved in
the screened key candidate targets above and their correlation
with “inflammation,” we conducted analyses of GO and KEGG
signaling pathways. The DAVID database was used to classify
and count the GO function of 58 intersected genes of G-Rh4 in
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FIGURE 2

Network topology analysis of G-Rh4 treating inflammation; the target genes are sorted according to degree.

the treatment of inflammation (Supplementary Table S3). The
pathways were visually analyzed to understand the functional
distribution characteristics of different genes. The histogram for
the pathway enrichment analysis was shown in Figure 3A. The
GO analysis results indicated that the biological process (BP)
terms were mainly associated with the positive regulation of the
nitric oxide biosynthetic process, inflammatory response,
positive of the
lipopolysaccharide-mediated signaling pathway, and negative
regulation of cell proliferation; the main cellular component

regulation interleukin-6  production,

(CC) terms were the macromolecular complex, cytoplasm, cell
surface, plasma membrane, and endosome. Their primary
molecular function (MF) was concentrated on enzyme
binding, RNA polymerase II transcription factor activity,
identical protein binding, nitric-oxide synthase regulator
activity, and protein serine/threonine kinase activity.

In addition, to clarify the underlying involved pathway of
inflammation targets treated by G-Rh4, the pathway enrichment
analysis on target genes was conducted through the KEGG public
database (Supplementary Table $4). A total of 58 intersected genes
were imported into the DAVID database for KEGG pathway
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annotation analysis, after which the top 20 pathways were
visually analyzed to obtain the pathway enrichment analysis
bubble diagram (Figure 3B). It could be seen that common
targets were mainly concentrated in the JAK-STAT signaling
pathway, TNF signaling pathway, NF-kB signaling pathway,
and PI3K-Akt signaling pathway.

Molecular docking simulation

According to hub gene analysis, TNF-a, IL-6, IL-1f, and
STAT3 are the key targets of G-Rh4 in the treatment of
inflammation. Molecular docking simulation was applied to predict
the binding ability between G-Rh4 and hub targets. The molecular
docking of G-Rh4 with key targets was performed using AutoDock
Vina software, and the binding energy was evaluated. The binding
energy between G-Rh4 and TNF-a and IL-6 was —6.79 and -7.25 kcal/
mol, respectively. The binding energy between G-Rh4 and IL-1f and
STAT3was-7.99and -5.15 kcal/mol, respectively, suggesting that they
have good binding activities (Table 1). The docking results were
visualized using PyMOL software, as shown in Figures 3C-F.
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Effect of G-Rh4 on the viability of
RAW264.7 cells

To study the effect of G-Rh4 on the viability of
RAW264.7 macrophages, cells were treated with different
concentrations of G-Rh4 for 24 h, and the cell activity was
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detected by MTT assay. As shown in Figure 4A, compared
with the control group, G-Rh4 treatment showed no
significant effect on the viability of macrophages at the
concentration of 0.5-8 ug/ml (p > 0.05), indicating that
G-Rh4 has no toxicity to RAW264.7 this
concentration.

cells at
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TABLE 1 Result of molecular docking.

Targets PDB Binding energy (kcal/mol)
TNF-a 5M2J -6.79
IL-6 1ALU -725
IL-1B 211B ~7.99
STAT3 6NJS -5.15

The production of IL-6, TNF-a, and IL-1p
was inhibited by G-Rh4 treatment

LPS is a component of the cell wall of gram-negative bacteria,
which can stimulate the activation of immune cells such as
macrophages and cause a systemic inflammatory response. To
study the effect of G-Rh4 on major inflammatory factors, the
protein and mRNA levels of IL-6, TNF-a, and IL-1B in LPS-

10.3389/fphar.2022.953871

stimulated RAW264.7 cells were evaluated by ELISAs and RT-
PCR. The results are shown in Figures 4B-D. The contents of
TNF-a, IL-6, and IL-1f in LPS-stimulated RAW264.7 were
significantly higher than those in the normal group (p < 0.01, p <
0.001), but after G-Rh4 treatment, they decreased significantly in a
concentration-dependent manner (p < 0.05, p < 0.01). Also, the
increased mRNA expression of the main target factor after
stimulation of LPS decreased significantly with the addition of
G-Rh4 (Figures 4E-G), which
experimental results of ELISAs.

seems to support the

Effect of G-Rh4 on expression of iINOS/
COX-2 and NO/PGE, production in
RAW264.7 cells

The expression levels of iNOS and COX-2 in RAW264.7 cells
were detected by Western blot and RT-PCR analysis. Compared
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Effect of G-Rh4 on RAW264.7 cells. (A) Effect of G-Rh4 on cell viability. Cells were treated with different concentrations of G-Rh4 for 24 h
(B—D) Production of IL-6, TNF-a, and IL-1p in LPS-stimulated RAW264.7 cells was determined by ELISAs. (E—G) Effect of G-Rh4 on TNF-q, IL-6, and
IL-1B mMRNA levels in RAW264.7 cells. Data were presented as the mean + SD values performed in triplicate (**p < 0.01 and **#p < 0.001 vs. control

group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS group).
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with the LPS treatment group, a 5 pg/ml dose of G-Rh4 had no
significant difference in inhibiting the expression of COX-2. But
it decreased significantly at a dose of 7.5 pg/ml and iNOS levels
were markedly reduced from those at the 5 pg/ml dose of G-Rh4
(Figure 5A). The mRNA expressions of iNOS and COX-2 were
also decreased significantly at the 7.5 pg/ml dose of G-Rh4
compared with those in the LPS treatment group (p < 0.001)
(Figure 5B). These results showed that G-Rh4 meaningfully
inhibited the expression of inflammatory promoting enzymes
in the inflammatory response. iNOS and COX-2 are the key
enzymes involved in the synthesis of NO and PGE,, which are
also the key factors causing inflammatory responses and
individual pathological status. We investigated whether G-Rh4
regulates NO and PGE, LPS-stimulated
RAW264.7 cells. LPS stimulation increased the production of
NO and PGE,, and the release of NO and PGE, was significantly
reduced in a dose-dependent manner upon G-Rh4 treatment
(Figures 5C,D).

synthesis in

Frontiers in Pharmacology

95

G-Rh4 inhibited the LPS-induced NF-«xB
and STAT3 activation in
RAW264.7 macrophages

NF-kB and STATS3 are transcriptional regulators involved in
a series of critical signaling pathways, which plays a key role in
the inflammatory response. Nuclear translocation of the NF-«xB
p50-p65 heterodimer is essential for NF-kB signaling. To further
reveal the action mechanisms of G-Rh4, we investigated the effect
of G-Rh4 on the expression and activation of p50-p65 and IkBa
by Western blot analysis (Figure 6A). The results showed that
G-Rh4 effectively inhibited LPS-induced phosphorylation of p50,
p65, and IkBa in RAW264.7 cells. According to our network
pharmacological analysis, STAT3 is also the main hub gene of
G-Rh4 against inflammation, like the main inflammatory factors
previously investigated. The Western blot analysis showed that
of p-JAKI/JAKI and p-STAT3/STAT3 were
significantly downregulated with the treatment of G-Rh4

the levels
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(Figure 6B). With the increase of G-Rh4 concentration (5, 7.5,
and 10 pg/ml), the phosphorylation levels of JAK1 and
STAT3 protein decreased evidently (p < 0.01, p < 0.001).
These results suggest that the anti-inflammatory effect of
G-Rh4 can be mediated by the regulation of the NF-kB and
STAT3 pathway.

Discussion

Inflammation is a specific defense response to physical injury
or infection. The persistence of inflammation, however, leads to
the occurrence and development of several refractory diseases,
such as cardiovascular disease, cancer, diabetes mellitus, chronic
fatty
autoimmune and neurodegenerative disorders. Therefore, the

kidney disease, non-alcoholic liver disease, and

extensive study of the inflammation pathways and the
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development of effective inflammation-modulating drugs are
the most challenging area in the field of life science and
pharmacology. At present, traditional Chinese medicine has
the of
inflammation because of its potent efficacy and fewer side
effects (Fan et al., 2021).

Network pharmacology, from the perspective of system-level

become an emerging candidate for treatment

and Dbiological networks, analyzes the molecular relationship
between the
pharmacological and  guides

drugs and targets, reveals systematic

the
development of new drugs and clinical diagnosis and treatment.
It is reported that the existing differences in data collection and

mechanism

of drugs,

target prediction in network pharmacology analysis result in the loss
of some target genes (Luo et al., 2021). Since some target genes may
not be included in the public database, we explored multiple
databases for G-Rh4 and inflammation-related target genes. A
total of 58 anti-inflammatory common targets of G-Rh4 were
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collected to analyze these common targets by hub gene analysis and
GO and KEGG enrichment analysis. Our results showed that the
anti-inflammatory effect of G-Rh4 was deeply related to the main
target factors including TNF-a, IL-6, IL-1B, and STAT-3 and their
related metabolic pathways, and the molecular docking analysis
confirmed that G-Rh4 had a high binding possibility with these
target factors. VEGFA is also the main target factor related to the
anti-inflammatory effect in the network pharmacological analysis,
but the possibility of binding with G-Rh4 was not recognized in
molecular docking simulation (the experimental result has not
shown).

It is reported that a prolonged inflammatory state is harmful to
health, and long-term macrophages in tissues activate the abnormal
expression of inflammatory factors such as TNF-a, IL-6, IL-1B, NO,
and Prostaglandin E2, which can stimulate the inflammatory
signaling pathway, eventually leading to chronic low-grade
inflammation (Huang et al., 2017). These mediators stimulate the
innate immune response, but their overexpression may cause
endotoxemia, leading to tissue injury, organ failure, shock, and
even death. Regulating the expression of these inflammatory
mediators plays a key role in the treatment of inflammatory
diseases (Joh et al, 2011). We confirmed the inhibitory effect of
G-Rh4 on the expression of the primary target factors through LPS-
stimulated mouse RAW264.7 cells. The in vitro inflammatory
established by LPS-stimulated
RAW?264.7 macrophages is a widely used cell model for screening

response model
anti-inflammatory drugs. LPS mainly induces the synthesis and
release of a variety of inflammatory mediators through the
activation of nuclear transcription factors kB (NF-kB), JAK/STAT,
MAPKs, phosphorylated ERK, phosphorylated JNK,
phosphorylated p38 signaling pathways (Liu et al, 2019). Our
results indicated that LPS significantly increased mRNA and
protein levels of TNF-a, IL-6, and IL-1P. In addition, we also
confirmed using ELISAs and RT-PCR methods that G-Rh4 brings
about the anti-inflammatory effects by decreasing TNF-q, IL-6, and
IL-1P expression levels in LPS-activated RAW264.7 cells.

As reported previously, NO is an important inflammatory

and

signal molecule in the pathogenesis of inflammation, which reacts
with superoxide free radicals to produce peroxynitrite ions,
resulting in various inflammatory states (Theofilis et al., 2021).
Inducible nitric oxide synthase (iNOS) is a regulator of NO
synthesis, and it plays a regulatory role in the production of
proinflammatory mediators. In addition, inflammation is
directly related to arachidonic acid metabolism (Wang T. et al.,
2019), under the action of COX-2, and arachidonic acid is
transformed into prostaglandin E2(PGE 2) through several

enzymatic reactions. PGE, can not only induce the
inflammatory cells to release the chemokines and recruit the
inflammatory cell movement but also cooperate with

lipopolysaccharide to induce the expression of IL-6 and IL-1 in
macrophages (Oshima et al., 2011). It can also cooperate with IL-
12 to promote the differentiation of naive T cells into helper T cell
1 (Yao etal,, 2009). Since COX-2 can quickly respond to a series of
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proinflammatory mediators and cytokines, it has been considered
for along time to play an important role in the pathological process
of inflammation. Moreover, GO analysis of network pharmacology
revealed that the target genes of G-Rh4 against inflammation were
involved in the “nitric oxide synthase regulator activity” in both
biological process (BP) analysis and Molecular Function (MF)
analysis. The results in LPS-activated RAW264.7 cells showed that
G-Rh4 significantly reduced the release of NO and PGE; as well as
the expression of elevated iNOS and COX-2, indicating that
network pharmacology might be an effective approach to
identify the key target and action pathway of G-Rh4 against
inflammation.

In addition, KEGG pathway enrichment analysis pointed out
that the intersection target genes of G-Rh4 and inflammation were
closely related to the NF-kB and JAK-STAT signaling pathways, the
including TNF signaling pathway. Nuclear factor-kappa B(NF-«B)
is a protein complex responsible for DNA transcription, cytokine
secretion, and cell survival (Wu et al, 2016), and its abnormal
signaling pathway is associated with some chronic inflammatory
diseases such as inflammatory bowel disease, sepsis, arthritis, and
atherosclerosis (Theofilis et al, 2021). NF-xB (p50-p65) is
constitutively present in the cytoplasm of RAW264.7cells and is
sequestered by inhibitory protein IxBa. In the inflammatory state,
the activation phosphorylation of p65 (ser536) and p50 (ser337)
leads to the activation of NF-kB and the expression of a series of
downstream inflammatory factors, such as IL-1f and IL-6. STAT3
(signal transducer and activator of transcription 3) is a key regulator
of the inflammatory response induced by lipopolysaccharide (LPS)
(Lietal, 2021), and the JAK-STAT (Janus kinase-signal transducer
and activator of transcription) pathway is one of the important
inflammatory signal transduction pathways, which can mediate the
immune response (Zhao et al,, 2021). Taken together, this study
reveals that G-Rh4 might exert its anti-inflammatory effects through
both NF-kB and STAT3 pathways.

Our study clarified, for the first time, the targets and
working pathways of G-Rh4 in the inflammation process
through
experimental approaches and puts forward that G-Rh4 can

network  pharmacological  analysis  and
directly bind with key pro-inflammatory cytokines including
TNF-a, IL-6, and IL-1B to execute its anti-inflammatory
activity. The further study is necessary to evaluate the
effectiveness of G-Rh4 and explore the extensive working
mechanism of in vivo inflammation models. This study
provides a scientific basis for further pharmacological
research on ginsenoside Rh4, as well as the development of
novel anti-inflammatory drugs with high efficacy and few side

effects and clinical application.
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Ginsenoside Rbl improves
Intestinal aging via regulating
the expression of sirtuins in
the intestinal epithelium and
modulating the gut microbiota
of mice

Zili Lei**', Lei Chen®, Qing Hu", Yanhong Yang?',

Fengxue Tong?, Keying Li*, Ting Lin*, Ya Nie'*, Hedong Rong™*?,
Siping Yu™*, Qi Song* and Jiao Guo™*

'Guangdong Metabolic Diseases Research Center of Integrated Chinese and Western Medicine,
Guangdong Pharmaceutical University, Guangzhou, China, ?The First Affiliated Hospital (School of
Clinical Medicine), Guangdong Pharmaceutical University, Guangzhou, China, *School of Traditional

Chinese Medicine, Guangdong Pharmaceutical University, Guangzhou Higher Education Mega
Center, Guangzhou, China

Intestinal aging seriously affects the absorption of nutrients of the aged
people. Ginsenoside Rbl (GRbl) which has multiple functions on treating
gastrointestinal disorders is one of the important ingredients from Ginseng,
the famous herb in tradition Chinese medicine. However, it is still unclear if
GRbl could improve intestinal aging. To investigate the function and
mechanism of GRb1l on improving intestinal aging, GRb1 was administrated
to 104-week-old C57BL/6 mice for 6 weeks. The jejunum, colon and feces
were collected for morphology, histology, gene expression and gut microbiota
tests using H&E staining, X-gal staining, gPCR, Western blot,
immunofluorescence staining, and 16S rDNA sequencing technologies. The
numbers of cells reduced and the accumulation of senescent cells increased in
the intestinal crypts of old mice, and administration of GRb1 could reverse them.
The protein levels of CLDN 2, 3, 7, and 15 were all decreased in the jejunum of
old mice, and administration of GRb1 could significantly increase them. The
expression levels of Tert, Lgr5, mKi67, and c-Myc were all significantly reduced
in the small intestines of old mice, and GRb1 significantly increased them at
transcriptional or posttranscriptional levels. The protein levels of SIRT1, SIRT3,

Abbreviations: ANOSIM, Analysis of similarity; Ascl2, achaete-scute family bHLH transcription factor 2;
CLDN, Claudin; CMC-Na, CarboxyMethylCellulose-Na; EpCAM, epithelial cell adhesion molecule; ER,
endoplasmic reticulum; H&E, hematoxylin and eosin; HRP, horseradish peroxidase; GRb1, Ginsenoside
Rbl; KEGG, Kyoto Encyclopedia of Genes and Genomes; Lgr5, leucine rich repeat containing G
protein-coupled receptor 5; mKi67, antigen identified by monoclonal antibody Ki 67; Myc, MYC proto-
oncogene, bHLH transcription factor; OCT, optimal cutting temperature compound; Olfm4,
olfactomedin 4; PCoA, principle coordinates analysis; gRT-PCR, quantitative real-time PCR; Rnf43,
ring finger protein 43; RSV, resveratrol; Sirt, sirtuin; Sp5, Sp5 transcription factor; SPF, specific
pathogen-free; Tert, telomerase reverse transcriptase; TGGR, total ginsenosides; TJ, tight junction;
X-gal, beta-galactosidase.
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and SIRT6 were all reduced in the jejunum of old mice, and GRb1 could increase
the protein levels of them. The 16S rDNA sequencing results demonstrated the
dysbiosis of the gut microbiota of old mice, and GRb1 changed the composition
and functions of the gut microbiota in the old mice. In conclusion, GRb1 could
improve the intestinal aging via regulating the expression of Sirtuins family and
modulating the gut microbiota in the aged mice.

KEYWORDS

Ginsenoside Rb1, gut microbiota, intestinal aging, sirtuin, intestinal integrity

Introduction

The growing of aging societies is one of the major challenges
for today’s medical science (Friedrich, 2019). The nutrients
absorption ability of the intestines becomes impaired with age
(Pénzes, 1984) and causes the vulnerability to disease and the
physical weakness of the elderly peoples (Ben Othman et al.,
2020). It was also found that the morphology of jejunum changed
in old rats (Hassan et al, 2017). Therefore, it would be
meaningful to develop drugs for improving intestinal aging.

Ginsenoside Rbl (GRb1) is the important ingredient from
Panax ginseng Meyer which is the famous herb in traditional
Chinese medicine (Lin et al., 2022). The Panax ginseng has been
widely used to treat many kinds of disease. Recent study showed
that the doxorubicin-induced early cancer therapeutics-related
cardiac dysfunction and early decline in left ventricular ejection
fraction in breast cancer patients can be protected through
prophylactic Panax ginseng supplementation (Hamidian et al.,
2022). The lifespan of Drosophila is extended with the treatment
of total ginsenosides (TGGR), the main active components in
Panax ginseng (Zhao et al., 2022b). Many types of ginsenosides
have been demonstrated to have neuroprotective effects (Zhao
et al., 2022a). There are around 200 ginsenosides have been
detected from ginseng and GRbl is one type of major
ginsenosides (Zhao et al., 2022a; Hyun et al., 2022).

GRb1 has been reported to have multiple functions in various
diseases. It can be used to treat obesity, hyperglycemia and
diabetes through multi-targets (Zhou et al., 2019; Xiong et al,,
2010). GRb1 also can ameliorate diabetic kidney podocyte injury
via inhibiting the activity of aldose reductase (He et al., 2022). It
was also found that GRb1 can reduce the myocardial ischemia/
reperfusion injury via inhibiting cardiomyocyte autophagy
through the PI3K/AKT/mTOR pathway (Qin et al, 2021).
GRb1 also has anti-aging effect (Cheng et al., 2005), but the
related mechanism is unclear. GRb1 can be used to treat many
kinds of gastrointestinal disorders. It improves colitis in mice via
alleviating endoplasmic reticulum (ER) stress through activating
Hrdl signaling pathway (Dong et al, 2021). GRbl also can
reduce ischemia/reperfusion-induced intestinal injury via
activating PI3K/AKT/Nrf2 pathway (Chen et al,, 2019). It was
also found that GRb1 can promote the intestinal epithelial would
healing of rats via activating ERK and Rho signaling (Toyokawa
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etal., 2019). GRbI can protect the peritoneal air exposure caused
intestinal mucosa damage in rats (Zhou et al., 2016). However, it
is still unclear if GRblcan improve intestinal aging.

There are many genes have been reported to be related to the
aging of intestines and other tissues. Stem cell exhaustion is one
of the hallmarks of aging (Lépez-Otin et al., 2013). Lgr5 is the
mark gene of intestinal stem cells (Lei et al., 2012; Baghdadi et al.,
2022). Telomerase plays important role in the intestinal stem
cells and TERT is the important telomerase subunit (Hoffmeyer
et al., 2012). Sirtuins, including Sirt1-7 in mammals, have been
demonstrated to play important roles in maintaining the
longevity of various tissues (Gdmez-Garcia and Vazquez,
2021; Yang et al, 2021a; Watroba and Szukiewicz, 2021).
Hence, it would be very meaningful to explore if GRb1 could
regulate the expression of these genes in the intestines of
aging mice.

Many studies have demonstrated the changes of the
composition and functions of gut microbiota with aging
(Ishaq et al., 2021; Niu et al, 2021; Ruiz-Gonzalez et al,
2022). It was reported that specific bacterial community
pattern and signature taxa are related to longevity of people
(Ren et al, 2021). The dysbiosis of gut microbiota is also
2022).
Relationships between gut microbiota and age-related macular

associated with age-related disorders (Sharma,
degeneration have been found (Lima-Fontes et al.,, 2021). Gut
microbiota-derived pro-inflammatory neurotoxins have been
detected in brain cells and tissues of aged people with
Alzheimer’s disease (Lukiw et al., 2021; Zhao et al., 2021). Gut
microbiota dysbiosis has also been found to promote the age-
related atrial fibrillation via activating NLRP3-inflammasome
(Zhang et al, 2021). GRbl can improve glucose and lipid
metabolic disorders through regulating gut microbiota of high
fat diet induced obesity mice (Yang et al., 2021b; Bai et al., 2021).
GRb1 also can be converted into compound K by the gut
microbiota to prevent inflammatory-associated colorectal
cancer (Yao et al, 2018). However, it still needs to explore
whether GRb1 could improve intestinal aging via modulating
gut microbiota.

In the present study, we reported the function and
mechanisms of GRb1 on improving the intestinal aging of old
mice. Our work encouraged the exploration of drugs for
prevention and treatment of age-related diseases.
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FIGURE 1

GRb1 showed the potential of improving intestinal aging of

old mice. (A) The scheme of the experimental design. (B)
Representative images of the intestines of mice from Youth, Old,
Old + GRbl and Old + RSV groups. (C) The length of

intestines from each group. (D,E) Representative images of (D)
jejunal and (E) colonal sections of H&E staining. (F,G)
Representative images of (F) jejunal and (E) colonal sections of
beta-galactosidase staining. *p < 0.05 compared with the Youth
group. Scale bar, 50 pm. W, weeks of age; GRb1, Ginsenoside Rb1;
RSV, Resveratrol.

Materials and methods
Mice

All animal experimental procedures were approved by the
Experimental Animal Ethics Committee of Guangdong
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Pharmaceutical University. Female C57BL/6 mice (5-week-
old) purchased from Hunan Lex Jingda Laboratory Animal
Co., Ltd. (Changsha, Hunan Province, China), were housed in
the specific pathogen-free (SPF) animal facility, at 25°C, 60%-
65% humidity, 12 h light-dark cycle, with free access to water and
food. At the age of 104-week-old, the mice were randomly
divided into three groups, 10 mice in each group. The Old +
GRb1 group was administrated with GRb1 (50mg/kg; Meilunbio,
Dalian, China; MB6856-1) intragastrically once a day. The
GRb1 was diluted in 0.5% CarboxyMethylCellulose-Na (CMC-
Na) (Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin,
China). The Old group was administrated with the
corresponding volume of 0.5% CMC-Na intragastrically once
a day. Resveratrol (RSV; Meilunbio, Dalian, China; MB5267-1)
was used as the positive drug. The Old + RSV group was
intragastrically administrated with RSV (50 mg/kg) diluted in
0.5% CMC-Na once a day. The 8-week-old mice in Youth group
was used as control, and they were also administrated with the
corresponding volume of 0.5% CMC-Na intragastrically once a
day. After 6 weeks of administration, the intestines were collected
(Figure 1A).

H&E staining and X-gal staining

The H&E staining was performed as previously (Lei et al.,
2021b). Briefly, intestinal tissues were fixed in 4%
paraformaldehyde at 4°C for overnight, then dehydrated,
embedded in paraffin and sectioned. 4-um-thick sections were
stained with hematoxylin (H9627, Sigma-Aldrich) for 3 min, and
then followed with eosin (E4009, Sigma-Aldrich) for 20 s at room
temperature.

For X-gal staining, intestinal tissues were embedded in
optimal cutting temperature compound (OCT) (Sakura
Finetek) and sectioned. 7-um-thick frozen sections were
stained according to the manufacturer’s protocols for
Senescence Detection Kit (Abcam, ab65351).

Images for H&E staining and X-gal staining were got using
the Olympus DP74 microscope.

Immunofluorescence staining

The immunofluorescence staining was performed as
previously (Lei et al., 2021b). The intestinal tissues were fixed
in 4% paraformaldehyde at 4°C for overnight, then dehydrated,
embedded in OCT compound and sectioned. 7-pm-thick frozen
sections were first boiled in 10 mM citric acid (Merck) at
pH 6.0 for 5 min, then exposed in goat serum blocking buffer
(ZSGB-BIO, ZLI- 9056) to block nonspecific sites for 1h at room
temperature, following incubated with primary antibodies in
blocking buffer at 4° C for overnight, and then with secondary
antibodies for 1h at room temperature. The primary and
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secondary antibodies were listed in Supplementary Table 1.
Images were got by using Olympus confocal microscope.

qRT-PCR

Total RNA was extracted from each jejunal and colonal tissue
using Trizol reagent (T9108, Takara Bio, Inc.), then subjected to
reverse transcription via the PrimeScript™ RT Reagent kit
(RR047A, Takara Bio, Inc.) at 37°C for 15 min and then 85°C
for 5. The qPCR was conducted through the SYBR Premix Ex
Taq kit (RR820A, Takara Bio, Inc.) via the LightCycler 4801l
System (Roche, Inc.). The processes of cycling were: 95°C for 30 s;
followed 40 cycles of 95°C for 5 s, then 60°C for 20 s and 65°C for
15s. Mouse GAPDH was used as the internal reference. All
primers were listed in Supplementary Table 2.

Western blot

Jejunal and colonal tissues of mice were lysed using the
Radio-Immunoprecipitation Assay lysis buffer (MA0151, Dalian
Meilun Biotechnology co., Ltd., Dalian, China), centrifuged at
13,680 x g, 4°C, for 30 min, then the supernatant was collected.
Protein concentration was measured by the BCA kit (P0011,
Beyotime, Shanghai, China). Equal amounts of protein (40 pg)
were separated through the SDS-PAGE, subsequently transferred
to a PVDF membrane. The PVDF membrane was blocked using
the 5% skimmed milk (0040895, Biosharp, Hefei, China) in TBST
buffer at room temperature for 1h, incubated with primary
antibodies in 4°C for overnight, and then incubated with HRP
(horseradish peroxidase)-labeled secondary antibodies, the
signals were detected via the enhanced chemiluminescence
reagent. The primary and secondary antibodies were listed in
Supplementary Table 3. The quantification of western blot bands
was analyzed using the Lane 1d software (version 5.1.0.0;
SageCreation).

The 16S rRNA gene analysis

Fecal samples were quickly collected and frozen in the liquid
nitrogen and stored at —80°C. The extraction of fecal bacterial
DNA, PCR amplification of 16S rRNA genes, sequencing, and
analysis were performed by the Gene Denovo Biotechnology
Company (Guangzhou, China). The experimental procedures
were performed as previously (Lei et al., 2021a).

Statistical analysis

Statistical differences were determined via the SPSS software
(version 25.0; IBM Corp.). Mean + SE was used to express data.
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One-way ANOVA was performed between two groups.
p-value<0.05 was considered to be significant.

Results

GRb1 improved the aging state of
intestines of old mice

After 6 weeks of the administration of GRb1 or RSV, 7 (70%)
mice survived in each of Old and Old + GRbl groups, 9 (90%)
mice survived in Old + RSV group, and all the mice survived in
the Youth group. The intestines of old mice were significantly
longer than the Youth group, and they are shorter but not
significant in mice of the Old + GRb1 group compared to the
Old group (Figures 1B,C). The numbers of cells in crypts of
jejunum from old mice decreased compared to the Youth group,
and it was increased after administration of GRbl or RSV
(Figure 1D). The numbers of cells in crypts of the colon of
old mice were also lower than that of yang mice, and the
administration of GRbl or RSV could also improve it
(Figure 1E).

The increase of cellular senescence is another hallmark of
aging (Lopez-Otin et al., 2013). Therefore, senescence-associated
beta-galactosidase (X-gal) staining was next performed. The
accumulation of senescent cells increased in crypts of jejunum
from the Old group compared to young mice, and GRb1 or RSV
could reduce them (Figure 1F; Supplementary Figure 1A). The
senescence-associated signal was stronger in the colon of old
mice than the Youth group, and it became weak and reduced
after administration of GRb1 or RSV (Figure 1G; Supplementary
Figure 1B). The intestinal stem and progenitor cells are localized
in the crypts of the intestines. So, the increase of the numbers of
the X-gal stained cells in the crypts of the intestines indicated the
aging of the intestinal stem and progenitor cells of the old mice.
Hence, the administration of GRbl or RSV could improve the
aging of the intestinal stem and progenitor cells of these mice.
These results demonstrated that GRb1 could improve the aging
state of intestines from old mice.

GRb1 improved the intestinal integrity of
old mice

The increase of the permeability of the intestinal barrier has
been reported in both aged human and animals (Tran and
Greenwood-Van Meerveld, 2013; Parrish, 2017; Li et al.,
2021), indicating the impaired intestinal integrity with aging.
Hence, the protein levels of CLDN 1, 2, 3, 7, and 15 which are
abundant components of tight junctions (TJs) in the intestinal
epithelium (Lei et al.,, 2012; Lei et al., 2020) were first checked.
CLDN 3, 7, and 15 were all significantly reduced in the jejunum
of Old group compared to young mice, and the administration of
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FIGURE 2

GRb1 improved the expression and localization of junctional proteins in the intestines of old mice. (A,B) Images of Western blot bands of CLDN
1,2,3,715, and EpCAM in the (A) jejunum and (B) colon. (C,D) Representative images of immunofluorescence staining with antibodies to CLDN 7 of
frozen sections of (C) jejunum and (D) colon. (E,F) Representative images of immunofluorescence staining with antibodies to EpCAM of frozen
sections of (E) jejunum and (F) colon. Scale bar, 50 pm.
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GRb1 increased the 2A;

Supplementary Figures 2C-E). CLDN 2 was also reduced in

expression of them (Figure
the jejunum of old mice, and it was also increased after
GRb1 administration, although these changes were not significant
(Figure 2A; Supplementary Figure 2B). RSV also could improve the
expression of CLDN 3, 7, and 15, but the level of CLDN 2
had no significant change in the Old + RSV group (Figure 2A;
Supplementary Figures 2B-E). Immunofluorescence staining results
showed that the localization of CLDN 7 was still normal in the
jejunum from Old group, but the expression level of it was
significantly lower in OIld group than the Youth, Old +
GRb1 and Old + RSV groups (Figure 2C). The protein level of
CLDN 1 had no significant difference in the jejunum of mice among
the Youth, Old, Old + GRbl and Old + RSV groups (Figure 2A;
Supplementary Figure 2A). The protein level of EpCAM which is
essential to maintain the functional tight junctions in the intestinal
epithelium via recruiting proteins of Claudins (Lei et al,, 2012; Wu
et al., 2013) was significantly lower in the jejunum of Old group than
the Youth group, and administration of GRb1 could not improve it
(Figure 2A; Supplementary Figure 2F). The administration of RSV
could significantly increase the protein level of EpCAM in the
jejunum of old mice (Figure 2A; Supplementary Figure 2F).
However, the localization of EpCAM had no significant
difference in the jejunum of mice among the four groups
(Figure 2E).

CLDN 15 was also lower in the colon of Old group than the
Youth group, although the decrease was not significant
(Figure 2B; Supplementary Figure 3E). The administration of
GRb1 or RSV could significantly increase the protein level of
CLDN 15 in the colon of old mice (Figure 2B; Supplementary
Figure 3E). CLDN 1 and 2 were all increased in the colon of Old
group compared to the Youth group, and CLDN 2 was
significantly increased in the Old + GRbl and Old + RSV
groups (Figure 2B; Supplementary Figures 3A,B). CLDN
3 and 7 were all significantly increased in the colon of
old mice compared to the Youth group, and RSV could
also increase them in the colon of old mice but not
significantly (Figure 2B; Supplementary Figures 3C, D). The
confirmed that the
localization of CLDN 7 had no significant difference in

immunofluorescence staining results
the colon among the four groups (Figure 2D). The expression
and localization of EpCAM had no significant difference in
the colon among the Youth, Old, Old + GRbl and Old +
RSV groups (Figures 2B,F; Supplementary Figure 3F). These
results demonstrated that GRb1 could improve the integrity of

intestinal epithelium of old mice.

GRb1 improved the function of intestinal
stem and progenitor cells of old mice

Tert was significantly reduced in the jejunum of old mice at
both mRNA and protein levels compared to the Youth group
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(Figures 3A,B; Supplementary Figure 4A). The administration of
GRb1 or RSV could not change the transcription of Tert in the
jejunum of old mice (Figure 3A). However, both GRb1 and RSV
could evidently increase the reduced TERT protein in the
jejunum of old mice (Figure 3B; Supplementary Figure 4A).
The protein level of TERT was also significantly lower in the
colon of Old group than the Youth group, but GRbl and RSV
could not improve it (Figure 3C; Supplementary Figure 4B). The
transcriptional level of Lgr5 was significantly reduced in the
jejunum of old mice compared to the young mice, and it was
increased in the Old + GRb1 group although the increase was not
significant (p = 0.061) (Figure 3A). RSV could not increase the
mRNA level of Lgr5 in the jejunum of old mice (Figure 3A). The
transcriptional levels of other intestinal stem cell related genes,
including Olfm4, Ascl2, Rnf43, and Sp5, showed no significant
difference in the jejunum from Old and Youth groups
(Figure 3A). However, RSV could increase Ascl2 and Sp5 in
the jejunum of old mice (Figure 3A).

The proliferative ability of intestinal stem and progenitor
cells was checked via testing the expression of mKi67 in the
intestines of mice. Compared to the young mice, the mRNA level
of mKi67 was significantly reduced in the jejunum of the Old
group, but GRb1 or RSV could not improve it (Figure 3A). The
protein level of Ki67 was also significantly decreased in the
jejunum of the Old group compared to the Youth group, and
GRb1 could evidently increase it (Figure 3D; Supplementary
Figure 4C). GRb1 increased the numbers of Ki67 positive cells in
crypts of jejunum of the old mice (Supplementary Figure 5A).
The administration of GRbl also increased the reduced
Ki67 protein in the colon of old mice, although the increase
was not significant (p = 0.06) (Figure 3E; Supplementary Figures
4E, 5B). The protein level of c-Myc which is responsible for the
transcription of pro-proliferative genes (Ruan et al., 2021) was
significantly reduced in the jejunum of old mice, and GRb1 could
significantly improve it (Figure 3D; Supplementary Figure 4D).
The protein level of c-Myc was evidently higher in the colon of
old mice than the Youth group, and it was decreased in the colon
of Old + GRbl and Old + RSV groups but not significantly
(Figure 3E; Supplementary Figure 4F). These results indicated
that GRb1 could improve the function of intestinal stem and
progenitor cells.

GRb1 regulated the expression of sirtuins
in the intestines of old mice

The mRNA levels of Sirt4 and Sirt6 were all significantly
decreased in the jejunum of old mice compared to the Youth
group, and GRbl or RSV could significantly increase the
transcription of Sirt6 but not Sirt4 in old mice (Figure 4A).
There was no significant difference of the transcriptional levels of
Sirtl, Sirt2, Sirt3, Sirt5, and Sirt7 between young and old mice
(Figure 4A). However, the mRNA levels of Sirt2 and Sirt7 were all
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significantly increased in the jejunum of Old + RSV group
compared to the Old group (Figure 4A). The protein levels of
SIRT1, SIRT3, SIRT5, and SIRT6 were all lower in the jejunum of
old mice than the Youth group, and GRbl could rescue
SIRT1 and SIRT6 in the jejunum of old mice (Figure 4B;
Supplementary Figures 6A,C,E;F). The administration of
GRb1 or RSV could also increase the expression of SIRT3 and
SIRT7 in the jejunum of old mice, but the increase was not
significant (Figure 4B; Supplementary Figures 6C,G). SIRT2 and
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SIRT4 were significantly increased in the jejunum of Old mice,
but the protein level of SIRT4 was significantly reduced after
administration of GRbl or RSV (Figure 4B; Supplementary
Figures 6B,D). However, the administration of GRbl or RSV
could not reduce the protein level of SIRT2 in the jejunum of old
mice (Figure 4B; Supplementary Figure 6B).

The protein levels of SIRT1 and SIRT7 showed no
significant  difference among the Youth, OIld, Old +
GRb1 and Old + RSV groups (Figure 4C; Supplementary
Figures 7A,G). The protein levels of SIRT2, SIRT3, SIRT4,
SIRT5, and SIRT6 were all significantly increased in the
colon of old mice compared to the Youth group, and
administration of GRbl or RSV could reduce SIRT2 in the
colon of old mice (Figure 4C; Supplementary Figures 7B-F).
These results indicated that GRb1 might improve the aging of
intestines via regulating the expression sirtuins at both
transcriptional and post-transcriptional levels.

GRb1 changed the composition and
function of gut microbiota of old mice

The 16S rRNA gene sequence was performed to analyze the
composition and functions of the gut microbiota in mice (https://
www.ncbi.nlm.nih.gov/sra/PRJNA856886). The
rarefaction curves for every group had reached the saturated

Shannon

platform (Figure 5A), and the principle coordinates analysis
(PCoA) showed that the Youth and the Old groups could be
clearly distinguished (Figure 5B). Analysis of similarity
(ANOSIM) showed that the rank of the Old group was lower
than the Youth group, and the rank of the Old + GRb1 and Old +
RSV groups was higher than the Old group (Figure 5C). At the
phylum level, the abundance of Firmicutes and Tenericutes was
significantly increased in the Old group compared to the Youth
group, and the abundance of Firmicutes was significantly reduced
after administration of GRb1 (Figures 5D,E). The abundance of
Bacteroidetes and Verrucomicrobia was significantly reduced in
the Old group compared to the Youth group (Figures 5D,E). The
abundance of Proteobacteria was significantly increased in the
Old + GRbI group compared to the Old group (Figures 5D,E).

LEFse analysis showed there were 79 bacterial taxa differed in
abundance between the Youth and Old groups, with
32 predominant for the Youth group and 47 predominant for
the Old group (Supplementary Figures 8A,B). There were
57 bacterial taxa differed in abundance between the Old +
GRbl1 group and the Old group, with 21 predominant for the
Old + GRbl group and 36 predominant for the Old group
(Supplementary Figures 8A,B). There were 24 bacterial taxa
differed in abundance between the Old + RSV group and the
Old group, with 12 predominant for the Old + RSV group and
12 predominant for the Old group (Supplementary Figures 10A,B).
Compared to the Old group, there were three bacterial taxa
predominant in all the three groups of the Youth, Old +
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GRb1 improves the intestinal aging via up-regulating the expression sirtuins and modulating the gut microbiota. The downregulation of the
members of sirtuins in the intestinal epithelium, especially in the small intestines, and the dysbiosis of the gut microbiota in the old mice are the two
important mechanisms on inducing the aging of intestines. The integrity of the intestinal epithelium is affected because of the downregulation of
tight junction components with the aging of intestines, and the stem and progenitor cells of the intestines is also reduced in the aged mice.
GRb1 can upregulate the members of sirtuins family in the smallintestines at transcriptional or post-transcriptional levels. At the same time, GRb1 can
improve the dysbiosis of the gut microbiota in the old mice. Therefore, GRb1 might improve the aging of the intestinal epithelium via regulating the

expression sirtuins and modulating the gut microbiota of the old mice.

GRbl and Old + RSV, including Class Actinobacteria, Order
Corynebacteriales and Family Corynebacteriaceae, and the Family
Corynebacteriaceae belongs to the Order Corynebacteriales, the
Order Corynebacteriales belongs to the Class Actinobacteria
(Supplementary Figures 8A,B; Supplementary Figures 9A,B;
Supplementary Figures 10A,B).

The top 20 altered pathways in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis were shown in
Figure 5F. All the 20 pathways increased in the Old group, and
GRbl reduced four of them including “Biosynthesis of

» «

vancomycin group antibiotics,” “Pentose phosphate pathway,”
“Streptomycin  biosynthesis” and “Secondary bile acid
biosynthesis,” although RSV could not reduce them. The
other 16 pathways all increased after administration of
GRbl or RSV. These results indicated that the composition
and functions of gut microbiota changed in old mice, and
GRbl might improve the intestinal aging partly through

regulating the gut microbiota in old mice.
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Discussion

We uncovered a new role of GRbl on improving the
intestinal aging of old mice (Figure 6). First, administration of
GRb1 could increase the numbers of cells and reduce the
accumulation of senescent cells in crypts of both small and
large intestines from old mice. Then, GRbl could improve
the integrity of the intestinal epithelium via increasing the
protein levels of the intestinal abundant Claudins in the
intestinal epithelium of old mice. GRb1 could improve the
function of intestinal stem and progenitor cells via upregulating
Lgr5, mkKi67,
transcriptional or posttranscriptional level in the small
intestines of old mice. Then, it was demonstrated that

the expression of Tert, and c-Myc at

GRb1l might improve intestinal aging through modulating
the expression of members of Sirtuin family at both
transcriptional and posttranscriptional levels in the intestines
of old mice. Finally, 16S rDNA sequence results showed that
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GRb1 could modulate the composition and functions of gut
microbiota in old mice, and it might be one of the mechanisms
of GRb1 on improving intestinal aging of old mice.

Intestinal barrier defects are one of the hallmarks of intestinal
aging (Arnold et al,, 2021). It was reported that the serum LPS
level is significantly higher in old mice than the young control
mice (Shin et al., 2020), indicating the gut leaky of the old mice.
In the present study, CLDN 2, 3, 7 and 15 all decreased in the
small intestines of old mice and CLDN 15 also decreased in the
large intestines of old mice. We speculated that the reduction of
these intestinal abundance Claudins might be the important
reason for the defects of the intestinal barrier of the old mice.
Tight junction proteins, such as ZO-1, Occludin and CLDN 1,
has also been found reduced in the ileum of aged rats (Ren et al.,
2018). CLDN 2 and 15 have been reported to have important
functions on regulating the paracellular flow of Na* from the
intestinal submucosa to dominate the absorption of glucose,
amino acids and fats (Tamura et al., 2011; Wada et al., 2013).
Therefore, the decrease of CLDN 2 and 15 in the small
intestines of old mice might affect the absorption of
nutrients. GRbl might promote the nutrients absorption of
aged mice via increasing the levels of CLDN 2 and 15 in the
small intestines of them.

Previous study showed that GRbl can promote the
differentiation of muscle stem cells (Go et al., 2020). Neural
stem cells in rats of Alzheimer’s disease models are also improved
by GRb1 (Zhao et al., 2018). In the present study, GRb1 could
improve the function of intestinal stem and progenitor cells via
upregulating the expression of Tert, Lgr5, mKi67, and c-Myc in
the small intestines of old mice. Tert has been confirmed to
specifically express in the intestinal stem cells (Breault et al., 2008;
Itzkovitz et al., 2011; Montgomery et al., 2011; Mufoz et al,
2012). Overexpression of TERT improves the fitness of intestinal
barriers and produces a system delay in aging of mice (Tomas-
Loba et al., 2008). GRb1 enhanced the protein level of TERT in
the small intestines of old mice indicating its effects on anti-aging
of intestinal stem cells. Ki67 has been used as the cell proliferation
marker in both normal and cancer tissues (Chakritbudsabong
et al., 2021; Silva et al., 2022). The increase of Ki67 in both small
and large intestines of old mice after administration of
GRbl demonstrated that the number of proliferative cells
increased in the intestinal crypts of them. We speculated the
increase of the proliferative cells should be the direct mechanism
on the increase of cells in crypts of intestines of the
GRb1 treated mice.

Members of sirtuin family play the key role in aging and age-
related disease (Kaitsuka et al,, 2021). In the present study,
GRb1 could increase the protein levels of SIRTI, SIRT3,
SIRTS,
SIRT1 becomes a target for the prevention and treatment of

and SIRT7 in the small intestines of old mice.

age-related cardiovascular and cerebrovascular diseases since it
has been confirmed to have important function on preventing
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vascular aging (Begum et al., 2021). Recent study reported that
LARP7 can ameliorate cellular senescence and aging through
enhancing the activity of SIRT1 (Yan et al., 2021). The increase of
the expression or activity of SIRT3 can extend the life span of
human (Silaghi et al., 2021; Rose et al., 2003). Recently, it was
found that reduced SIRT3 abundance in mice can exacerbate age-
related periodontal disease (Chen et al, 2021). The level and
activation of SIRT6 have been found to be reduced in the aging
brain (Stein et al., 2021). The overexpression of SIRT6 can extend
the life span of both mice and Drosophila melanogaster
(Roichman et al.,, 2021; Taylor et al, 2022). SIRT7 has been
found to antagonize stem cell aging wvia stabilizing
heterochromatin (Sun and Dang, 2020; Bi et al, 2020).
Therefore, the upregulation of SIRTs should be considered as
one of the important mechanisms on improving the small
intestinal aging of old mice.

In the present study, the composition and functions of gut
microbiota changed in the old mice after administration of GRb1.
At the phylum level of gut microbiota, the ratio of Bacteroidetes/
Firmicutes decreased in the Old group compared to the Youth
group, and administration of GRb1 could improve it. Many
studies confirmed the decrease of the ratio of Bacteroidetes/
Firmicutes in ob/ob mice compared with normal control mice
(Turnbaugh et al., 2006; Abenavoli et al., 2019). The dysbiosis of
the gut microbiota can increase the intestinal permeability
(Zhang et al, 2010). Therefore, GRbl might enhance the
integrity of the intestinal epithelium via improving the
dysbiosis of the gut microbiota in old mice. Compared to the
Old group, the Class Actinobacteria was predominant in the
Youth, Old + GRb1 and Old + RSV groups. Actinobacteria have
been confirmed to be the biosynthetic factories which produce
various bioactive metabolites, and many of these bioactive
metabolites can be developed as drugs for human (Azman
et al, 2019; Hussain et al, 2020; Jose et al., 2021). The
pathways for “Valine, leucine and isoleucine biosynthesis”
and “Lysine biosynthesis” significantly increased in old mice
after administration with GRb1. Lysine, valine, leucine and
isoleucine are essential amino acids for human, so the
increase of the biosynthesis of them should be good for
the health of the old mice. Hence, we speculated that the
regulating of the gut microbiota might be another important
mechanism of GRb1 on improving the intestinal aging of the
old mice.

Conclusion

In conclusion, GRb1 could improve the intestinal aging via
regulating the expression of members of Sirtuin family in the
intestinal epithelium at transcriptional or posttranscriptional
levels and modulating the composition and functions of gut
microbiota in the old mice (Figure 6).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991597

Lei et al.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/sra/PRJNA856886.

Ethics statement

The animal study was reviewed and approved by the
Experimental Animal Ethics Committee of Guangdong
Pharmaceutical University.

Author contributions

Conceptualization, ZL and YY; methodology, LC, KL, and
HR; validation, LC, QH. TL and YY; formal analysis, YY, SY, and
QS; investigation, ZL, LC, and QH; resources, JG; data curation,
FT and YN; writing—original draft preparation, ZL, LC, and YY;
writing—review and editing, ZL, LC, and YY; visualization, LC
and FT; supervision, ZL and JG; project administration, ZL and
JG; funding acquisition, YY, ZL, and JG. All authors have read
and agreed to the published version of the manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (No. 81830113, No. 82171855); National
key R and D plan “Research on modernization of traditional
Chinese medicine” (2018YFC1704200); Major basic and applied
basic research projects of Guangdong Province of China
(2019B030302005); the Guangdong Basic and Applied Basic
Research  Foundation (2021A1515012383); the Opening

References

Abenavoli, L., Scarpellini, E., Colica, C., Boccuto, L., Salehi, B., Sharifi-Rad, J., et al.
(2019). Gut microbiota and obesity: A role for probiotics. Nutrients 11, E2690.
doi:10.3390/nu11112690

Arnold, J. W, Roach, J., Fabela, S., Moorfield, E., Ding, S., Blue, E,, et al. (2021).
The pleiotropic effects of prebiotic galacto-oligosaccharides on the aging gut.
Microbiome 9, 31. doi:10.1186/s40168-020-00980-0

Azman, A. S, Mawang, C. L, Khairat, J. E, and Abubakar, S. (2019).
Actinobacteria-a promising natural source of anti-biofilm agents. Int. Microbiol.
22, 403-409. doi:10.1007/s10123-019-00066-4

Baghdadi, M. B., Ayyaz, A., Coquenlorge, S., Chu, B., Kumar, S., Streutker, C.,
et al. (2022). Enteric glial cell heterogeneity regulates intestinal stem cell niches. Cell
Stem Cell 29, 86-100.¢6. doi:10.1016/j.stem.2021.10.004

Bai, Y., Bao, X., Mu, Q,, Fang, X, Zhu, R,, Liu, C,, et al. (2021). Ginsenoside Rbl,
salvianolic acid B and their combination modulate gut microbiota and improve
glucolipid metabolism in high-fat diet induced obese mice. Peer] 9, €10598. doi:10.
7717/peer;j.10598

Frontiers in Pharmacology

10.3389/fphar.2022.991597

Foundation of the Key Laboratory of Regenerative Biology,
Guangzhou Institutes of Biomedicine and Health, Chinese
Academy of Sciences (KLRB201807); the Science and
Technology Planning Project of Guangzhou City (No.
201803010069).

Acknowledgments

The authors thank Miss Zitong Peng and Miss Lulu Liu
from Guangdong Pharmaceutical University for technical

assistance.

Conflict of interest

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

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.991597/full#supplementary-material

Begum, M. K., Konja, D., Singh, S., Chlopicki, S., and Wang, Y. (2021). Endothelial
SIRT1 as a target for the prevention of arterial aging: Promises and challenges.
J. Cardiovasc. Pharmacol. 78, S63-s77. doi:10.1097/FJC.0000000000001154

Ben Othman, S., Ido, K., Masuda, R., Gotoh, S., Hosoda-Yabe, R., Kitaguchi, K.,
et al. (2020). Senescence-accelerated mouse prone 8 mice exhibit specific
morphological changes in the small intestine during senescence and after pectin
supplemented diet. Exp. Gerontol. 142, 111099. doi:10.1016/j.exger.2020.111099

Bi, S., Liu, Z., Wu, Z., Wang, Z., Liu, X., Wang, S., et al. (2020). SIRT7 antagonizes
human stem cell aging as a heterochromatin stabilizer. Protein Cell 11, 483-504.
doi:10.1007/s13238-020-00728-4

Breault, D. T., Min, I. M., Carlone, D. L, Farilla, L. G., Ambruzs, D. M,,
Henderson, D. E., et al. (2008). Generation of mTert-GFP mice as a model to
identify and study tissue progenitor cells. Proc. Natl. Acad. Sci. U. S. A. 105,
10420-10425. doi:10.1073/pnas.0804800105

Chakritbudsabong, = W.,  Sariya, L., Jantahiran, P, Chaisilp, N,
Chaiwattanarungruengpaisan, S., Rungsiwiwut, R., et al. (2021). Generation of

frontiersin.org


https://www.ncbi.nlm.nih.gov/sra/PRJNA856886
https://www.ncbi.nlm.nih.gov/sra/PRJNA856886
https://www.frontiersin.org/articles/10.3389/fphar.2022.991597/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.991597/full#supplementary-material
https://doi.org/10.3390/nu11112690
https://doi.org/10.1186/s40168-020-00980-0
https://doi.org/10.1007/s10123-019-00066-4
https://doi.org/10.1016/j.stem.2021.10.004
https://doi.org/10.7717/peerj.10598
https://doi.org/10.7717/peerj.10598
https://doi.org/10.1097/FJC.0000000000001154
https://doi.org/10.1016/j.exger.2020.111099
https://doi.org/10.1007/s13238-020-00728-4
https://doi.org/10.1073/pnas.0804800105
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991597

Lei et al.

porcine induced neural stem cells using the sendai virus. Front. Vet. Sci. 8, 806785.
doi:10.3389/fvets.2021.806785

Chen, J., Zhang, Y., Gao, J., Li, T., Gan, X,, and Yu, H. (2021). Sirtuin 3 deficiency
exacerbates age-related periodontal disease. J. Periodontal Res. 56, 1163-1173.
doi:10.1111/jre.12930

Chen, S, Li, X,, Wang, Y., Mu, P,, Chen, C., Huang, P., et al. (2019). Ginsenoside
Rbl attenuates intestinal ~ischemia/reperfusion-induced inflammation and
oxidative stress via activation of the PI3K/Akt/Nrf2 signaling pathway. Mol.
Med. Rep. 19, 3633-3641. doi:10.3892/mmr.2019.10018

Cheng, Y., Shen, L. H., and Zhang, J. T. (2005). Anti-amnestic and anti-aging
effects of ginsenoside Rgl and Rb1 and its mechanism of action. Acta Pharmacol.
Sin. 26, 143-149. doi:10.1111/§.1745-7254.2005.00034.x

Dong, J. Y., Xia, K. J., Liang, W, Liu, L. L., Yang, F., Fang, X. S, et al. (2021).
Ginsenoside Rbl alleviates colitis in mice via activation of endoplasmic reticulum-
resident E3 ubiquitin ligase Hrdl signaling pathway. Acta Pharmacol. Sin. 42,
1461-1471. doi:10.1038/s41401-020-00561-9

Friedrich, A. W. (2019). Control of hospital acquired infections and antimicrobial
resistance in europe: The way to go. Wien. Med. Wochenschr. 169, 25-30. doi:10.
1007/510354-018-0676-5

Gamez-Garcia, A., and Vazquez, B. N. (2021). Nuclear sirtuins and the aging of
the immune system. Genes (Basel) 12, 1856. doi:10.3390/genes12121856

Go, G. Y., Jo, A,, Seo, D. W., Kim, W. Y., Kim, Y. K., So, E. Y., et al. (2020).
Ginsenoside Rbl and Rb2 upregulate Akt/mTOR signaling-mediated muscular
hypertrophy and myoblast differentiation. J. Ginseng Res. 44, 435-441. doi:10.1016/
1.jgr.2019.01.007

Hamidian, M., Foroughinia, F., Haghighat, S., Attar, A., and Haem, E. (2022).
Protective effects of Panax ginseng against doxorubicin-induced cardiac toxicity in
patients with non-metastatic breast cancer: A randomized, double-blind, placebo-
controlled clinical trial. J. Oncol. Pharm. Pract. 2022, 107815522211185. doi:10.
1177/10781552221118530

Hassan, Z. A., Zauszkiewicz-Pawlak, A., Abdelrahman, S. A., Algaidi, S., Desouky,
M., and Shalaby, S. M. (2017). Morphological alterations in the jejunal mucosa of
aged rats and the possible protective role of green tea. Folia histochem. Cytobiol. 55,
124-139. doi:10.5603/FHC.a2017.0012

He, J. Y., Hong, Q., Chen, B. X,, Cui, S. Y., Liu, R, Cai, G. Y,, et al. (2022).
Ginsenoside Rb1 alleviates diabetic kidney podocyte injury by inhibiting aldose
reductase activity. Acta Pharmacol. Sin. 43, 342-353. doi:10.1038/s41401-021-
00788-0

Hoffmeyer, K., Raggioli, A., Rudloff, S., Anton, R., Hierholzer, A., Del Valle, I,
et al. (2012). Wnt/p-catenin signaling regulates telomerase in stem cells and cancer
cells. Science 336, 1549-1554. doi:10.1126/science.1218370

Hussain, A., Hassan, Q. P., and Shouche, Y. S. (2020). New approaches for
antituberculosis leads from Actinobacteria. Drug Discov. Today 25, 2335-2342.
doi:10.1016/j.drudis.2020.10.005

Hyun, S. H,, Bhilare, K. D., Park, C. K., and Kim, J. H. (2022). Effects of Panax
ginseng and ginsenosides on oxidative stress and cardiovascular diseases:
Pharmacological and therapeutic roles. J. Ginseng Res. 46, 33-38. doi:10.1016/].
jgr.2021.07.007

Ishaq, M., Khan, A., Bacha, A. S,, Shah, T., Hanif, A., Ahmad, A. A, et al. (2021).
Microbiota targeted interventions of probiotic lactobacillus as an anti-ageing
approach: A review. Antioxidants (Basel) 10, 1930. doi:10.3390/antiox10121930

Itzkovitz, S., Lyubimova, A., Blat, I. C., Maynard, M., Van Es, J., Lees, J., et al.
(2011). Single-molecule transcript counting of stem-cell markers in the mouse
intestine. Nat. Cell Biol. 14, 106-114. doi:10.1038/ncb2384

Jose, P. A., Maharshi, A., and Jha, B. (2021). Actinobacteria in natural products
research: Progress and prospects. Microbiol. Res. 246, 126708. doi:10.1016/j.micres.
2021.126708

Kaitsuka, T., Matsushita, M., and Matsushita, N. (2021). Regulation of hypoxic
signaling and oxidative stress via the MicroRNA-SIRT2 Axis and its relationship
with aging-related diseases. Cells 10, 3316. doi:10.3390/cells10123316

Lei, Z., Maeda, T., Tamura, A., Nakamura, T., Yamazaki, Y., Shiratori, H., et al.
(2012). EpCAM contributes to formation of functional tight junction in the
intestinal epithelium by recruiting claudin proteins. Dev. Biol. 371, 136-145.
doi:10.1016/j.ydbio.2012.07.005

Lei, Z., Wu, H,, Yang, Y., Hu, Q,, Lei, Y., Liu, W,, et al. (2021a). Ovariectomy
impaired hepatic glucose and lipid homeostasis and altered the gut microbiota in
mice with different diets. Front. Endocrinol. 12, 708838. doi:10.3389/fendo.2021.
708838

Lei, Z., Yang, L., Lei, Y., Yang, Y., Zhang, X,, Song, Q., et al. (2021b). High dose
lithium chloride causes colitis through activating F4/80 positive macrophages and
inhibiting expression of Pigr and Claudin-15 in the colon of mice. Toxicology 457,
152799. doi:10.1016/j.tox.2021.152799

Frontiers in Pharmacology

112

10.3389/fphar.2022.991597

Lei, Z., Yang, Y., Liu, S, Lei, Y, Yang, L, Zhang, X, et al. (2020).
Dihydroartemisinin ameliorates dextran sulfate sodium induced inflammatory
bowel diseases in mice. Bioorg. Chem. 100, 103915. doi:10.1016/j.bioorg.2020.
103915

Li, X., Khan, L, Xia, W., Huang, G, Liu, L., Law, B. Y. K,, et al. (2021). Icariin
enhances youth-like features by attenuating the declined gut microbiota in the aged
mice. Pharmacol. Res. 168, 105587. doi:10.1016/j.phrs.2021.105587

Lima-Fontes, M., Meira, L., Barata, P., Falcio, M., and Carneiro, A. (2021). Gut
microbiota and age-related macular degeneration: A growing partnership. Surv.
Ophthalmol. 67, 883. doi:10.1016/j.survophthal.2021.11.009

Lin, Z., Xie, R, Zhong, C., Huang, J., Shi, P., and Yao, H. (2022). Recent progress
(2015-2020) in the investigation of the pharmacological effects and mechanisms of
ginsenoside Rb(1), a main active ingredient in Panax ginseng Meyer. J. Ginseng Res.
46, 39-53. doi:10.1016/j.jgr.2021.07.008

Loépez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).
The hallmarks of aging. Cell 153, 1194-1217. doi:10.1016/j.cell.2013.05.039

Lukiw, W. ], Arceneaux, L. Li, W., Bond, T., and Zhao, Y. (2021).
Gastrointestinal (GI)-Tract microbiome derived neurotoxins and their potential
contribution to inflammatory neurodegeneration in Alzheimer’s disease (AD).
J. Alzheimers Dis. Park. 11, 525. d0i:10.4172/2161-0460.1000525

Montgomery, R. K., Carlone, D. L., Richmond, C. A,, Farilla, L., Kranendonk, M.
E., Henderson, D. E,, et al. (2011). Mouse telomerase reverse transcriptase (mTert)
expression marks slowly cycling intestinal stem cells. Proc. Natl. Acad. Sci. U. S. A.
108, 179-184. doi:10.1073/pnas.1013004108

Muiioz, J., Stange, D. E., Schepers, A. G., Van De Wetering, M., Koo, B. K,,
Itzkovitz, S., et al. (2012). The Lgr5 intestinal stem cell signature: Robust expression
of proposed quiescent *+4” cell markers. Embo J. 31, 3079-3091. doi:10.1038/emboj.
2012.166

Niu, K. M,, Bao, T., Gao, L., Ru, M, Li, Y., Jiang, L., et al. (2021). The impacts of
short-term NMN supplementation on serum metabolism, fecal microbiota, and
telomere length in pre-aging phase. Front. Nutr. 8, 756243. doi:10.3389/fnut.2021.
756243

Parrish, A. R. (2017). The impact of aging on epithelial barriers. Tissue Barriers 5,
€1343172. doi:10.1080/21688370.2017.1343172

Pénzes, L. (1984). Intestinal response in aging: Changes in reserve capacity. Acta
Med. hung. 41, 263-277.

Qin, G. W,, Lu, P, Peng, L., and Jiang, W. (2021). Ginsenoside Rbl inhibits
cardiomyocyte autophagy via PI3K/Akt/mTOR signaling pathway and reduces
myocardial ischemia/reperfusion injury. Am. J. Chin. Med. 49, 1913-1927. doi:10.
1142/50192415X21500907

Ren, M., Li, H,, Fu, Z,, and Li, Q. (2021). Succession analysis of gut microbiota
structure of participants from long-lived families in hechi, guangxi, China.
Microorganisms 9, 2524. doi:10.3390/microorganisms9122524

Ren, W.,, Wu, J,, Li, L, Lu, Y,, Shao, Y., Qi, Y., et al. (2018). Glucagon-Like
peptide-2 improve intestinal mucosal barrier function in aged rats. J. Nutr. Health
Aging 22, 731-738. doi:10.1007/s12603-018-1022-8

Roichman, A., Elhanati, S., Aon, M. A., Abramovich, L., Di Francesco, A., Shahar,
Y., et al. (2021). Restoration of energy homeostasis by SIRT6 extends healthy
lifespan. Nat. Commun. 12, 3208. doi:10.1038/s41467-021-23545-7

Rose, G., Dato, S., Altomare, K., Bellizzi, D., Garasto, S., Greco, V., et al. (2003).
Variability of the SIRT3 gene, human silent information regulator Sir2 homologue,
and survivorship in the elderly. Exp. Gerontol. 38, 1065-1070. doi:10.1016/s0531-
5565(03)00209-2

Ruan, Y., Kim, H. N, Ogana, H. A, Wan, Z., Hurwitz, S., Nichols, C., et al. (2021).
Preclinical evaluation of a novel dual targeting PI3k§/BRD4 inhibitor, SF2535, in
B-cell acute lymphoblastic leukemia. Front. Oncol. 11, 766888. doi:10.3389/fonc.
2021.766888

Ruiz-Gonzalez, C., Cardona, D., Rodriguez-Arrastia, M., Ropero-Padilla, C.,
Rueda-Ruzafa, L., Carvajal, F., et al. (2022). Effects of probiotics on cognitive
and emotional functions in healthy older adults: Protocol for a double-blind
randomized placebo-controlled crossover trial. Res. Nurs. Health 45, 274-286.
doi:10.1002/nur.22209

Sharma, R. (2022). Emerging interrelationship between the gut microbiome and
cellular senescence in the context of aging and disease: Perspectives and therapeutic
opportunities. Probiotics Antimicrob. Proteins 14, 648-663. doi:10.1007/s12602-
021-09903-3

Shin, H. E,, Kwak, S. E,, Zhang, D. D,, Lee, J., Yoon, K. J., Cho, H. S,, et al. (2020).
Effects of treadmill exercise on the regulation of tight junction proteins in aged
mice. Exp. Gerontol. 141, 111077. doi:10.1016/j.exger.2020.111077

Silaghi, C. N, Farcas, M., and Craciun, A. M. (2021). Sirtuin 3 (SIRT3) pathways
in age-related cardiovascular and neurodegenerative diseases. Biomedicines 9, 1574.
doi:10.3390/biomedicines9111574

frontiersin.org


https://doi.org/10.3389/fvets.2021.806785
https://doi.org/10.1111/jre.12930
https://doi.org/10.3892/mmr.2019.10018
https://doi.org/10.1111/j.1745-7254.2005.00034.x
https://doi.org/10.1038/s41401-020-00561-9
https://doi.org/10.1007/s10354-018-0676-5
https://doi.org/10.1007/s10354-018-0676-5
https://doi.org/10.3390/genes12121856
https://doi.org/10.1016/j.jgr.2019.01.007
https://doi.org/10.1016/j.jgr.2019.01.007
https://doi.org/10.1177/10781552221118530
https://doi.org/10.1177/10781552221118530
https://doi.org/10.5603/FHC.a2017.0012
https://doi.org/10.1038/s41401-021-00788-0
https://doi.org/10.1038/s41401-021-00788-0
https://doi.org/10.1126/science.1218370
https://doi.org/10.1016/j.drudis.2020.10.005
https://doi.org/10.1016/j.jgr.2021.07.007
https://doi.org/10.1016/j.jgr.2021.07.007
https://doi.org/10.3390/antiox10121930
https://doi.org/10.1038/ncb2384
https://doi.org/10.1016/j.micres.2021.126708
https://doi.org/10.1016/j.micres.2021.126708
https://doi.org/10.3390/cells10123316
https://doi.org/10.1016/j.ydbio.2012.07.005
https://doi.org/10.3389/fendo.2021.708838
https://doi.org/10.3389/fendo.2021.708838
https://doi.org/10.1016/j.tox.2021.152799
https://doi.org/10.1016/j.bioorg.2020.103915
https://doi.org/10.1016/j.bioorg.2020.103915
https://doi.org/10.1016/j.phrs.2021.105587
https://doi.org/10.1016/j.survophthal.2021.11.009
https://doi.org/10.1016/j.jgr.2021.07.008
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.4172/2161-0460.1000525
https://doi.org/10.1073/pnas.1013004108
https://doi.org/10.1038/emboj.2012.166
https://doi.org/10.1038/emboj.2012.166
https://doi.org/10.3389/fnut.2021.756243
https://doi.org/10.3389/fnut.2021.756243
https://doi.org/10.1080/21688370.2017.1343172
https://doi.org/10.1142/S0192415X21500907
https://doi.org/10.1142/S0192415X21500907
https://doi.org/10.3390/microorganisms9122524
https://doi.org/10.1007/s12603-018-1022-8
https://doi.org/10.1038/s41467-021-23545-7
https://doi.org/10.1016/s0531-5565(03)00209-2
https://doi.org/10.1016/s0531-5565(03)00209-2
https://doi.org/10.3389/fonc.2021.766888
https://doi.org/10.3389/fonc.2021.766888
https://doi.org/10.1002/nur.22209
https://doi.org/10.1007/s12602-021-09903-3
https://doi.org/10.1007/s12602-021-09903-3
https://doi.org/10.1016/j.exger.2020.111077
https://doi.org/10.3390/biomedicines9111574
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991597

Lei et al.

Silva, L. C,, Faustino, I. S. P, Cantadori, G. R, Santos-Silva, A. R., Vargas, P. A.,
and Lopes, M. A. (2022). Adenocarcinoma not otherwise specified (NOS) arising in
the sublingual gland: Rare case report and follow-up. Oral Oncol. 126, 105754.
doi:10.1016/j.oraloncology.2022.105754

Stein, D., Mizrahi, A., Golova, A., Saretzky, A., Venzor, A. G., Slobodnik, Z.,
et al. (2021). Aging and pathological aging signatures of the brain: Through the
focusing lens of SIRT6. Aging (Albany NY) 13, 6420-6441. doi:10.18632/aging.
202755

Sun, L., and Dang, W. (2020). SIRT7 slows down stem cell aging by preserving
heterochromatin: A perspective on the new discovery. Protein Cell 11, 469-471.
doi:10.1007/s13238-020-00735-5

Tamura, A., Hayashi, H., Imasato, M., Yamazaki, Y., Hagiwara, A., Wada, M.,
et al. (2011). Loss of claudin-15, but not claudin-2, causes Na+ deficiency and
glucose malabsorption in mouse small intestine. Gastroenterology 140, 913-923.
doi:10.1053/j.gastro.2010.08.006

Taylor, J. R, Wood, J. G., Mizerak, E., Hinthorn, S., Liu, J., Finn, M, et al. (2022)
Sirt6 regulates lifespan in Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A
119, €2111176119. doi:10.1073/pnas.2111176119

Tomas-Loba, A., Flores, L., Fernandez-Marcos, P. J., Cayuela, M. L., Maraver, A,
Tejera, A., et al. (2008). Telomerase reverse transcriptase delays aging in cancer-
resistant mice. Cell 135, 609-622. doi:10.1016/j.cell.2008.09.034

Toyokawa, Y., Takagi, T., Uchiyama, K., Mizushima, K., Inoue, K., Ushiroda, C.,
etal. (2019). Ginsenoside Rb1 promotes intestinal epithelial wound healing through
extracellular signal-regulated kinase and Rho signaling. J. Gastroenterol. Hepatol.
34, 1193-1200. doi:10.1111/jgh.14532

Tran, L., and Greenwood-Van Meerveld, B. (2013). Age-associated remodeling of
the intestinal epithelial barrier. J. Gerontol. A Biol. Sci. Med. Sci. 68, 1045-1056.
doi:10.1093/gerona/glt106

Turnbaugh, P. ], Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased capacity
for energy harvest. Nature 444, 1027-1031. doi:10.1038/nature05414

Wada, M., Tamura, A., Takahashi, N., and Tsukita, S. (2013). Loss of claudins
2and 15 from mice causes defects in paracellular Na+ flow and nutrient transport in
gut and leads to death from malnutrition. Gastroenterology 144, 369-380. doi:10.
1053/j.gastro.2012.10.035

Watroba, M., and Szukiewicz, D. (2021). Sirtuins at the service of healthy
longevity. Front. Physiol. 12, 724506. doi:10.3389/fphys.2021.724506

Wu, C. J., Mannan, P, Lu, M., and Udey, M. C. (2013). Epithelial cell adhesion
molecule (EpCAM) regulates claudin dynamics and tight junctions. J. Biol. Chem.
288, 12253-12268. doi:10.1074/jbc.M113.457499

Xiong, Y., Shen, L., Liu, K. J,, Tso, P., Xiong, Y., Wang, G., et al. (2010).
Antiobesity and antihyperglycemic effects of ginsenoside Rbl in rats. Diabetes
59, 2505-2512. doi:10.2337/db10-0315

Frontiers in Pharmacology

113

10.3389/fphar.2022.991597

Yan, P, Li, Z., Xiong, J., Geng, Z., Wei, W., Zhang, Y., et al. (2021).
LARP7 ameliorates cellular senescence and aging by allosterically enhancing
SIRT1 deacetylase activity. Cell Rep. 37, 110038. doi:10.1016/j.celrep.2021.110038

Yang, C., Wang, W., Deng, P., Li, C., Zhao, L., and Gao, H. (2021a). Fibroblast
growth  factor 21 modulates microglial ~polarization that attenuates
neurodegeneration in mice and cellular models of Parkinson’s disease. Front.
Aging Neurosci. 13, 778527. doi:10.3389/fnagi.2021.778527

Yang, X,, Dong, B., An, L., Zhang, Q., Chen, Y., Wang, H., et al. (2021b).
Ginsenoside Rb1 ameliorates glycemic disorder in mice with high fat diet-induced
obesity via regulating gut microbiota and amino acid metabolism. Front.
Pharmacol. 12, 756491. doi:10.3389/fphar.2021.756491

Yao, H.,, Wan, J. Y., Zeng, J., Huang, W. H,, Sava-Segal, C,, Li, L., et al. (2018).
Effects of compound K, an enteric microbiome metabolite of ginseng, in the
treatment of inflammation associated colon cancer. Oncol. Lett. 15, 8339-8348.
d0i:10.3892/01.2018.8414

Zhang, W., Gu, Y., Chen, Y., Deng, H., Chen, L., Chen, S., et al. (2010). Intestinal
flora imbalance results in altered bacterial translocation and liver function in rats
with experimental cirrhosis. Eur. J. Gastroenterol. Hepatol. 22, 1481-1486. doi:10.
1097/MEG.0b013e32833eb8b0

Zhang, Y., Zhang, S., Li, B., Luo, Y., Gong, Y., Jin, X,, et al. (2021). Gut microbiota
dysbiosis promotes age-related atrial fibrillation by lipopolysaccharide and glucose-
induced activation of NLRP3-inflammasome. Cardiovasc. Res. 118, 785-797. doi:10.
1093/cvr/cvabl14

Zhao, A, Liu, N,, Yao, M., Zhang, Y., Yao, Z, Feng, Y., et al. (2022a). A review of
neuroprotective effects and mechanisms of ginsenosides from Panax ginseng in treating
ischemic stroke. Front. Pharmacol. 13, 946752. doi:10.3389/fphar.2022.946752

Zhao, J., Lu, S., Yu, H,, Duan, S., and Zhao, J. (2018). Baicalin and ginsenoside
Rbl promote the proliferation and differentiation of neural stem cells in
Alzheimer’s disease model rats. Brain Res. 1678, 187-194. doi:10.1016/j.brainres.
2017.10.003

Zhao, Q,, Liu, Y., Zhang, S., Zhao, Y., Wang, C,, Li, K, et al. (2022b). Studies on
the regulation and molecular mechanism of Panax ginseng saponins on senescence
and related behaviors of Drosophila melanogaster. Front. Aging Neurosci. 14,
870326. doi:10.3389/fnagi.2022.870326

Zhao, Y., Jaber, V., and Lukiw, W. J. (2021). Gastrointestinal tract microbiome-
derived pro-inflammatory neurotoxins in Alzheimer’s disease. J. Aging Sci. 9, 002.
doi:10.35248/2329-8847.21.5.002

Zhou, F., Zhang, P., Chen, X,, Yan, J,, Yao, J., Yu, Z, et al. (2016). Ginsenoside
Rb1 protects the intestinal mucosal barrier following peritoneal air exposure.
Exp. Ther. Med. 12, 2563-2567. d0i:10.3892/etm.2016.3639

Zhou, P., Xie, W., He, S., Sun, Y., Meng, X,, Sun, G,, et al. (2019). Ginsenoside
Rb1 as an anti-diabetic agent and its underlying mechanism analysis. Cells 8, E204.
doi:10.3390/cells8030204

frontiersin.org


https://doi.org/10.1016/j.oraloncology.2022.105754
https://doi.org/10.18632/aging.202755
https://doi.org/10.18632/aging.202755
https://doi.org/10.1007/s13238-020-00735-5
https://doi.org/10.1053/j.gastro.2010.08.006
https://doi.org/10.1073/pnas.2111176119
https://doi.org/10.1016/j.cell.2008.09.034
https://doi.org/10.1111/jgh.14532
https://doi.org/10.1093/gerona/glt106
https://doi.org/10.1038/nature05414
https://doi.org/10.1053/j.gastro.2012.10.035
https://doi.org/10.1053/j.gastro.2012.10.035
https://doi.org/10.3389/fphys.2021.724506
https://doi.org/10.1074/jbc.M113.457499
https://doi.org/10.2337/db10-0315
https://doi.org/10.1016/j.celrep.2021.110038
https://doi.org/10.3389/fnagi.2021.778527
https://doi.org/10.3389/fphar.2021.756491
https://doi.org/10.3892/ol.2018.8414
https://doi.org/10.1097/MEG.0b013e32833eb8b0
https://doi.org/10.1097/MEG.0b013e32833eb8b0
https://doi.org/10.1093/cvr/cvab114
https://doi.org/10.1093/cvr/cvab114
https://doi.org/10.3389/fphar.2022.946752
https://doi.org/10.1016/j.brainres.2017.10.003
https://doi.org/10.1016/j.brainres.2017.10.003
https://doi.org/10.3389/fnagi.2022.870326
https://doi.org/10.35248/2329-8847.21.s5.002
https://doi.org/10.3892/etm.2016.3639
https://doi.org/10.3390/cells8030204
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991597

:' frontiers ‘ Frontiers in Pharmacology

‘ @ Check for updates

OPEN ACCESS

Weicheng Hu,
Huaiyin Normal University, China

Hongxin Wang,

Jinzhou Medical University, China
Penke Vijaya Babu,

CURIA INDIA PVT LTD, India
Edson Roberto Silva,

University of Sdo Paulo, Brazil

Hui Ao,
aohui2005@126.com

This article was submitted to
Inflammation Pharmacology,
a section of the journal
Frontiers in Pharmacology

24 June 2022
15 September 2022
29 September 2022

Wan Y, Liu D, Xia J, Xu J-F, Zhang L,
Yang Y, Wu J-J and Ao H (2022),
Ginsenoside CK, rather than Rb1,
possesses potential chemopreventive
activities in human gastric cancer via
regulating PI3K/AKT/NF-kB

signal pathway.

Front. Pharmacol. 13:977539.

doi: 10.3389/fphar.2022.977539

© 2022 Wan, Liu, Xia, Xu, Zhang, Yang,
Wu and Ao. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Pharmacology

Original Research
29 September 2022
10.3389/fphar.2022.977539

Ginsenoside CK, rather than Rb1,
possesses potential
chemopreventive activities in
human gastric cancer via
regulating PI3K/AKT/NF-«B
signal pathway

Yan Wan?, Dong Liu?, Jia Xia*, Jin-Feng Xu?, Li Zhang?, Yu Yang?,
Jiao-Jiao Wu! and Hui Ao'?*

IState Key Laboratory of Southwestern Chinese Medicine Resources, Chengdu University of Traditional
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Ginsenoside Rbl1, a main component of ginseng, is often transformed into
ginsenoside CK by intestinal flora to exert various pharmacological activity.
However, it remains unclear whether ginsenoside CK is responsible for the anti-
gastric cancer effect of ginsenoside Rbl in vivo. In this study, network
pharmacology was applied to predict the key signal pathways of ginsenoside
Rbl and ginsenoside CK when treating gastric cancer. The anti-proliferative
effects of ginsenoside Rb1 and ginsenoside CK and the underlying mechanism
in gastric cancer cells were explored by MTT, Hoechst3328 staining, ELISA, RT-
gPCR and Western blotting. The results showed that PI3K-AKT/NF-xB signal
pathway was the common important pathway of ginsenoside Rb1 and CK in the
treatment of gastric cancer. The results of MTT assay showed that ginsenoside
Rb1 could hardly inhibit the proliferation of HGC-27 cells, whereas ginsenoside
CK could inhibit the proliferation of HGC-27 cells. Hoechst3328 staining
showed that cells in the ginsenoside CK group were densely stained bright
blue and nuclear fragmented, indicating that apoptosis occurred. ELISA results
showed that ginsenoside CK could effectively downregulate the levels of cyclin
CyclinB1 and CyclinD1, but ginsenoside Rb1 had no significant effect. Also, the
results of Western blot and RT-gPCR showed that ginsenoside CK inhibited the
expressions of anti-apoptosis-related protein Bcl-2 and apoptosis-related
pathway PI3K/AKT/NF-xB, and promoted the expression of pro-apoptosis
proteins Bax and Caspase 3, whereas ginsenoside Rbl exerted no effect. In
short, ginsenoside Rbl had no anti-gastric cancer cell activity in vitro, but
ginsenoside CK could effectively inhibit cell proliferation and induce cell
apoptosis in HGC-27 cells. The mechanism might relate to the inhibitory
effect of ginsenoside CK on the PI3K/AKT/NF-kB pathway. These results
suggest that ginsenoside CK might be the in vivo material basis for the anti-
gastric cancer activity of ginsenosides.

frontiersin.org
114


https://www.frontiersin.org/articles/10.3389/fphar.2022.977539/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977539/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977539/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977539/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977539/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977539/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.977539&domain=pdf&date_stamp=2022-09-29
mailto:aohui2005@126.com
https://doi.org/10.3389/fphar.2022.977539
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.977539

Wan et al.

KEYWORDS

10.3389/fphar.2022.977539

ginsenoside Rbl, ginsenoside CK, gastric cancer, network pharmacology, apoptosis,

gut microbiota

1 Introduction

Gastric cancer is the fourth most common male cancer
diagnosis in the world, after lung, prostate and colorectal
cancer, and the fifth among women, after breast cancer,
colorectal cancer, cervical cancer, and lung cancer. The
pathogenesis of gastric cancer involves multi-steps, multi-
factors and multi-targets. It is estimated that the fatality rate
of gastric cancer is about 70%, which is much higher than other
epidemic diseases (Sung et al, 2021). At present, the main
treatment of gastric cancer is the combination of neoadjuvant
radiotherapy and chemotherapy, molecular targeted therapy and
immunotherapy (Song et al., 2017). However, these methods
have defects that cannot be ignored. For example, although
radiotherapy and chemotherapy are effective treatments,
serious side effects (loss of appetite, indigestion, burning
sensation, nausea, vomiting, etc.) seriously affect the efficiency
of treatment (Bae et al, 2017). Natural products, which are
extracted from the plant kingdom with the characteristics of
low toxicity and few side effects, are multiple targeted (Wan et al.,
2021). Therefore, it is of great importance to discover natural
drugs with anti-gastric cancer effects.

Ginseng is known as the “King of Herbs,” which has the effect
of nourishing vitality, strengthening the body and eliminating
evil, according to Traditional Chinese Medicine. As the main
active ingredients of ginseng, ginsenosides play a pivotal role in
the pharmacological effects of ginseng. Current studies have
shown that total ginsenosides have a certain anti-gastric
cancer activity, whereas ginsenoside Rbl, one of the main
prototype components of total ginsenosides, also plays an
important role in anti-gastric precancerous lesions, indicating
that ginsenoside Rb1 may have anti-gastric cancer potential (Xu
et al,, 2018a). Notably, ginsenoside compound K (CK) is the gut
microbiota-derived product of ginsenoside Rbl. Recently, a
growing number of studies demonstrated that CK, the
microbial transformed metabolites of Rbl, showed greater
therapeutic activities compared with its parent compound
Rb1, either in vivo or in vitro. For example, in vitro models of
breast and colon cancer, ginsenoside CK has better anticancer
activity than ginsenoside Rb1l (Wang et al., 2012; Yao et al,, 2018).
Therefore, it is worth studying whether ginsenoside CK has
stronger anti-gastric cancer activity than ginsenoside Rbl.

Also, the anti-cancer mechanism of ginsenoside Rb1 and CK
is worth studying. However, the pathogenesis of gastric cancer is
complex, involving multiple pathways and targets, which brings
difficulties to the discovery of the anti-cancer drugs. As a
systematic ~ and  comprehensive  discipline, = network
pharmacology can easily obtain relevant targets for drug
treatment of diseases, and select appropriate signaling targets
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for mechanism analysis. However, the network pharmacology
results are only predictions and often need to be verified by the
experiments. Therefore, it is undoubtedly a promising approach
to study the anti-gastric cancer mechanism of ginsenoside
Rbl and CK based on the results of network pharmacology.

This study is designed to resolve the above problems
according to the corresponding experimental scheme. The
network pharmacology was applied to speculate the common
signaling pathway responsible for the anti-gastric cancer effects
of ginsenoside Rb1 and CK, and its pharmacological effect and
the underlying mechanism were verified by the in vitro
experiments. The purpose of this study is to compare the
anti-gastric cancer activity of ginsenoside Rb1 and CK, and in
turn explore the material basis and mechanism the anti-gastric
cancer effect of ginsenosides in vivo, providing scientific basis for
the clinical application of ginsenosides.

2 Materials

Ginsenoside Rb1 and ginsenoside CK were purchased from
Chengdu Mansite Biotechnology Co., Ltd., and the purity was
higher than 98%. (Chengdu, China). Human gastric cancer cell
line HGC-27 was purchased from Shanghai Fuheng
Biotechnology Co., Ltd. (Shanghai, China). DMEM, penicillin
and streptomycin were purchased from Shanghai Biyuntian
Biology Co., Ltd. (Shanghai, China). Fetal bovine serum was
purchased from Zhejiang Tianhang Biotechnology Co., Ltd.
(Zhejiang, China). MTT is purchased from Biosharp
Company (Guangzhou, China). HumanCyclin-BIELISAKIT
and HumanCyclin-D1ELISAKIT are purchased from Ruixin
Biotechnology Co., Ltd. (Fujian, China). 5X All-In-One
MasterMix was purchased from abm (Canada). Bcl-2 antibody
(AF6139), Bax antibody (AF0120), Phospho-I kB alpha antibody
(AF 2002), Phospho-PI3K P85 alpha antibody (AF3241),
Phospho-pan-AKT1/2/3 antibody (AF0016) and pan-AKT1/2/
3 antibody (AF6261) were purchased from Affinity (Jiangsu,
China). IxB alpha antibody (#9242), NF- «B p65 antibody
(#8242) and Caspase-3 antibody (#14220) were purchased
from Cell Signaling Technology (United States). PI3K
p85alpha antibodies (TA6241) were purchased from Abimat
Biomedical Co., Ltd. (Shanghai, China). Goat anti-rabbit IgG-
HRP (Cat. No. 05-4030- 05) were purchased from Multi Sciences
(LTANKE) Biotech Co., Ltd. (Hangzhou, China). Animal Total
RNA Isolation Kit (R210801), RT EasyTM II (210401) and Real
Time PCR EasyTM-SYBR Green I (P210501) were purchased
from Chengdu Fuji Biotechnology Co., Ltd. (Chengdu, China).
Hoechst33258 (C0020) was purchased from Beijing Solebo
Technology Co., Ltd. (Beijing, China).
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3 Methods

3.1 Study on the mechanism of
ginsenoside Rbl and its intestinal bacterial
transformant-ginsenoside CK in the
treatment of gastric cancer based on
network pharmacology

3.1.1 Target prediction of ginsenoside
Rbl and CK

The Herb Ingredients’ Targets (HIT) database is made up of
more than 3,250 articles manually (Liang et al., 2019). In addition
to more than 1,300 kinds of Chinese herbal medicine and
586 kinds of traditional Chinese medicine compounds, there
are 1,301 protein targets. Compared with the traditional
database, the information obtained by HIT database is
calibrated by manual standardization. Therefore, the potential
targets of ginsenoside Rb1 and CK were obtained by HIT (http://
lifecenter.biosino.org/) database.

3.1.2 Target prediction of gastric cancer

Using “gastric cancer” as the key word, the target of gastric
cancer was obtained in disgenet (http://www.disgenet.org/),
malacards (http://www.malacards.org/) and OMIM (https://
omim.org/) database, and the obtained target was de-repeated
to get the potential target of the disease.

3.1.3 Core target “fishing” and protein-protein
interaction network construction

BisoGenet aims to evaluate the prominence of functional
relationships between genes or proteomes from proteomics or
genomics experiments. A more comprehensive set of PPI
networks can be obtained by expanding and analyzing the
input targets through the internal integration database of
Bisogenet. In the Cytoscape 3.8.2 software (Wang and Yuan,
2022), input the potential targets of ginsenoside CK, Rbl and
the click
“Geneidentifiersonly” to enter the next step “DataSettings,”

gastric  cancer into Bisogenet  plug-in,
check the “ProteinProteinInteraction” option, and click OK to
construct the PPI network of ginsenoside F2, Rd and gastric
cancer, respectively. Then the PPI networks of ginsenoside
Rbl and CK were intersected with the PPI network of gastric
cancer by Merged tool to obtain the PPI network of ginsenoside
Rb1 for gastric cancer and the PPI network of ginsenoside CK for
gastric cancer. Use the CytoNCA plug-in to calculate the
attribute values of two groups of PPI networks. In the PPI
network of ginsenoside Rb1 in the treatment of gastric cancer,
the double median of Degree value was used to screen once, and
then Degree, Betweenness and Clossness were used to screen
twice to obtain the core target of ginsenoside Rbl in the
treatment of gastric cancer. In the PPI network of ginsenoside
CK in the treatment of gastric cancer, the core target of

ginsenoside CK in the treatment of gastric cancer was
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obtained by twice screening the median of Degree,

Betweenness and Clossness.

3.1.4 Gene ontology and pathway enrichment
analysis

The core targets of ginsenoside Rbl in the treatment of
gastric cancer and ginsenoside CK in the treatment of gastric
cancer were imported into the Metascape (http://metascape.org/)
database, the species selection “Homo sapiens,” and click Costom
Analysis to proceed to the next step. On the Enrichment page,
select GO Biological Processes option for gene ontology (Gene
Ontology, GO) biological process analysis, and check KEGG
Pathway option for KEGG analysis. The results of GO analysis
and KEGG enrichment were obtained.

3.2 Demonstration of the anti-gastric
cancer mechanism of ginsenoside Rb1 and
its intestinal bacterial transformant-
ginsenoside CK regulating PI3K/AKT/NF-
kB apoptosis pathway based on in vitro
experiments.

3.2.1 Cell culture

HGC-27 cells were cultured in DMEM enriched with 10%
fetal bovine serum and 1% penicillin/streptomycin. The culture
environment is an incubator under the conditions of 5% carbon
dioxide and 37°.

3.2.2 Cell viability assay

HGC-27 cell suspension (100 pl) in logarithmic growth
phase was inoculated in 96-well plate at the rate of 5 x 107> per
well. The cells were cultured for 24 h and then added with
drug-containing medium. Experimental groups: Rbl or CK
(10, 20, 30, 40, 50, and 60 uM) acted on HGC-27 cells, the
control group (with cells) added the same amount of drug
carrier solvent (DMSO content <0.3%), and the blank group
(no cells) only added the same amount of medium. Five
multiple holes were set up for each dose, and cultured for
24, 48, and 72 h after adding the drug, then the medium was
absorbed, and each well was added with MTT (5 mg/ml)
20 and 100 pl basic medium, and continued to culture for
4 h. The supernatant was absorbed, and 100 pl of DMSO was
added to each hole to avoid light and oscillate 10 min, so that
the crystal could be fully dissolved. The absorbance (OD) of
each hole at 490 nm was measured by enzyme-linked
immunosorbent assay (EIISA), the cell survival rate of each
group (%) was calculated, the line chart was drawn, and the
ICs, of the inhibitory effect of drugs on cells was calculated.
The cell survival rate (%) was calculated according to the
following formula: cell survival rate (%) = (OD value of
administration group-OD value of blank group)/(OD value
of control group-OD value of blank group) x 100%.
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TABLE 1 Primer information.

Gene Primer Reverse

PI3K Forward GGTTTGGCCTGCTTTTGGAG
Reverse CCATTGCCTCGACTTGCCTA

AKT Forward GGACAAGGACGGGCACATTA
Reverse CGACCGCACATCATCTCGTA

NF-kB Forward AATGGGCTACACCGAAGCAA
Reverse TTGCGGAAGGATGTCTCCAC

NEF-xB P65 Forward TCCTATAGAAGAGCAGCGTGG
Reverse GCCAGAGTTTCGGTTCACTC

Bactin Forward CCTTCCTGGGCATGGAGTC
Reverse TGATCTTCATTGTGCTGGGTG

3.2.3 Cell morphology observation

In order to observe the effect of drugs on cell morphology,
HGC-27 cells were evenly inoculated in five petri dishes. After
the cells grew to 70% Mel 80%, the cells were treated with
different concentrations of ginsenoside CK (20, 40, and
60 uM) and ginsenoside Rb1 (60 uM) for 16 h, and the cell
of group
under x200 microscope.

morphology each was observed

3.2.4 Apoptosis observation

HGC-27 is administered as described in Section 3.2.3. Then
the cells were fixed with cell fixation solution, washed and
removed properly after 30 min, and Hoechst33258 staining
added the Then the
Hoechst33258 staining solution was removed and washed

solution was to cover sample.
with PBS for 2-3 times. Finally, observed directly under the
fluorescence microscope, if the cells are densely stained bright
blue and show nuclear fragmentation, it indicates the occurrence

of apoptosis.

3.2.5 Enzyme-linked immunosorbent assay

HGC-27 is administered as described in Section 3.2.3. Then
the supernatant of cell was collected and CyclinBl and
CyclinD1 were detected by enzyme linked immunosorbent
assay (Elisa) kit.

3.2.6 Real time quantitative PCR assay

Extract the total RNA by using Cell Total RNA Isolation
Kit, according to the manufacturer’s instructions. The total
RNA was reverse transcribed into cDNA with 5X All-in-One
Master Mix. Quantitative PCR was carried out on the applied
biological system 7900HT FAST system using SYBR Green
PCR Master Mix. The RT-qPCR reaction conditions are as
follows: 95°C for 10 min, 40 cycles of 95°C for 15s, and 60°C
for 30 s. The relative mRNA expression level was calculated by
2744€T method. The sequence of primers used by RT-qPC is
shown in Table 1.
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3.2.7 Western blot assay

Treat the cells as described in Section 3.2.3. Then split it with
RIPA cleavage solution on the ice. According to the
manufacturer’s instructions, the BCA protein assay kit is used
to quantify the protein concentration of each sample. After
quantification, the protein sample buffer was added and
heated at 100°C for 5 min. Then, each group of equal amount
of protein was loaded into 10% SDS-PAGE and transferred to
PVDF membrane. Then, the membrane and the primary
antibodies (B-actin, PI3K, Akt, phospho-PI3K, phospho-AKT,
p65, IkBa, p-IkBa, Bax, Bcl2, and caspase 3; 1:1,000) were used
overnight at 4°C and the secondary antibodies (Goat anti-Rabbit
IgG-HRP; 1:5,000) was used at 37°C for another 2 h. Finally, the
were visualized by ECL Kit, and the
immunoblotting signals were quantitatively analyzed by

protein bands
Image] software.

3.2.8 Statistical analysis

All the results were statistically analyzed and plotted by
GraphPadPrism 9.0.0. One-way ANOVA was
compare multiple groups of samples, and then Tukey method

used to

was used to compare any two groups of data. p value (p < 0.05)
showed that the difference was statistically significant. The ICs,
values were calculated by GraphPadPrism 9.0.0 and the results of
nonlinear regression of ICs, were plotted.

4 Results
4.1 Results of network pharmacology

4.1.1 Potential targets of ginsenosides Rb1, CK,
and gastric cancer

According to the HIT database, 22 targets of ginsenoside
Rbl1 and 2 targets of ginsenoside CK were obtained. 34, 32, and
140 gastric cancer-related targets were obtained from the
disgenet, malacards, and OMIM databases, respectively. The
above search results were combined and duplicates were
deleted, and a total of 189 gastric cancer-related targets were
obtained (Supplementary Table S1).

4.1.2 Screening of key targets of ginsenoside
Rbl and CK in the treatment of gastric cancer
The PPI network of ginsenoside Rb1 targets was constructed,
including 2,083 nodes and 49,806 relationships between nodes; a
PPI network of gastric cancer disease-related targets was
constructed, including 5,804 nodes and 149,080 relationships
between nodes. Then, using the Merge plug-in, the intersection
targets of ginsenoside Rb1 in the treatment of gastric cancer were
extracted, and then the key targets of ginsenoside Rbl in the
treatment of diseases were screened, such as Neurotrophic
receptor tyrosine kinase 1 (NTRK1), Fibronectin 1 (FNI),
Minichromosome  maintenance

complex component 2
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FIGURE 1

Network Pharmacological Analysis of Ginsenoside Rb1 and CK. (A) Topological network of key targets of ginsenoside Rb1 in the treatment of
gastric cancer. (B) Topological network of key targets of ginsenoside CK in the treatment of gastric cancer. (C) GO biological function enrichment
analysis of key targets of ginsenoside Rbl in the treatment of gastric cancer. (D) KEGG pathway enrichment analysis of key targets of ginsenoside
Rblin the treatment of gastric cancer. (E) GO biological function enrichment analysis of key targets of ginsenoside CK in the treatment of gastric
cancer. (F) KEGG pathway enrichment analysis of key targets of ginsenoside CK in the treatment of gastric cancer.
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(MCM2), Inhibitor of nuclear factor kappa B kinase subunit
gamma (IKBKG), AKT serine/threonine kinase 1 (AKT1) and
other 45 targets, as shown in Figure 1A.

The PPI network of the targets of ginsenoside CK was
constructed, including 223 nodes and 1912 interrelationships
between nodes; the PPI network of gastric cancer disease-
related targets was constructed, including 5,804 nodes and
149080 interrelationships between nodes. Then the Merge
plug-in to extract the intersection targets of ginsenoside CK
in the treatment of gastric cancer was applied, and the key
targets of ginsenoside CK in the treatment of diseases were
screened, such as Heterogeneous nuclear ribonucleoprotein U
(HNRNPU), Aurora kinase A (AURKA), IKBKB, AKT1 and
so on, as shown in Figure 1B.

4.1.3 Gene ontology and kyoto encyclopedia of
genes and genomes analysis of key targets of
ginsenoside Rbl and CK

The key targets of ginsenoside Rb1 were analyzed by Gene
Ontology (GO) wusing Metascape database, including
632 biological processes (BP), 53 cellular components (CC)
and 72 molecular functions (MF). The enriched top 10 BP,
CC, and MF are visualized as shown in Figure 1C. Among
them, the biological process includes the regulation of cell
cycle process, cell response to nitrogen compounds,
regulation of DNA metabolism process, cell response to
DNA damage of

modification through small protein binding or removal,

stimulation, regulation protein

etc. Cell components involve cytoplasmic vesicle cavity,
transcriptional inhibitory complex, intracellular protein
complex, spindle and adhesion spot, etc. Molecular
functions include protein domain specific binding, kinase
binding, protein kinase binding, disordered domain specific
DNA binding

transcription coregulator activity and so on. The results of

binding, transcription factor binding,
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
of ginsenoside Rb1 key targets showed that the key targets of
ginsenoside Rbl were enriched to make a bubble map
(Figure 1D), including Phosphatidylinositol 3-kinase/
Protein kinases B (PI3K-AKT), FoxO signal pathway, ErbB
s, JAK-STAT Ras signal pathway, Mammalian target of
rapamycin (mTOR), Mitogen activated protein kinases
(MAPK), kappa-B  (NF-kB), Toll-like
receptor, and Wnt signal pathways.

Nuclear factor

The key targets of ginsenoside CK were analyzed by GO
using Metascape database, which included 403 biological
processes, 47 cellular components and 41 molecular
functions. The enriched top 10 BP, CC, and MF are
visualized as shown in Figure 1E. Among them, the
IxB kinase/NF-xB
transduction, cell response to growth factor stimulation,
IxkB  kinase/NF-xB
regulation, cell response to organic nitrogen compounds,

biological process includes signal

protein  phosphorylation, signal
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etc. Cell components involve IkB kinase complex, vesicular
cavity, spindle middle region, intracellular protein complex,
membrane microdomain, etc. Molecular functions include
ubiquitin protein ligase binding, protein kinase activity,
protein serine/threonine kinase activity, phosphotransferase
activity of alcohol group as receptor, kinase activity, kinase
binding and so on. The KEGG analysis results of the key
targets of ginsenoside CK are shown in Figure 1F, including
PI3K-AKT signal pathway, MAPK signal pathway, NF-xB
signal pathway, Toll-like receptor signal pathway, Wnt
signal pathway, Rap1 signal pathway and so on.

As the purpose of this study was to compare the efficacy of
ginsenoside Rb1 and CK in the treatment of gastric cancer, the
common potential pathways of ginsenoside Rbl and
ginsenoside CK obtained from network pharmacology were
studied. After the non-common pathway and non-cancer-
related pathway were removed, the PI3K-AKT signal pathway,
MAPK signal pathway, NF-«kB signal pathway, Toll-like
receptor signal pathway, TNF signal pathway, Wnt signal
pathway, NOD-like receptor signal pathway, IL-17 signal
pathway, HIF-1 signal pathway and so on were screened
out. According to the GO analysis, the biological process
involved in the anti-gastric cancer effects of ginsenoside
Rbl included the regulation of cell cycle process, the
regulation of DNA metabolic process and the response of
cells to DNA damage stimulation, which were related to cell
apoptosis and proliferation. The biological process of
ginsenoside CK was related to IkB kinase/NF-«kB signal
transduction, protein phosphorylation and the regulation of
IxB kinase/NF-kB signal, which meant that the anti-gastric
cancer effect of ginsenoside CK might be closely related to the
IxB kinase/NF-«B signal pathway. Therefore, based on the
biological process characteristics of ginsenoside Rbl and CK
obtained from GO analysis, it was found that PI3K/AKT/NF-
kB might play an important role in the anti-gastric cancer
effects of ginsenoside Rb1 and CK.

4.2 The results of the anti-cancer effects
and mechanisms of ginsenoside
Rbl and CK

4.2.1 Ginsenoside CK, rather than ginsenoside
Rb1, inhibited the proliferation of gastric cancer
cell line HGC-27

As was shown in Figures 2A,B, ginsenoside Rbl had
almost no inhibitory effect on the proliferation of HGC-27
cells. In contrast, ginsenoside CK had an inhibitory effect on
the proliferation of HGC-27 cells. The inhibitory effect of
ginsenoside CK on HGC-27 cells was concentration- and
time-dependent. In addition, ICs, of ginsenoside CK in
HGC-27 cells at 24, 48, and 72 h were 46.29, 36.93, and
24.95 uM as illustrated in the Figures 2C-E, respectively.
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FIGURE 2

Effects of ginsenoside Rb1 and CK on Proliferation of Human Gastric cancer cells. (A) Effects of different concentrations of ginsenoside Rb1 and

CK on the growth inhibition rate of human gastric cancer cells HGC-27 under different action times. (B) Effects of different concentrations of
ginsenoside CK on the growth and survival rate of human gastric cancer cells HGC-27 under different action times. (C) Nonlinear regression results
of ICsq after 24 h of CK treatment. (D) Nonlinear regression results of ICsq after 48 h of CK treatment. (E) Nonlinear regression results of ICsq

after 72 h of CK treatment

4.2.2 Ginsenoside CK, rather than ginsenoside
Rbl, reversed the morphological injury of HGC-
27 cells

The normal adherent growth of cells in the blank group
was observed under x200 microscope, and the 60 uM
ginsenoside Rbl group and 20 uM ginsenoside CK group
also grew well and distributed evenly without excessive
inhibition as illustrated in the Figure 3A. However, the
proliferation of cells in 40 uM ginsenoside CK and 60 uM
ginsenoside CK was significantly inhibited, and the number of
cells was lower than that in normal group. Not only that, the
morphology of the two groups of cells also changed, showing
shrinkage and clumps, and even obvious cell death. And with
the increase of the dose of ginsenoside CK, the morphological
abnormality was more obvious.

4.2.3 Ginsenoside CK, rather than ginsenoside

Rbl, induced apoptosis in HGC-27 cells
According to Figure 3B, Hoechst33258 staining results

showed that the cells in the blank group and 60 uM
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ginsenoside Rb1l were light blue, and the distribution of
chromatin is relatively uniform. After treated by 20, 40,
and 60 uM ginsenoside CK, some cells were densely stained
bright blue and showed nuclear fragmentation (red arrow),
indicating the occurrence of apoptosis. And with the increase
of the dose of ginsenoside CK, the number of normal cells
decreased, and the characteristics of apoptosis were more
obvious.

4.2.4 Ginsenoside CK, rather than ginsenoside
Rbl, inhibits the levels of cell cycle related
proteins cyclinB1 and cyclinD1

The results of Enzyme-linked immunosorbent assay
(ELISA) (Figures 4A,B) showed that although ginsenoside
Rbl could downregulate cyclin CyclinB1, there was no
significant difference between the control group and the
group. CK
downregulate the level of cyclin CyclinBl. Among them,
20, 40, and 60uM CK significantly decreased the
expression of CyclinB1 (p < 0.05).

control Ginsenoside could effectively
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FIGURE 3

Effects of ginsenoside Rb1 and CK on the morphology and apoptosis of HGC-27 cells (A) Changes of cell morphology in each group after drug
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effectively downregulate the level of cyclin CyclinD1 (p <

In addition, compared with the blank group, ginsenoside
0.05). Among them, 40 and 60 uM CK significantly decreased

Rb1 could only regulate cyclin CyclinD1 level in a down trend
without significance (p > 0.05). Ginsenoside CK could the expression of CyclinD1 (p < 0.05).
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Effects of Ginsenoside Rbl and Ginsenoside CK on Apoptosis-related Proteins in HGC-27 (A) Apoptosis-related proteins Bax, Bcl-2, Caspase
3 bands. (B) Histogram comparing the expressions of apoptosis-related proteins Bax, Bcl-2, and Caspase 3

4.2.5 Ginsenoside CK, rather than ginsenoside
Rbl, inhibited the expression of anti-apoptosis
related protein Bcl-2 and promoted the
expression of pro-apoptosis proteins Bax and
Caspase 3 in HGC-27 cells

As can be seen from Figures 5A,B, ginsenoside Rb1 did not
increase the expression of pro-apoptotic proteins Bcl-2
Associated X Protein (Bax) and Caspase 3 compared with the
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blank group. In addition, compared with the blank group,
ginsenoside Rbl could only downregulate the expression of
anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) in a down
trend, without significant significance (p > 0.05). In contrast,
ginsenoside CK could effectively increase the expressions of pro-
apoptotic proteins (p < 0.05). Among them, 40 and 60 uM
ginsenoside CK could significantly increase the expression of
Caspase 3 (p < 0.05), and 20, 40, and 60 uM ginsenoside CK
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apoptosis-related pathways.

significantly increased the expression of Bax (p < 0.05). In
addition, ginsenoside CK decreased the expression of Bcl-2,
especially at the concentration of 40 and 60 uM (p < 0.05).

4.2.6 Ginsenoside CK, rather than ginsenoside
Rb1, inhibited the protein expression of PI3K/
AKT/NF-xB in HGC-27 cells

As illustrated in Figures 6A,B, ginsenoside Rb1 did not reduce
the expressions of p-PI3K and p-AKT proteins compared with the
blank group. In contrast, 40 and 60 M ginsenoside CK significantly
decreased the expressions of p-PI3K and p-AKT protein, indicating
that middle and high doses of ginsenoside CK inhibited the
activation of PI3K/AKT pathway.

Additionally, as shown in Figures 6C,D, compared with the
blank group, ginsenoside Rbl could not reduce the protein
expressions of NF-kB p65 and p-I xBa, but promoted the
protein expressions of NF-kB p65 and p-IxB a. In contrast,
40 and 60 uM ginsenoside CK significantly decreased the
expressions of NF- kB p65 and p-I kB a protein, which
suggested that middle and high doses of ginsenoside CK
inhibited the activation of NF-kB pathway.

4.2.7 Ginsenoside CK, rather than ginsenoside
Rb1, decreased the mRNA level of PI3K/AKT/
NF-xB

Compared with the blank group, ginsenoside Rb1 did not
significantly downregulate the mRNA expressions of PI3K and
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AKT as shown in Figures 7A,B. In contrast, ginsenoside CK at
40 and 60 uM could significantly reduce the mRNA expressions
of PI3K and AKT, which further confirmed that middle and high
doses of ginsenoside CK could also inhibit PI3K/AKT pathway at
the gene levels.

As indicated in Figures 7C,D, compared with the blank
group, ginsenoside Rbl could only downregulate the mRNA
expressions of NF-kB p65 and NF-«B in a down trend, without
significant significance (p > 0.05). In contrast, 40, 60 uM
K could significantly reduce the mRNA
of NF-kB p65 and NF-kB, which further
confirmed that middle and high doses of ginsenoside CK

ginsenoside
expressions

could also inhibit NF-kB pathway at the transcriptional level.

5 Discussion

Like most herbal medicines, ginseng is generally consumed
orally. When ginseng is administrated orally, its bioavailability is
low due to incomplete parent compound absorption and conversion
to metabolites. In the intestine, the main metabolic pathway consists
of the deglycosylation of ginsenosides (including ginsenoside Rb1) in
the intestinal microbiota by progressive cleavage of the sugar
fraction (Tawab et al, 2003; Hasegawa, 2004; Liu et al, 2009).
Previous studies showed that after ginseng ingestion, Rbl is
converted in the intestine to CK, which is the main metabolite
absorbed into the body circulation (Tawab et al., 2003; Qi et al,
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2011). As a parent compound, ginsenoside Rb1 itself does not have
significant anticancer effects. In contract, ginsenoside CK showed
significant anti-proliferative effects in gastric cancer cells (Hu et al.,
2012). However, comparative studies on the anti-proliferative effects
of ginsenoside CK and Rb1 in human gastric cancer cell lines have
not been reported. Therefore, in this study, ginsenoside CK, instead
of Rbl, had significant anti-gastric cancer proliferative activity,
which was consistent with that of the cell morphological
observations. Additionally, hoechst33258 staining results showed
that ginsenoside CK induced cell apoptosis in gastric cancer cells
treated by ginsenoside CK. ELISA results indicated that ginsenoside
CK could effectively downregulate the levels of cyclinBl and
cyclinD1, and western blot results showed that CK inhibited the
expression of anti-apoptosis-related protein Bcl-2 and promoted the
expression of pro-apoptotic proteins Bax and Caspase 3. The above
results tentatively confirmed that ginsenoside CK, the intestinal flora
transformant of Rb1, had significant anti-gastric cancer activity but
Rb1 showed no any effects, which was similar to the results of
Rb1 and CK in colorectal cancer assays (Wang et al., 2012).Network
pharmacology was a new discipline based on the theory of systems
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biology, which analyzed the network of biological systems and
selected specific signal nodes for multi-target drug molecular
design (Zhang et al, 2019; Wang et al, 2021). In this study,
network pharmacology was used to predict the related targets of
ginsenoside Rbl and ginsenoside CK in the treatment of gastric
cancer. The biological process of ginsenoside Rbl obtained by GO
analysis was close to cell apoptosis and proliferation. The biological
process of ginsenoside CK was closely related to IkB kinase/NF-«xB
signal pathway. KEGG results showed that the common potential
pathways of ginsenoside Rbl and ginsenoside CK included PI3K-
AKT signal pathway, MAPK signal pathway, NF-kB signal pathway,
Toll-like receptor signal pathway, TNF signal pathway, Wnt signal
pathway and so on. Inhibition of PI3K/AKT/NF-kB pathway was a
potential target for cancer treatment (Sha et al., 2014; Pickard et al,,
2017; Mao et al., 2019; Lian et al., 2020; Ling et al., 2020; Sun et al.,
2020; Zhang et al., 2020). In the study of gastric cancer apoptosis
induced by traditional Chinese medicine or compound prescription
of traditional Chinese medicine, PI3K/AKT/NF-kB signal pathway
axis of apoptosis-related pathway played an important role in the
occurrence and development of gastric cancer (Sha et al, 2014).
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PI3K/AKT pathway is a classic pathway for activating NF-«B. It has
been found in most tumors and used as a target for drug therapy.
Studies on gastric cancer cells have shown that after regulation of
AKT signal pathway, the expressions of Bax and Bcl-2 proteins
can be regulated and apoptosis occurs (Wu et al., 2013; Gou et al.,
2015; Wang et al., 2015; Niapour and Seyedasli, 2022). NF-kB
plays an important role in regulating cellular response because it
is a “fast acting” primary transcription factor that can be
activated without new protein synthesis. When NF-xB is
activated by corresponding stimulators, expressions of Bax,
caspase-3 increased and Bcl-2 are decreased, showing a role in
promoting apoptosis (Sun et al., 2014; Li et al., 2015; Rui et al,,
2016; Xu et al., 2018b; Shang et al., 2019). Therefore, the authors
believed that ginsenoside Rbl and CK might play a role in the
treatment of gastric cancer by inhibiting PI3K/AKT/NF-xB
pathway and inducing apoptosis of gastric cancer cells.
However, the current network pharmacology results were only
conjectures and still needed to be validated by experiments,
especially in vitro experiments. Therefore, according to the
results of network pharmacology, the effect of ginsenoside
Rbl and CK on apoptosis-related pathway PI3K/AKT/NF-kB
were investigated. In this study, the levels of NF-«kB and PI3K/
AKT related proteins were detected by Western blotting and RT-
qPCR methods. The results showed that ginsenoside CK could
inhibit the PI3K/AKT and NF-kB pathways in both of
transcriptional and translational levels, whereas ginsenoside
Rb1 had no obvious inhibitory effect.

To this
pharmacology with in vitro cell experiment to study the

sum up, experiment combines network
drug action mechanism from the point of view of multi-
target, optimizes the complex process of multi-target drug
design. The results indicated that ginsenoside Rb1l had no
anti-gastric cancer activity, while the intestinal microbiota
metabolite of ginsenoside Rbl, ginsenoside CK could
effectively exert its anti-gastric cancer activity in vitro.
Moreover, ginsenoside CK, rather than ginsenoside Rbl,
could induce cell apoptosis, and regulate expressions of
apoptosis related proteins and cycle-related factors. The
underlying mechanism may be attributed to its inhibition
of the PI3K/Akt/NF-kB signaling pathway. Therefore,
ginsenoside CK may be the in vivo material basis for the
anti-gastric cancer activity of ginsenosides. In conclusion, our
study provides a scientific basis for the rational clinical
application of ginsenosides, and sheds light on the studies
of oral traditional Chinese medicines with low bioavailability

and excellent therapeutic effect.
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University, Yongin-si, South Korea, *Hanbangbio Inc., Yongin-si, South Korea, “Daedong Korea
Ginseng Co., Ltd., Geumsan-gun, South Korea, *Exercise Nutrition & Biochemistry Lab, Kyung Hee
University, Yongin-si, South Korea

Ginseng and ginsenosides have been reported to have various pharmacological
effects, but their efficacies depend on intestinal absorption. Compound K (CK) is
gaining prominence for its biological and pharmaceutical properties. In this
study, CK-enriched fermented red ginseng extract (DDK-401) was prepared by
enzymatic reactions. To examine its pharmacokinetics, a randomized, single-
dose, two-sequence, crossover study was performed with eleven healthy
Korean male and female volunteers. The volunteers were assigned to take a
single oral dose of one of two extracts, DDK-401 or common red ginseng
extract (DDK-204), during the initial period. After a 7-day washout, they
received the other extract. The pharmacokinetics of DDK-401 showed that
its maximum plasma concentration (Cmax) occurred at 184.8 + 39.64 ng/mlL,
Tmax was at 2.4 h, and AUCq_1,, was 920.3 + 194.70 ng h/mL, which were all
better than those of DDK-204. The maximum CK absorption in the female
volunteers was higher than that in the male volunteers. The differentially
expressed genes from the male and female groups were subjected to a
KEGG pathway analysis, which showed results in the cell death pathway,
such as apoptosis and necroptosis. In cytotoxicity tests, DDK-401 and DDK-
204 were not particularly toxic to normal (HaCaT) cells, but at a concentration
of 250 pyg/mL, DDK-401 had a much higher toxicity to human lung cancer
(A549) cells than DDK-204. DDK-401 also showed a stronger antioxidant
capacity than DDK-204 in both the DPPH and potassium ferricyanide
reducing power assays. DDK-401 reduced the reactive oxygen species
production in HaCaT cells with induced oxidative stress and led to apoptosis
in the A549 cells. In the mRNA sequence analysis, a signaling pathway with
selected marker genes was assessed by RT-PCR. In the HaCaT cells, DDK-401
and DDK-204 did not regulate FOXO3, TLR4, MMP-9, or p38 expression;
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however, in the A549 cells, DDK-401 downregulated the expressions of
MMP9 and TLR4 as well as upregulated the expressions of the p38 and
caspase-8 genes compared to DDK-204. These results suggest that DDK-
401 could act as a molecular switch for these two cellular processes in response
to cell damage signaling and that it could be a potential candidate for further
evaluations in health promotion studies.

KEYWORDS

fermented red ginseng, compound K (CK), pharmacokinetics, clinical trial, mRNA
sequence, antioxidant, cancer, inflammation

Introduction

Traditional Chinese medicine (TCM) is the oldest medicinal
practice in history, and its basic rule is to incorporate the
principles of Yin and Yang in all of its therapeutics. Various
other medical systems, particularly oriental medicine rooted in
Chinese medicine, are still considered valid (Borman and Kim,
1966). Given that ginseng is mentioned as a medicinal herb in the
Classic Herbal of Shennong, which was written around 100 CE, it
is apparent that the therapeutic history of ginseng began in the
ancient times (Dharmananda, 2002). Ginseng is a common name
for plants in the Panax family. In Chinese, “gin” refers to man,
and “seng” means essence; it was known as a gift to man from the
deity of the mountains in ancient times. It is also known as a plant
made of crystals of the essence needed to cure human diseases
(Hu, 1976). In addition to historical references, fossil evidence
shows that plants from the Araliaceous family existed 65 million
years ago, and the Panax species are about 38 million years old
(Court, 2000). The book of Shanghan Lun, written in 220 CE,
mentions the medical applications of and methods to measure
107 formulas, of which 21 contain ginseng. Even today, most
people practicing TCM follow the formulations of Shanghan
Lun. Dharmananda (2002) documented the medical history of
ginseng from 220 CE to the 20th century. Experts in various
fields, such as oncology (Majeed et al., 2018; Nakhjavani et al.,
2019; Yu-hang et al., 2019), central nervous system (Radad et al.,
2011), energy metabolism (Zhang et al., 2017), stroke (Liu et al.,
2019), depression (Jin et al., 2019), infectious diseases (Nguyen
and Nguyen, 2019), neurology (Huang et al, 2019), skin
disorders (Kim 2018), Parkinson’s disease
(Gonzalez-Burgos et al.,, 2015), autophagy (Wu et al, 2019),
inflammation (Ramadhania et al., 2022), diabetes (Zhou et al.,
2019), hepatology (Gao et al., 2017), obesity (Li and Ji, 2018),
mitochondrial activity (Zhou et al., 2019c¢), cardiology (Zheng

and Kim,

et al., 2012), antimicrobials (Kachur and Suntres, 2016), immune
functions (Kang and Min, 2012; Riaz et al., 2019), and molecular
signaling pathways (Mohanan et al., 2018), have reviewed the
continuous details of ginseng’s efficacy to understand how the
ginsenosides disrupt diseases as well as their related mechanisms.
Ginseng is generally classified into white, red, and black ginseng
according to different stages of processing, and all of these
ginseng products are available in the market. Depending on
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the stage of processing, the therapeutic metabolite content varies
widely. The different therapeutic functions attributed to products
from different steps have been classified previously (Jin et al.,
2015; Shin et al., 2019; Zhu et al., 2019). The dried fresh roots are
called white ginseng. The process of obtaining red ginseng begins
by washing the fresh ginseng roots in water to remove soil
particles; then, they are steamed at 90-98 °C for 1-3 h. This
process is repeated once or twice more to achieve appropriate
gelatinization of the ginseng starch; the product is then dried
until the root has a moisture content of 15-18%. This processing
method has been used since 1123 CE, although it has been
optimized in various ways (Lee et al., 2015). The value of the
resulting formulation depends upon the key chemical ingredient,
i.e,, tri-terpenoid saponins called ginsenosides, which are the key
metabolites of ginseng (Christensen, 2008; Liu, 2012; Boopathi
et al,, 2020). Ginsenosides are classified into major and minor
based on their molecular weights. Naturally biosynthesized
ginsenosides in plants are called major ginsenosides, and the
converted forms are called minor ginsenosides. The conversion
method involves hydrolysis of the glycose molecules in the
backbone moiety using physical (heat, microwave, and
puffing), chemical (acid and alkali), or enzymatic (various
glycosidase enzymes, genetic engineering, lactic acid bacteria)
techniques. The bioavailability of the major and minor
ginsenosides are the key issue in promoting ginsenosides as
drug candidates. Ginsenoside compound K (CK) is one of the
major metabolites that reaches systemic circulation, where it has
its various pharmacological effects (Sharma and Lee, 2020;
Murugesan et al.,, 2022). Recently, the benefits of fermented
functional food products (i.e., probiotics) that enhance human
gut health and immunity have gained attention for their potential
in treating various chronic diseases. The ginseng functional food
industry has also risen to leverage the efficacy of ginseng.
Another current trend focuses on the advantages of drug
combinations over individual drugs, with primarily enhanced
efficacy in slowing or reversing disease progression and reduced
side effects (Liu et al, 2020). However, choosing effective
combinations through trial and error is both tedious and
expensive. Therefore, a principle similar to that long used in
TCM is suggested to moderate the various side effects without
requiring systematic evaluations of the extract formulations
(Posadzki et al, 2013). However, such a system needs to
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FIGURE 1

Graphical illustration of the fermented red ginseng extract (DDK-401) and red ginseng extract (DDK-204) analyzed by Korean volunteers.

accommodate modern medicine by offering valid evidence when
identifying novel drug combinations practically (Shin et al,
2021). Therefore, various studies have been conducted to
assess the therapeutic effects of individual ginsenosides as well
as crude, red, or fermented red ginseng extracts in animal models
and human trials (Lee et al., 2012; Jung et al., 2013; Kim, 2013;
Sohn et al., 2013; Choi et al., 2016; Choi et al., 2018; Ban et al.,
2021; Panossian et al., 2021), but these datasets are insufficient to
the
ginsenosides at the molecular level. In the present study, we

conclusively demonstrate effectiveness of ginseng/
examine a CK-enriched fermented ginseng extract DDK-401 in a
human trial with a healthy population to understand its effects on
various signaling pathways (Figure 1). Moreover, we elucidate its
effects on the functional and therapeutic markers already

approved for treating various diseases.

Materials and methods
Ethical committee and study design

A randomized, open-label, single-dose, two-period, two-
sequence, crossover study was performed with healthy Korean
male and female subjects. This study was performed in
accordance with the principles of the Declaration of Helsinki
and Korean Good Clinical Practice guidelines. Informed written
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consent was obtained from each subject in advance. The study
was approved by the Institutional Review Board of Kyung Hee
University Hospital (KHGIRB-21-419). Eleven healthy male and
female Koreans were enrolled in this study, and their age details
are shown in Supplementary Table S1. We expected to find large
individual variability in the pharmacokinetic profile of CK. To
reduce the individual variability in pharmacokinetics caused by
of the
pharmacokinetic data from the male and female groups

sex, we combined and calculated the means
separately. The exclusion criteria were any significant clinical
illness within 2 weeks before the study, i.e., history of high blood
diabetes,

gastrointestinal,

pressure, and cardiovascular, hepatic, renal,

hematological, neurologic, or psychiatric
disease; blood donation within 8 weeks before the study; and
use of any medications, including prescription and over-the-
counter drugs, within 2 weeks before the study. In addition,
subjects who previously experienced adverse reactions to
ginseng were excluded.

The enrolled subjects were assigned to receive a single oral
dose of one of two extracts, DDK-401 (100 mL spout pouch,
combination of well-known representative ginsenosides Rgl,
Rb1, and Rg3 at 21.51 mg and ginsenoside CK at 31.19 mg) or
DDK-204 (100 mL spout pouch, ginsenosides Rgl, Rb1, and
Rg3 at 11.29 mg and ginsenoside CK at 0 mg) during the first
period. After a 7-day washout, each subject received the other

extract. The dose for oral administration was chosen based on
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the recommended total daily intake of each investigational
product.

DDK-401 and DDK-204 extract
preparations

CK-enriched fermented ginseng extract (DDK-401) and
common red ginseng extract (DDK-204) were supplied by
Deadong Korea Ginseng Co., Ltd. (Geumsan, Korea). First,
the red ginseng powder was dissolved in a mixture of water
and food-grade alcohol and extracted at 75 + 5 °C. This extraction
procedure was repeated 4 times. Then, the supernatant was
collected and evaporated at 60 + 5 ‘C with 500-760 mmHg
vacuum until the sugar content was 65 brix and solid content
was >60%. Finally, the sample was sterilized at 80-85 °C for
30-40 min and aged at 60 + 5 °C for 24-75 h; this product was
named DDK-204 and used as the control.

Second, the red ginseng concentrate (60 brix) was diluted in
water until the solid content was 5%. Then, an enzyme mixture
(pectinase and p-glucosidase) was added to the diluted red
ginseng concentrate at a concentration of 3% and reacted at
60 + 2 °C for 114-168 h at 3000 rpm. Thereafter, the enzyme was
inactivated at 90 °C for 30 min. Next, the sample was evaporated
at 55 + 5 °C and 500-760 mmHg vacuum until the solid content
reached 40%. Then the sample was dissolved in 80% food-grade
alcohol and incubated for 1-2 h. Following this, centrifugation
was performed at 0.5 m*/h for 5-6 h, and the supernatant was
collected. A second evaporation was then performed at 55 + 5 °C
and 500-760 mmHg vacuum until the sugar content was 65 brix
and solid content was >60%. The concentrate was then
fermented with a mixture of Lactobacillus species at 1%
concentration and 37 °‘C for one day. The resulting CK-
enriched red ginseng concentrate was named DDK-401 and
stored in the refrigerator until it was used for the analysis and
bioassays.

Chromatographic conditions for analyzing
the ginsenoside profiles of DDK-401 and
DDK-204

One g each of DDK-401 and DDK-204 were dissolved in
50 mL of 70% methanol and filtered with a 0.45 um membrane
filter. The samples were then injected into an Ultimate
3000 HPLC system with a PRONTOSIL 120-5-C18 ACE-EPS
(250 x id, (Bischoft
Chromatography, Leonberg, Germany). The mobile phase

4.6 mm 5um particle size)
consisted of water (solvent A) and acetonitrile (solvent B) in
the following gradients: 0-10 min, 20% B; 10-42 min, 29% B;
42-67 min, 41% B; 67-70 min, 47% B; 70-90 min, 71% B;
90-95 min, 71% B. The flow rate of the mobile phase was
1.0 mL/min, and an injection volume of 10 uL was used in the
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quantitative analysis. The column temperature was maintained
constant at 40 °C. The ginsenoside profiles were determined at
203 nm.

Preparation of standard solution for quantitative
calibration

A standard stock solution of 10% was prepared by
dissolving accurately weighed quantities of the standard
for each ginsenoside in high-performance liquid
(HPLC)-grade methanol. These stock

solutions were then diluted with HPLC-grade methanol to

chromatography

200, 100, 50, 25, and 12.5 pg/mL concentrations as working
solutions for the quantitative calibrations. The calibration
curves and quantitative evaluations were then obtained at
203 nm.

Pharmacokinetic assessment

The quantitative determination of CK concentration in
the plasma was achieved using 2 mL of intravenous blood
collected from each volunteer before administration and at 2,
4, 8, and 12 h after dosing during each period. The blood
samples were centrifuged at 3000 rpm for 10 min, and the
supernatant was separated and frozen at -80 °C until analysis.
The plasma concentrations of ginsenoside CK were
determined by PCAM KOREA Co., Ltd. (Daejeon, Korea)
using a HPLC-tandem mass spectrometry system. The
chromatographic analysis was performed using a Waters
I-class (Waters, USA), with Berberine (Dr. Ehrenstorfer
GmbH, the
Chromatographic separation was achieved with an Acquity
UPLC BEH C18 column (100 mm x 2.1 mm, 1.7 um; Waters,
USA) maintained at 45 °C. The mobile phase was a gradient of

Germany)  as internal  standard.

0.1% formic acid in water and 100% acetonitrile. Mass
spectrometry was performed in the positive mode on an
API Xevo TQ-XS instrument (Waters, USA) equipped with
an electrospray ionization probe. The temperature of the ion
source was set to 150 °C, and the voltage of the ion spray was
3kV. The quantifications were performed by multiple
reaction monitoring of the transitions at 645.2-203 nm for
ions of ginsenoside CK, with a dwell time of 11.28 min. To
validate the quantitative data in terms of linearity, the limit of
detection (LOD) and limit of quantification metrics were
calculated (Supplementary Table S2).

RNA-sequencing and analysis

The total mRNA was extracted from each blood plasma
sample to build the mRNA-seq libraries that were generated
using a TruSeq stranded mRNA LT sample prep kit (Ilumina,
San Diego, CA, USA) following manufacturer protocols and
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sequenced using a Novaseq 6000 sequencing system (Illumina).
The reads were trimmed with Trimmomatic (Bolger et al., 2014)
to remove any adapters and low-quality reads, resulting in clean
reads for improved paired-end mapping. The trimmed reads
were mapped to the Homo sapiens reference genome (GRCm38)
transcriptome using Salmon software version 1.3.0 (Patro et al.,
2017). Differential the three
experimental groups were evaluated using edgeR (version
3.30.3) software (McCarthy et al, 2012). The differentially
expressed genes were identified based on a cutoff threshold of
P < 0.05 and log-fold change >1 before being subjected to further
analyses.

gene expressions among

Functional annotations

Functional annotations for each gene were made using the
drug discovery protocol. The seven datasets used are included
in Supplementary Table S3: DrugBank (Wishart et al., 2018),
(Uhlén et 2015), STITCH
(Szklarczyk et al., 2016), Surfaceome (Bausch-Fluck et al.,
2018), Tumor Suppressor Gene Database v2.0 (TSGene)
(Zhao et al., 2016), pepBDB (Wen et al, 2019), and
Comparative Toxicogenomics Database (Grondin et al,
2021). First, entered the DrugBank ID for each gene to
navigate the details of known drugs from the complete
database xml file. Second, downloaded the FDA-approved
potential drug candidate list from the Human Protein Atlas
database. Third, searched STITCH to observe small-molecule
drug interactions. Fourth, used Surfaceome to understand the

Human Protein Atlas al.,

cell surface proteins. Fifth, used TSGene to obtain the cancer
therapeutic gene candidates. Sixth, observed the peptide-
binding protein interactions.

Cell cytotoxicity assay

Cell cultures

Immortalized human epidermal keratinocyte (HaCaT)
and murine macrophage RAW 264.7 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Generally, 89% Roswell Park Memorial
Institute (RPMI) 1640 with 10% FBS and 1% penicillin-
streptomycin  were used to culture the human lung
carcinoma cells (A549). All three cell lines were allowed to
adhere and develop for 24 h before being treated with different
samples in a humidified 37 °C incubator with a 5% CO,
atmosphere.

Cell cytotoxicity assay

We evaluated the cytotoxicities of DDK-401 and DDK-204
on the HaCaT and RAW 264.7 cells using an MTT
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colorimetric assay, which was performed in 96-well plates
(Mathiyalagan et al., 2019; Pu et al., 2021). Seeding was
performed at 5 x 10* cells/well (HaCaT) and 1 x 10* cells/
well (RAW 264.7), and the 96-well plates were incubated at
37 °C in a humidified atmosphere of 5% CO, for 24h
(Ramadhania et al., 2022). Subsequently, the cells were
treated with various concentrations of DDK-401 or DDK-
204 in serum-free-medium at 62.5, 125, 250, and 500 pg/mL
for the HaCaT cells and at 25, 50, 100, 250, and 500 pug/mL for
the RAW 264.7 and A549 cells, followed by incubation for
24h. Then, 20 uL of MTT (5 mg/mL, phosphate-buffered
saline (PBS), Life Technologies, Eugene, OR, USA) were
added to the cells at 37 °C for 4 h. The insoluble formazan
was dissolved by placing 100 pL of dimethylsiloxane (DMSO)
in each well and absorbance was measured at 570 nm using an
enzyme-linked immunosorbent assay (ELISA) microplate
reader (Bio-Tek, Instruments, Inc., Winooski, VT, USA).

Antioxidant assay

In vitro DPPH assay

The 2,2-diphenyl-1-picryl-hydrazyl (DPPH) method was
used with a slight modification to estimate the free-radical
scavenging activities of the samples (Subbiah et al., 2020).
DPPH (0.2 mM) was dissolved with ethanol (pro-analysis
grade) to obtain a DPPH radical solution. Then, 20 uL of
the sample extract and 180 uL of the DPPH solution were
added to a 96-well plate and incubated at 25 °C for 30 min in
the dark, followed by absorbance measurement at 517 nm.
C acid) with
concentrations to 100 pg/mL were used

Vitamin (ascorbic standard  curves

from 0 to
determine the DPPH radical scavenging activity, which is
expressed in milligrams of ascorbic acid equivalent per

gram (mg AAE/g) of the extract.

Reducing power assay

The reducing capacity of a compound indicates its
potential antioxidant activity. To conduct this assay (Akter
et al., 2021), 100 pL of various concentrations of the samples
were mixed with 250 pL of 0.2 mM phosphate buffer (pH 6.6)
and 250 pL of 1% potassium ferricyanide. The mixtures were
then incubated at 50 °C for 20 min. After cooling, 250 uL of
10% trichloroacetic acid was added to the mixtures and
Then, 50 uL of the
upper layer of each mixed solution was transferred and
mixed with 50 uL of distilled water and 250 uL of 0.1%
ferric chloride solution in a 96-well plate. The absorbance

centrifuged at 3000 rpm for 10 min.

was then measured at 700 nm using a UV spectrometer
microplate reader (Bio-Tek, Instruments, Inc., Winooski,
VT, USA). Vitamin C was used as the standard, and a
blank solution was prepared by omitting the sample; the
results are expressed as mg AAE/g of extract.
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Reactive oxygen species generation assays in
HaCaT and lung cancer cells
Effects of DDK-401 on reactive oxygen species
production in HaCaT cells under oxidative stress
Intracellular reactive oxygen species (ROS) were determined
using the 2',7’-dichlorodihydro-fluorescein diacetate (DCFH-
DA) reagent, as described by Pu et al. (2021), with a slight
modification. Briefly, HaCaT cells (5 x 10* cells/well) were seeded
in a 96-well plate (Nest Inc., Corning, NY, USA) and incubated
for 24 h at 37 °C and 5% CO,. To assess the antioxidant activity,
the cells were treated with H,O, (500 pmol/L) for 2 h, and the
supernatant was aspirated. The cells were then either treated or
not treated with different concentrations of the samples for 24 h.
Vitamin C was used as the positive control. After washing the
cells twice with PBS, we added 20 uM DCFH-DA in PBS and
incubated them for another 20 min. The supernatant was next
removed by washing the cells with PBS twice, and a multimodal
plate reader was used to measure the fluorescence intensity at an
excitation wavelength of 485 nm and emission wavelength of
528 nm.

Effects of DDK-401 on reactive oxygen species
production in A549 cells under oxidative stress

To detect the ROS intensity of human lung cancer cells
(A549), we used the DCFH-DA reagent with fluorescent image
capture technique. We plated the cells at a density of 1 x 10* cells/
well in 96-well culture plates, allowed them to adhere, and then
placed them in an incubator overnight to achieve 100%
confluency. The A549 cells were then treated with various
concentrations of DDK-401 or DDK-204 (0, 25, 50, 100, 250,
and 500 ug/mL) for 24 h. The next day, the cells were stained by
adding 100 pL of DCFH-DA solution (10 uM) to each well and
incubated in the dark for 30 min. The old media were discarded,
and the cells were washed twice with 1x PBS (100 pL/well). A
multimodal plate reader (spectrofluorometer) was used to
the caused by ROS
production at an excitation wavelength of 485nm and

determine fluorescence  intensity

emission wavelength of 528 nm.

Inflammation inhibition assay

The detection of nitric oxide (NO) levels has been described
previously (Ramadhania et al., 2022). The RAW 264.7 cells (1 x
10*) were placed in 24-well culture plates and incubated for 24 h
at 37 °C in a humidified environment with 5% CO,. Then, they
were treated with different concentrations of DDK-401 or DDK-
204 (0, 25, 50, 100, 250, and 500 pg/mL) for 1 h. In the presence
of the samples, 1 ug/mL lipopolysaccharide (LPS) was used as the
stimulator, and the treated cells were placed in an incubator for
one day. The nitrite levels in the cell media were determined
using the Griess reagent: 100 uL of the stimulated supernatant
was mixed with an equivalent volume of the Griess reagent. A
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TABLE 1 List of primers and their sequences used for mRNA gene
expression validation by RT-PCR.

Gene Primer sequence (5'-3")
FOXO3 F: TCA AGG ATA AGG GCG ACA GC

R: GGA CCC GCA TGA ATC GAC TA
TLR4 F: GAG GAC TGG GTG AGA AAC GA

R: GAA ACT GCC ATG TCT GAG CA
Caspase 8 F: AGA GTC TGT GCC CAA ATC AAC

R: GCT GCT TCT CTC TTT GCT GAA
MMP 9 F: CGT CGT GAT CCC CAC TTA CT

R: AGA GTA CTG CTT GCC CAG GA
p38 F: CGA CTT GCT GCT GGA GAA GAT GC

R: TCC ATC TCT TCT TGG TCA AGG
GAPDH F: CAA GGT CAT CCA TGA CAA CTT TG

R: GTC CAC CAC CCT GTT GCT GTA G

microplate reader was used to compare the absorbance at 540 nm
with a standard curve obtained using sodium nitrite (BioTek
Instruments, Inc.). L-NMMA (50 uM), a standard inhibitor, was
used as the positive control in this experiment. Each assay was
repeated three times, and the results are expressed in terms of
percentage of NO production.

Reverse transcription polymerase chain
reaction (RT-PCR)

The total RNA was extracted using QIAzol lysis reagents
(QIAGEN, Germantown, MD, USA), the
transcription reactions were performed using 1 pg of total
RNA in 20puL of the reaction buffer with an amfiRivert
reverse transcription kit (GenDepot, Barker, TX, USA),
according to manufacturer instructions. The obtained cDNA

and reverse

was amplified with primers, as shown in Table 1. The reaction
was cycled 35 times: 30 s at 95 °C, 30 s at 60 °C, and 50 s at 72 °C.
Using 1% agarose gels, the amplified RT-PCR products were
analyzed, visualized using Safe-Pinky DNA Gel Staining
(GenDepot, Barker, TX, USA), and imaged under ultraviolet
light.

Statistical analysis

All experiments were performed at least in triplicate (n = 3)
unless stated otherwise. The experimental data are reported as
mean * standard error (SEM). Statistical significances between
the control and sample groups were evaluated by Student’s t-test
with a two-tailed distribution and two-sample equal variances. A
greater extent of statistical significance is indicated by an
increasing number of asterisks (*p < 0.05, **p < 0.01, and
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TABLE 2 Ginsenoside profiles of DDK-401 and DDK-204 for in vivo pharmacokinetic assessments.

Samples Rgl Re Rf Rbl Rg2 Rc Rb2

DDK-401 166+ 277+ 038+ 526+ 235+ 308+ 3.6+

Fermented 0.035 0.025 0.046 0.123 0.059 0.061 0.095

Ginseng

Extract

DDK-204 0.96 + 141 £ 0.39 + 287 £ 022 + 1.46 + 117
Red 0.026 0.031 0.020 0.051 0.005 0.026 0.049

Ginseng

Extract

**p < 0.001) and hash markers (#p < 0.05, ##p < 0.01 and ###p <
0.001). The hash marker (#) indicates significance between the
normal and stimulated controls, and the asterisk (*) indicates
significant differences between the stimulation groups (DDK-
204 or DDK-401).

Results and discussion

Ginsenoside absorption profiling after oral
intake

Preparation of DDK-401 and DDK-204
Ginsenosides and ginseng extracts have been reported to have
various pharmacological effects, and ginseng has been used as a
medicinal herb in TCM for several centuries. However, ginsenosides
are mainly absorbed in the gastrointestinal tract after the gut
microbes hydrolyze the linear carbohydrates from their
backbones. In addition, the minor ginsenosides, which have only
one or no glycose moieties, generally reach the systemic circulation.
Thus, the absorption and bioavailability of ginsenosides greatly
depend on the gastrointestinal bioconversion ability of each
individual, and the minor saponins must be enriched by various
processing technologies. Bioconversion techniques such as puffing
(Pu et al, 2021) and heat treatment (steaming) do not produce
ginsenoside CK (Piao et al, 2020), which is one of the active
metabolites that reaches systemic circulation and has various
pharmacological activities (Sharma and Lee, 2020). Therefore, the
pharmacologically active minor saponin CK must be enriched by the
edible enzymes in the ginseng extract to maximize its biological
activity irrespective of an individual’s gut function. This study, we
aimed to increase the total ginsenoside and CK content using
pectinase and S-glucosidase enzymes to begin the glucose
hydrolysis of major ginsenosides in red ginseng concentrate, such
as Rbl, Rd, and Rg3. We performed additional fermentation with
Lactobacillus species at 37 °C for 1 day to accelerate the hydrolysis of
the glucose molecules from the major ginsenosides to increase CK
production (Table 2). The synthesis of CK has been mainly reported

from the hydrolysis of glycose molecules of the major ginsenosides,
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Rb3 Rd F2 Rg3 Rkl Rg5 CK Total
(mg/
8
022+ 105+ 000+ 078+ 063+ 05+  10.69+ 3298+
0010 0055 0000 0026 0080 0025  0.040 0.284
015+ 057+ 000+ 022+ 017+ 015+ 000+ 972+
0040 0055 0000 0031 0021 0040  0.000 0.208

such as Rb1, Rb2, Rd, R¢, compound O, compound Y, compound
Mg, Rg3, gypenoside XVII, and F2 (Sharma and Lee, 2020). As a
result of the above processes, the fermented red ginseng extract
(DDK-401) was enriched, with 10 mg/g of CK and 32.98 mg/g of
total ginsenoside content, compared to the control red ginseng
extract (DDK-204), which contained 9.72 mg/g of total ginsenosides
and without CK. The CK was thus clearly produced by the
fermentation process and not the steaming process (Piao et al,
2020). It was previously reported that the bioconversion and
fermentation of red ginseng yields CK in Korean ginseng (Choi
et al., 2016; Fukami et al., 2018).

Ginsenoside absorption profiling after oral
intake of DDK-401

After oral intake, the human volunteers showed greater CK
absorption from the fermented DDK-401 extract than from the
control red ginseng extract (DDK-204) (Figure 2A). The T, was
24h, Cyax was 184.8 + 39.64 ng/mL, and AUC,_j,, was 920.3 +
194.70 ng-h/mL for DDK-401, whereas the T, was 12 h, Cyj,, was
2.5+ 1.09 ng/mL, and AUC,_;;, was 11.3 + 4.66 ng-h/mL for DDK-
204 (Table 3). These pharmacokinetic patterns are similar to those in
other reports (Sharma and Lee, 2020). Although various studies have
reported enhanced CK absorption after oral administration of
fermented red ginseng extract, the concentration of CK in the
blood plasma still varies by individual, as shown in Figure 2B
(individuals with the highest CK absorption profiles).

Variations in the CK absorption profiles between
male and female groups

Although high CK absorption has been reported previously
(Sharma and Lee, 2020), differences in the absorption patterns
between males and females following oral intake of fermented red
ginseng extract have not been explored. Our results indicate that
as a group, the female volunteers absorbed more CK (Figure 3B)
than the male volunteers (Figure 3A), although this pattern also
applied to individual female and male volunteers (Figure 3C).
Similarly, the female volunteers were previously reported to
absorb higher concentrations of CK than males after oral
doses of a high concentration of CK (Chen et al., 2017).
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FIGURE 2

Absorption profiles of CKin human blood after oral intake of fermented red ginseng extract (DDK-401) and red ginseng extract (DDK-204). (A) Mean CK
level. Inset shows the mean CK absorption profile after DDK-204 intake. (B) Mean CK level from individuals with highest CK absorption in this study.

TABLE 3 Pharmacokinetic parameters of CK in human blood after oral
intake of fermented ginseng extract (DDK-401) and red ginseng
extract (DDK-204).

Parameters DDK-401 DDK-204
Tonax (h) 24+ 027 12.0 + 0.00
Cunax (ng/mL) 184.8 + 39.64 2.5 + 1.09
AUC. 15, (ng-h/mL) 920.3 + 194.70 11.3 + 4.66

RNA sequence analysis of blood plasma
after oral intake of samples

Differential gene expression and KEGG pathway
enrichment

As explained in the Pharmacokinetic Assessment section, whole
mRNA transcripts were assessed against the human reference
genome for genome-wide differential transcript expressions. The
samples were grouped into four categories, namely DDK-401 (male
and DDK-204 (male and female). Overall,
701 transcripts were found to have differential expressions

and female)

(Supplementary Table S3), and the transcripts overlapped among
the groups, as illustrated in a Venn diagram (Supplementary Figure
S1). The transcripts belonging to the tumor suppressor genes
category are displayed in a heatmap (Figure 4). Overall, nine
annotations were included in this study, as explained earlier. In
addition, all differentially expressed genes were subjected to KEGG
pathway enrichment in the David online webserver, which showed
that the cell death pathways, such as apoptosis and necroptosis, were
enriched by the extract treatments (Supplementary Table S4).
Finally, we selected gene candidates (FOXO3, cysteine-aspartic
protease 8 (caspase-8), toll-like receptor 4 (TLR4), and matrix
metallopeptidase 9 (MMP-9)) for the RT-PCR expression
analysis because these are known to be involved in the signaling
and cell-death pathways as well as tumor suppression.
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Effects of DDK-401 on the viabilities of
HaCaT and lung cancer cells

The cytotoxicities of DDK-401 and DDK-204 to HaCaT cells was
determined for safety purposes. The HaCaT cells represent normal cell
conditions, and lung cancer cells (A549) were used to examine the
apoptosis signaling pathway. Each sample was evaluated at various
sample concentrations (62.5, 125, 250, and 500 pg/mL in HaCaT and
25, 50, 100, 250, and 500 pug/mL in A549 cells). As shown in Figure 5,
at concentrations less than 500 pug/mL, both DDK-401 and DDK-204
were nontoxic to HaCaT cells. In the A549 cells, DDK-401
demonstrated minimal toxicity after 24h at 250 ug/mL. At a
concentration of 500 ug/mL after 24h, DDK-401 showed
significantly decreased cancer cell proliferation than DDK-204.
Moreover, A549 cell viability was reduced by DDK-401 in a dose-
dependent manner. The cytotoxicity results in this investigation
match those in a previous report (Yu et al., 2018).

The results shown in Figure 5 indicate that at 500 ug/mL,
DDK-401 and DDK-204 were only mildly toxic, from which it
can be concluded that both substances are relatively safe when
cell conditions are normal. On the other hand, in lung cancer
A549 cells, which represent cell damage and imbalanced
conditions, DDK-401 had a much higher toxicity than DDK-
204, producing apoptosis of the cancer cells.

Antioxidant content shown by DPPH assay
and ROS generation in HaCaT and cancer
cells

Antioxidant capacity: DPPH and reducing power
assays

The DPPH scavenging and potassium ferricyanide reducing
power assays were used to evaluate the antioxidant capacities of
DDK-401 and DDK-204, and the results are shown in Table 4.
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FIGURE 3

Absorption profiles of CK in human blood serum after oral intake of fermented red ginseng extract (DDK-401) and red ginseng extract (DDK-
204): (A) male volunteers, (B) female volunteers; maximum CK absorption in individual (C) male and (D) female.

The most frequently used antioxidant standard for these assays is
vitamin C; therefore, the results of the DPPH and potassium
ferricyanide reducing power assays are expressed in terms of mg
AAE/g of the extract. These assays are widely used to determine
the antioxidant properties of compounds as free radical
scavengers or hydrogen donors (Warinhomhoun et al., 2021)
as well as the ability of the compounds to transform from Fe**/
ferricyanide complex to Fe**/ferrous forms (Aryal et al., 2019).
DDK-401 showed higher antioxidant abilities in both the DPPH
and potassium ferricyanide reducing power assays, with values of
0.093 £ 0.02 and 0.340 + 0.001 mg AAE/g of extract, respectively.
In the DPPH assay, the antioxidant capacity of DDK-401 was
generally 2 times higher than that of DDK-204, and in the
potassium ferricyanide reducing power assay, it was 3 times
higher than that of DDK-204. In agreement with a previous study
(Jung et al., 2019; Park et al., 2021), we found that CK-enriched
ginseng extract (DDK-401) exhibited greater antioxidant activity
than the common red ginseng extract (DDK-204). This result
could be attributed to CK’s potential for radical scavenging
activity in antioxidant assays (Baik et al., 2021). Antioxidants,
whether endogenously produced or supplied by external sources,
can scavenge ROS and reduce cellular oxidation, thereby
alleviating oxidative stress (Liu et al., 2018).
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Effect of DDK-401 on ROS production in
HaCaT cells with H,O»>-induced oxidative stress
We used the DCFH-DA assay to investigate the
antioxidant properties of DDK-401 and determine whether
it could reduce accumulated intracellular ROS in H,O,-
induced HaCaT cells. Commonly, H,O, is used to induce
intracellular ROS and produce imbalance in the cellular
oxidant-antioxidant levels. Because the mitochondria are
the major sources of ROS, mitochondrial dysfunction
caused by excess ROS can lead to apoptosis and DNA
damage (Zhang et al., 2020). The mean value of the ROS
levels measured in the group treated with 500 uM H,0O, was
260% higher than that in the control group. The trend of
decreased cell viability after H,O, exposure is shown in
Figure 6A. Vitamin C was used as the positive control. For
H,0,-induced oxidative stress in the HaCaT cells, DDK-401
was stronger than DDK-204 in a dose-dependent manner. Ata
concentration of 250 pg/mL, DDK-401 and DDK-204 reduced
ROS levels by an average of 23% and 7%, respectively,
compared with the group treated with only H,O,
(Figure 6A). These results may be attributed to the CK in
DDK-401; previous studies have reported that CK activates
the NF-kB and JNK pathways, which contribute to the
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groups and DDK-204 male and female groups displayed as a heatmap.

inhibition of TNF-a and anti-inflammatory activity related to
ROS inhibition (Choi et al., 2007; Park et al., 2012). Oxidative
stress usually activates certain signaling pathways, including
the p38, MMP, and caspase pathways.
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Effect of DDK-401 on ROS generation to induce
apoptosis of cancer cells

In A549 cells, the DCFH-DA reagent was used to measure
the intracellular ROS levels with DDK-401 and DDK-204 at
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In vitro cytotoxicities of DDK-401 and DDK-204 samples in (A) HaCaT and (B) A549 lung cancer cells over 24 h. The graph shows the mean + SD
value of four repetitions. **p < 0.01; ***p < 0.001 indicate significant differences from the control groups.

TABLE 4 Antioxidant capacity of DDK-401 and DDK-204.

Sample DPPH Reducing power
(mg AAE?Y/g extract) (mg AAEY/g extract)

DDK-401 0.093 + 0.02 0.340 + 0.001

DDK-204 0.049 + 0.01 0.097 + 0.002

*mg AAE/g extract: mg ascorbic acid equivalents/g extract; DPPH: 2,2-diphenyl-1-
picrylhydrazyl radical scavenging assay.

various concentrations. Red ginseng extract has been shown to
induce cancer cell death by causing DNA damage, stimulating
ROS production, and activating numerous pro-apoptotic
markers. Furthermore, mitochondrial damage can cause
release of ROS because the mitochondria are the largest
source of ROS (Brunelle and Chandel, 2002). At 500 g/mL,
DDK-401 produced a higher level of ROS than DDK-204, as
shown in Figure 6B. Thus, the antiproliferative action of DDK-
401 could be assessed by measuring the ROS levels. Intracellular
oxidative stress is known to cause cell death in a variety of cell
lines; therefore, this assessment was crucial. The data show that
DDK-401 could be a potential drug candidate in clinical trials for
the treatment of lung cancer.

ROS have been identified as signaling molecules in various
pathways that regulate both cell survival and cell death
depending on the level (Azad et al,, 2008; Chen et al.,, 2018).
Apoptosis and autophagy are important molecular processes that
maintain balance in organisms and cells. Apoptosis destroys
damaged or unwanted cells, while autophagy maintains
by
organelles and molecules, although autophagy can result in

cellular homeostasis recycling  specific intracellular
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cell death in some cases (Thorburn, 2008; Fan and Zong,
2013). We conclude that DDK-401 reduced ROS production
in normal cells (HaCaT) experiencing oxidative stress and also
led to apoptosis of lung cancer (A549) cells, suggesting that
DDK-401 could act as a molecular switch for these two cellular
processes in response to cell damage signaling.

Effect of DDK-401 on gene expression
affecting apoptotic and inflammatory
responses

Living cells produce ROS as a normal metabolic byproduct.
Under excessive stress, the cells generate excess ROS, so living
organisms have evolved a series of response mechanisms to adapt
to ROS exposure and use ROS as a signaling molecule. ROS
molecules cause oxidative stress in a feedback mechanism
involving numerous biological processes, including apoptosis,
necrosis, and autophagy (He et al., 2017). Apoptosis is a normal
process that occurs during development and aging as well as
functions as a homeostatic mechanism to maintain cell
populations in tissues. Apoptosis can even occur as a defense
mechanism during immune responses or when cells are damaged
by disease or toxins (Elmore, 2007). In this study, we investigated
several gene markers that we selected through a whole-
transcriptome search for differential expressions. We found
differentially expressed genes related to apoptosis and immune
responses to inflammation, such as FOXO3, TLR4, caspase-8,
MMP-9, and p38 MAP kinase (p38) (Cuadrado and Nebreda,
2010; van der Vos and Coffer, 2011; Zheng et al., 2021). In
addition, we investigated the effects of DDK-401 and DDK-204
without any stimulation (UV-B irradiation) in HaCaT cells to
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In vitro validation of the selected candidate gene expressions in normal (HaCaT) and lung cancer (A549) cell lines by RT-PCR

observe whether our samples could trigger inappropriate
apoptosis or inflammation under normal conditions showed
in (Figure 7). The RT-PCR analysis (Supplementary Figure
S3) showed that in HaCaT cells, neither compound regulated
FOXO3, TLR4, MMP-9, or p38 expression, indicating that DDK-
401 did not trigger inappropriate apoptosis or inflammation
under normal conditions. The ability to control cellular living or
death  has
upregulation of caspase-8 was observed, which is similar to

enormous therapeutic potential. However,
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the RNA-seq data indicating differential expression (Figure 4).
Although the activation of caspase-8 is mainly associated with
death receptor signaling cascades, it is also activated downstream
of the mitochondria. The roles of caspase-8 in the shift from
autophagy to apoptosis in cisplatin-resistant MCF7 cells and in
TRAIL-mediated autophagy in HCT 116 cells have already been
studied (de Vries et al., 2006; Hou et al., 2010). In the lung cancer
A549 cells, DDK-401 treatment downregulated the expressions
of MMP9 and TLR4 while upregulating the expressions of
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p38 and caspase-8 genes, compared with the cells treated with
DDK-204. The MMPs are a group of zinc-dependent
that
including tumor cell proliferation and metastasis (Guo et al,

metalloenzymes regulate various cellular processes,
2019). Several studies have noted that MMPs are overexpressed
in malignant tissues than the adjacent normal tissues in a range of
tumors, including lung, colon, breast, and pancreatic carcinomas
(Radad et al., 2011; Nakhjavani et al., 2019). Previous research
has shown that downregulating the expressions of intracellular
MMP-9 can increase invasion and metastasis processes several
cancers (Zhang et al, 2017, Liu et al, 2019). Furthermore,
oxidative stress can induce receptor-dependent apoptosis and
damage the mitochondria of normal cells. Mitochondrial
dysfunction then further increases ROS accumulation and
activates the p38 MAPK pathway. ROS can continuously
activate p38 MAPK by activating MAPK kinase and inhibiting
MAPK phosphatase. In A549 cells, ROS can regulate the
expressions of Bax and Bcl-2 by activating p38 MAPK, which
increases the level of cytochrome c in the cytoplasm and triggers
the caspase cascade reaction leading to apoptosis (Jin et al., 2019;
Nguyen and Nguyen, 2019). The caspases are a family of
cysteine-containing proteolytic enzymes that play a central
role in the execution phase of cell apoptosis. It has been
reported that the effects of the caspase 8 pathway on cancer
cells involve inducing apoptosis (Huang et al, 2019). The
apoptosis induced by most anticancer drugs occur by the
activation of caspases (Gonzdlez-Burgos et al., 2015; Kim and
Kim, 2018). Caspase-8 is important in the death receptor-
mediated extrinsic pathway, and DDK-401 promotes the
activation of caspase-8 in A549 cells in this study, showing
that it can cause apoptosis by activating the extrinsic caspase
pathway (Wu et al, 2019; Yi, 2019). TLR4 is an important
member of the type I transmembrane protein family.
Recently, growing evidence has shown TLR4 in various
tumors (Gao et al,, 2017; Li and Ji, 2018; Zhou et al., 2019),
including head and neck, lung, gastrointestinal, liver, pancreatic,
skin, breast, ovarian, cervical, and prostate cancers. TLR4-
growth is
progression, and the downregulation of TLR4 prevented

mediated cancer involved in breast tumor
breast cancer progression and improved survival (Zhou et al.,
2019¢). According to our findings, DDK-401 could induce cell
apoptosis by upregulating and downregulating various
transcriptional factors under cancerous conditions.

Conclusion

Although ginseng and ginsenosides have been reported to
the of
ginsenosides into systemic circulation, which is required for

have various pharmacological effects, uptake
their effectiveness, depends on individual factors. Because CK
was reported to be a minor saponin that reached systemic

circulation, we enriched the total ginsenoside and CK content
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(DDK-401)
bioconversion and fermentation by edible enzymes. Because

by fermenting red ginseng extract via
clinical trials are a prompt option for evaluating product
efficacy, we evaluated DDK-401 in a clinical trial of healthy
Korean volunteers. We found higher CK in blood plasma after
oral intake of DDK-401 than after the consumption of the
control red ginseng formula. Moreover, we identified
differences in the CK absorption patterns between female
and male volunteers, with higher concentrations of CK
being detected in females than in males. We also observed
differential expression patterns of various tumor suppressor
genes between the female and male groups through RNA-seq
analysis. DDK-401 exhibited no cytotoxicity in normal non-
diseased HaCaT and RAW 264.7 cells, whereas it showed
cytotoxicity in lung cancer cells (A549). Furthermore, DDK-
401 inhibited H,0,-induced ROS production in HaCaT cells
and increased ROS production in cancer cells. Finally, the
candidate genes responsible for apoptosis and inflammation
were validated using RT-PCR (Figure 7). This is a pilot study
reporting that fermented red ginseng extract (DDK-401)
differential
regulation patterns compared with red ginseng extract
(DDK-204). Thus, DDK-401 could be a potential candidate
for further investigations in clinical trials for health

produces unique, absorption and gene

promoting activities and anticancer agents; various
nanoformulations could also be considered to boost its

bioavailability and anticancer properties.
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