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Abstract

Panax ginseng, a widely recognized medicinal plant with significant economic value, has
been extensively used in traditional medicine worldwide for millennia. Both in vivo and
in vitro studies have demonstrated that ginsenosides exert antitumor, anti-
inflammatory, and cardioprotective effects through various mechanisms. However, their
clinical applications are limited due to unfavorable physicochemical properties,
including low solubility, poor stability, short half-life, and rapid elimination and
degradation in vivo. Consequently, ginsenoside-based nano-delivery systems and
preparation technologies have attracted significant attention from researchers. This
review summarizes recent advances in the study of ginsenoside-related antitumor, anti-
inflammatory, and cardioprotective effects, as well as various nano-delivery systems,
aiming to provide theoretical guidance for comprehensive research on ginsenosides.
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1. INTRODUCTION

For over 2000 years, Panax ginseng C.A. Meyer has been revered as a precious traditional
medicinal herb, with its medicinal value documented as early as in the "Shen Nong Ben Cao Jing"
and it has been acclaimed as the "King of Herbs" since ancient times [1]. Ginsenosides, the
primary active components of ginseng, along with polysaccharides, essential oils, proteins,
amino acids, organic acids, flavonoids, vitamins, and trace elements, exhibit a wide range of
pharmacological effects, including central nervous system stimulation, anti-tumor activity,
cardiovascular protection, immune enhancement, anti-aging, lipid-lowering, and anti-fatigue
effects (Wang et al, 2024; Ke et al, 2022)[2,3]. However, despite their significant
pharmacological effects, the clinical application of ginsenosides is limited by their poor water
solubility, short half-life, slow dissolution rate in vitro, slow oral absorption, low plasma
concentration, and low bioavailability[4].

Exploring suitable drug delivery systems is a crucial formulation strategy to enhance the
medicinal value of ginsenosides. Nanomedicine holds significant potential in improving the
efficacy of cancer immunotherapy[5]. Previous studies have reported the development of
various drug delivery systems aimed at enhancing the anti-tumor effects of active compounds,
such as micelles, liposomes, and nanoparticles[6,7]. These nano drug delivery systems can
encapsulate hydrophobic drugs, thereby achieving enhanced therapeutic effects by improving
solubility and stability, prolonging circulation time, and altering tissue distribution and
pharmacoKkinetics[8]. Stimuli-responsive nanomedicines can achieve precise and controlled
drug release by responding to endogenous changes such as pH, reactive oxygen species, and
redox conditions, or external stimuli such as temperature and light, thereby improving the
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therapeutic efficacy against diseases[9,10]. These stimuli-responsive nanomedicines enable
precise spatial and temporal control of drug release. To date, several ginsenoside delivery
systems and preparation technologies (e.g., liposomes, micelles, protein nanoparticles, metallic
nanoparticles, and inorganic nanoparticles) have been designed to overcome the limitations of
ginsenosides by enhancing their solubility, stability, bioavailability, and controlled release,
thereby improving their pharmacological effects[11,12].

The development of stimuli-responsive nanomaterials and their design as effective drug
carriers is a current research hotspot. This paper highlights the latest advancements in various
ginsenoside nano drug delivery systems and their applications in the treatment of cancer,
atherosclerosis, and cardiac injury.

2. GINSENOSIDE NANOPARTICLES ANTI-CANCER
2.1.Induced Immunogenic cell death

Immunogenic cell death (ICD) plays a pivotal role in the antitumor process by transforming
"cold tumors" into "hot tumors" through the release of damage-associated molecular patterns
(DAMPs)[131. This process ultimately reshapes the immunosuppressive microenvironment and
eradicates cancer cells. Certain chemotherapeutic drugs, such as doxorubicin (DOX), oxaliplatin
(OXA), cyclophosphamide (CPA), and paclitaxel (PTX), not only induce cancer cell death but also
stimulate ICD, triggering specific antitumor immune responses and enhancing the efficacy of
chemotherapy[14]. However, DOX exhibits weak immunogenicity in tumor cell elimination, and
the DAMPs produced are insufficient to independently initiate a robust antitumor immune
response. Recent research has demonstrated that ginsenoside Rg3 can induce ICD in antitumor
therapy and enhance the ICD effect of DOX[15]. Chen et al. employed self-assembly techniques
to encapsulate ginsenoside Rg3 and DOX into chitosan nanoparticles modified with the cell-
penetrating peptide (R6F3), enhancing the ICD effect induced by DOX. When used in
combination with PD-L1 inhibitors, this formulation achieved significant antitumor effects in
the treatment of triple-negative breast cancer[16]. Studies have shown that G-Rh2 mediates
autophagy and endoplasmic reticulum stress via the TFE3/TFEB pathway, accompanied by
phosphorylation of elF2a, and synergizes with methotrexate (MTX) to significantly enhance
MTX-induced ICD[17]. Additionally, research indicates that Rh2Z@HMnO2-AM nanoparticles
effectively trigger ICD, activate CD4+/CD8+ T cells in vivo, suppress the generation of FOXP3+
T cells (Tregs) in tumors, and upregulate BAX, BCL-2, and Caspase-3 at the cellular level[18].

Platelet membranes (PM) exhibit significant potential for applications in nano- and micro-
scale drug delivery systems due to their excellent biocompatibility, low immunogenicity, and
targeting capabilities[19]. Notably, P-selectin on the platelet membrane can effectively
recognize and bind to the CD44 receptor on the surface of acute myeloid leukemia (AML) cells,
achieving precise targeting of AML cells[20]. In the study, DOX/Rg3 liposomes facilitated by the
interaction between P-selectin on the platelet membrane and the CD44 receptor on AML cells
not only enhanced drug penetration and retention within the tumor but also increased drug
accumulation in AML cells. Furthermore, this drug delivery system (DR@Plip) also upregulated
calreticulin (CRT), high mobility group box 1 (HMGB1), and adenosine triphosphate (ATP),
inducing ICD and promoting apoptosis in AML cells through the increased production of
reactive oxygen species (ROS)[21].

In another study, a polyethylene glycol-modified amphiphilic cyclodextrin nanoparticle (NP)
incorporating a folate (FA) targeting moiety was developed to co-encapsulate Rg3 and QTN,
effectively generating ROS and enhancing the ICD activity mediated by Rg3. In an in situ
colorectal cancer (CRC) mouse model, CD-PEG-FA.Rg3.QTN enhanced the tumor
microenvironment by promoting the release of dendritic cells (DCs) and cytokines, increasing
the numbers of CD8+ T cells, CD4+ T cells, and activated DCs, while reducing the populations of
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regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated
macrophages (M2). This led to significant chemimmunotherapeutic effects, highlighting the
potential of ICD in cancer therapy as an emerging target for future cancer treatments[22], as
shown in Figure 1.
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Figure 1. Antitumor mechanisms of ginsenoside nanoparticle delivery systems
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2.2.Promote ferroptosis

Chemodynamic therapy (CDT) typically employs Fenton or Fenton-like active metals (such as
Co2%*, Fe2*, Mo>*, Cré*, Mn?*, Cu*, etc.) under acidic conditions to convert hydrogen peroxide
(H202) into toxic hydroxyl radicals (¢OH)[231.This process effectively depletes glutathione (GSH)
and disrupts the redox balance of cancer cells, thereby promoting ferroptosis[24].

Zhao et al. designed FePt-Rg3 nanoparticles (NPs) to address the issue of premature metal
ion leakage before reaching the tumor site, ensuring controlled release at the appropriate time
and location in vivo. In the presence of H202, FePt-Rg3 NPs participate in the Fenton reaction,
upregulating the expression levels of Bax, cleaved caspase 3/9, ROS, and GSSG, while
downregulating Bcl-2, GSH, and GPX4, thereby inducing apoptosis and ferroptosis[25].

The study shows that Zhao et al. developed a novel nanomedicine, RNME, combining
secondary ginsenoside Rg3 with Fe@Fe304 nanomaterials, demonstrating dual functionality in
tumor therapy. Under neutral conditions, RNME exhibits high reactivity to H202, generating
oxygen, effectively mitigating hypoxia in the tumor microenvironment, and reducing the
antioxidant capacity of tumor cells, thereby enhancing oxidative damage. Under acidic
conditions, this nanomedicine catalyzes the production of highly toxic ROS from H202,
promoting apoptosis in pancreatic cancer cells. Additionally, the use of RNME in the L3.6pl
pancreatic cancer cell line reduces GPX4 and GSH/GSSG levels, inducing oxidative stress and
ferroptosis[26].
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2.3.Regulating tumor microenvironment

The tumor microenvironment (TME) of the brain is emerging as a crucial regulatory factor in
the progression of both primary and metastatic brain malignancies. The brain TME is essential
for tumor initiation, growth, and metastasis[27]. In experiments, Zhu et al. successfully
prepared liposomes co-loaded with ginsenoside Rg3 and paclitaxel (PTX) using the film
hydration method. These liposomes demonstrated significant toxicity and targeting ability
against C6 mouse glioma cells. Additionally, the Rg3-PTX liposomes enhanced the T-cell immune
response by activating the immune microenvironment within the tumor, expanding the CD8+ T
cell population, increasing the M1/M?2 ratio, and effectively reducing the numbers of regulatory
T cells and myeloid-derived suppressor cells, thereby significantly extending the survival time
of tumor-bearing mice[28].

A small number of circulating tumor cells (CTCs) can evade immune surveillance, making the
removal of CTCs from the bloodstream a critical step in preventing tumor metastasis[29].
Researchers have developed a novel multifunctional liposome (Rg3-Lp/DTX) capable of
effectively capturing CTCs. By interacting with the overexpressed glucose transporter 1 (Glut1)
on CTCs, Rg3-Lp/DTX exhibits efficient CTC capture capability. Upon reaching the lungs, the Rg3
component can inhibit STAT3 activation, reducing tumor-secreted CCL2 levels. This decreases
the accumulation of myeloid-derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs) in the metastatic microenvironment, thereby inhibiting distant tumor
metastasis[30].

Tumor cells can also promote the formation and infiltration of cancer-associated fibroblasts
(CAFs) by secreting transforming growth factor-beta (TGF-f), leading to a stroma-rich and
immunosuppressive TME[31]. Xia et al. developed a multifunctional DTX-loaded ginsenoside
Rg3 liposome (Rg3-Lp/DTX) for tumor treatment. The study results showed that Rg3-Lp/DTX
significantly reduced the viability of 4T1 tumor cells compared to Rg3 alone. The Rg3
component effectively reversed activated CAFs to a quiescent state and weakened the dense
stromal barrier by inhibiting tumor cell-secreted TGF-f and modulating the TGF-£/Smad
signaling pathway[32].

Reprogramming TAMs to an anti-tumor M1 phenotype is another promising strategy. Zhu et
al. prepared ginsenoside liposomes (Rg3-PTX-LPs) using the film hydration method, which
exhibited greater toxicity and targeting ability against MCF7/T cancer cells than conventional
cholesterol liposomes. Rg3-PTX-LPs induced apoptosis in breast cancer cells and
reprogrammed pro-tumor M2 macrophages to anti-tumor M1 macrophages by inhibiting the
activation of the IL-6/STAT3/p-STAT3 pathway. They also suppressed MDSCs and reduced
tumor-associated fibroblasts (TAFs) and collagen fibers in the tumor microenvironment[33].
Additionally, studies indicated that Rh2 has the potential to convert TAMs from the M2 to M1
phenotype and inhibit lung cancer cell migration, suggesting a therapeutic role for G-Rh2 in
lung cancer[34].

2.4.Inducing tumor cell invasion

Metal and metal oxide nanoparticles have garnered significant attention in the field of
chemotherapy drug delivery due to their excellent biocompatibility and liver-targeting
properties[35]. Studies have shown that a nanodrug developed by combining Fe@Fe304
nanoparticles with ginsenoside Rg3 (NpRg3) effectively prolonged the survival of mice in a
diethylnitrosamine (DEN)-induced hepatocellular carcinoma (HCC) model, inhibiting tumor
progression and lung metastasis[36]. Moreover, carrier-free drug delivery systems, through
self-assembly or co-assembly of drug molecules, avoid the use of inert carriers, demonstrating
excellent antitumor effects and lower systemic toxicity. Zuo et al. developed a carrier-free
nanodrug composed of ginsenosides Rg3 and Rb1, which showed significant antitumor and

83



World Scientific Research Journal Volume 10 Issue 12,2024
ISSN: 2472-3703 DOI: 10.6911/WSR].202412_10(12).0009

anti-invasive activity in triple-negative breast cancer cells (TNBCs). Additionally, experiments
indicated that ginsenoside micelles effectively inhibited lung metastasis of liver cancer by
reducing [CAM-1 expression[37]. These advances not only enhance drug delivery efficiency and
efficacy but also provide new directions for future cancer treatment strategies.

2.5.Inducing apoptosis of tumor cells

Black phosphorus (BP) has garnered extensive attention due to its excellent drug loading and
delivery capabilities, good biocompatibility, and potential in cancer therapy and diagnosis[38].
Xiong et al. designed a multifunctional black phosphorus nanocomposite, BPs/G-Rg3@PLGA,
which exhibited strong affinity for both primary and metastatic lung tumors. When combined
with near-infrared irradiation, its photothermal effect was significant, effectively inducing
tumor apoptosis[39].

Zinc oxide nanoparticles (ZnO NPs) have been extensively studied for cancer treatment due
to their specificity, efficiency, low toxicity, and biocompatibility[40]. HA-ZnO nanocomposites
prepared by Kim et al. can generate hydroxyl radicals and hydrogen peroxide under light
irradiation, leading to cancer cell death, and exhibit significant anticancer effects against A549
lung cancer, HT29 colon cancer, and MCF7 breast cancer cells[41]. On the other hand, Yao et al.
developed gold nanoparticles loaded with ginsenoside Rh2, overcoming the low water
solubility and poor stability of Rh2, enhancing its anticancer activity and therapeutic efficacy.
In A375 human melanoma cells, ginsenoside Rh2 upregulated levels of ROS, caspase-3, -8, and
-9, inducing apoptosis[42]. Zhang et al. prepared a biologically stable and targeted nanosystem,
APD-CK, loaded with ginsenoside CK. Compared to the free drug, APD-CK micelles
demonstrated superior anti-hepatocarcinoma activity and more sustained tumor proliferation
inhibition. APD-CK micelles promoted apoptosis in HepG2 cells by upregulating the expression
of caspase-3, caspase-9, and PARP proteins[43].

3. CARDIOPROTECTIVE EFFECTS

Oxidative stress is a key pathogenic mechanism in myocardial ischemia-reperfusion injury
(MIRI), with the accumulation of ROS leading to various damages. Li et al. designed an ROS-
responsive release system by synthesizing PEG-b-PPS nanoparticles loaded with Rg3, achieving
ROS-responsive release both in vitro and in vivo. Rg3 targets FoxO3a and regulates its
downstream signaling pathways, including Sirt-1, TGF-B/Smad, and NF-xB, effectively
inhibiting oxidative stress, inflammation, apoptosis, and fibrosis, providing effective treatment
for MIRI [44].

PPARa is a critical transcriptional regulator of fatty acid metabolism, and its downregulation
affects the expression of CPT-1, MCAD, and VDAC proteins, leading to an imbalance in fatty acid
uptake and oxidation, thereby inducing myocardial fibrosis[45]. Chitosan (CS), with its
favorable biological properties and solubility in acidic environments, is a promising drug
delivery system[46]. Zhang et al. synthesized CS@TPP nanoparticles containing ginsenoside
Rb3 through the ionic gelation method. This system enhanced drug solubility and bioavailability,
achieving precise sustained release in a transverse aortic constriction (TAC)-induced chronic
heart failure model. NpRb3 may improve fatty acid oxidation and glycolysis by targeting the
PPARa signaling pathway, regulating mitochondrial oxidative phosphorylation levels, thus
inhibiting myocardial fibrosis[47], as shown in Table 1.

84



World Scientific Research Journal

Volume 10 Issue 12,2024

ISSN: 2472-3703

DOI: 10.6911/WSRJ.202412_10(12).0009

Table 1. Mechanisms of Cardioprotection, Anti-inflammatory, and Anti-atherosclerotic

Effects of Ginsenoside Nanoparticles
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4. ANTI-INFLAMMATORY

Ginsenoside Rb1 is limited in its anti-inflammatory effects due to non-targeted delivery, low
water solubility, and poor bioavailability. Bovine serum albumin (BSA), known for its
biodegradability and good biocompatibility, is an ideal carrier for delivering poorly soluble
drugs[54]. Fu et al. designed mannose (Man)-modified BSA carriers (Man-BSA) combined with
ginsenoside Rb1 to achieve active targeting of pro-inflammatory cells overexpressing mannose
receptors[49].

Gold nanoparticles (GNPs) hold potential in diagnostics, therapy, and drug delivery, but toxic
reagents limit their biomedical applications[55]. Acetobacter can be used for the non-toxic
synthesis of GNPs. Liu et al. developed gold nanoparticles (GNP-CK-CopA3) surface-bound with
CopA3 peptide and loaded with ginsenoside compound K. These nanoparticles exhibited
significant anti-inflammatory effects by inhibiting the NF-kB and MAPK signaling pathways,
reducing levels of ROS, iNOS, COX-2, TNF-q, IL-1p, and IL-6 in LPS-activated RAW264.7 cells[50].
Additionally, experiments showed that using chitosan as a carrier, gold nanoparticles loaded
with ginsenoside compound K (CS-CK-AuNPs) were prepared via self-assembly. These
nanoparticles reduced NO and inflammatory cytokines (IL-1p, IL-6, TNF-a) production in LPS-
stimulated RAW 264.7 cells by inhibiting the NF-«xB pathway, becoming new candidates for anti-
inflammatory agents(>¢l. Superparamagnetic iron oxide nanoparticles (SPIONs) loaded with
ginsenoside compounds K and Rg3 significantly reduced NO and iNOS production in LPS-
induced cells, indicating that SPIONs can serve as effective carriers for ginsenosides in
inflammatory diseases[57].

Traditional ulcerative colitis (UC) treatments are limited by poor efficacy and significant side
effects[58]. Ginsenosides have shown potential in treating colitis and reducing side effects. Xu
et al. synthesized pH and redox-sensitive nanoparticles loaded with ginsenoside Rh2 (LA-UaGly
nanoparticles) to achieve rapid release and extended circulation time, increasing drug
accumulation at lesion sites, protecting RAW 264.7 cells from apoptosis, and inhibiting
inflammatory cytokines[53]. In a monosodium urate (MSU) crystal-induced mouse model,
nano-ginsenoside Rb1 (nano-GsRb1) demonstrated anti-inflammatory and anti-gouty arthritis
effects by inhibiting [kBa degradation, suppressing the NF-«B signaling pathway, and NLRP3
inflammasome activation, thereby reducing TNF-a, IL-1f, and IL-6 expression[59].

Microneedles (MNs) have gained attention for enhancing permeability and drug delivery
efficiency. Formulating Rg3 into liposomes (Rg3-Lipo) improves its solubility and absorption
efficiency. Encapsulating Rg3-Lipo in microneedles (Rg3-MNs) is an optimal strategy for
psoriasis treatment, capable of inhibiting the pSTAT3 signaling pathway and reducing IL-17, IL-
23, and TNF-a levels in an imiquimod (IMQ)-induced psoriasis-like dermatitis mouse
model[60].

5. ANTIATHEROSCLEROSIS

Cardiovascular diseases, particularly atherosclerosis (AS), are leading causes of human
mortalityl61l. Enhancing the targeting ability of nanosystems and developing safe and effective
nanotherapies are key challenges in AS treatment. Nanomedicine shows great potential in the
diagnosis and treatment of AS. Biomimetic membranes, such as those derived from red blood
cells, leukocytes, platelets, and endothelial cells, are used to coat nanoparticles, avoiding
macrophage phagocytosis and improving drug utilization[62]. Platelets naturally accumulate at
AS plaques, while selenium (Se) and its proteins can inhibit AS progression. Yin et al. developed
a biomimetic nanodrug delivery system by loading Rb1 into selenium nanoparticles. Studies
indicated that PM@Se/Rb1 NPs effectively treated AS by increasing HDL-c expression and
reducing levels of ICAM-1, LDL-c, TG, and TC[51].
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Shen et al. developed a dual-targeting biomimetic nanosystem (Cat/Re@PLGA@UCM) using
porous PLGA nanoparticles modified with U937 cell membranes, loaded with ginsenoside Re
and catalase (CAT). This system exhibited excellent antioxidant effects and H202-responsive
drug release capability. It slowed AS progression by reducing levels of ROS, TNF-qa, and IL-
1B[52]. The formation of cholesterol crystals in AS plaques is associated with acute pathology.
AnxV-Rb1-LPs target phosphatidylserine in plaques to clear cholesterol crystals, alleviating
inflammation and apoptosis[63].

6. CONCLUSIONS AND FUTURE PERSPECTIVES

Ginseng holds a significant position in traditional Chinese medicine, and its development and
utilization have always been of great interest. The active components of ginseng, particularly
ginsenosides, play a crucial role in its pharmacological effects. However, their strong
hydrophobicity and low oral bioavailability have limited their clinical application. Structural
modifications of ginsenosides through methods such as acylation, sulfation, amino acid
conjugation, oxidation, and alkylation can effectively enhance their water solubility, stability,
and targeting ability, thereby significantly improving their pharmacological activity. In addition
to chemical modifications, nano-delivery systems—such as liposomes, nanomicelles, polymer
nanoparticles, magnetic nanoparticles, nanospheres, and hybrid nanocomposites—can also
effectively overcome the issues of poor solubility, low targeting ability, and low bioavailability
of ginsenosides.

Formulating ginsenosides into nanomedicines can improve their bioavailability, and
ginsenosides can also serve as carrier materials to enhance the properties of related
nanomedicines. When encapsulating other drugs, they can achieve synergistic therapeutic
effects, thus holding great development value and application potential. Moreover, stimuli-
responsive nanocarriers can precisely trigger drug release remotely and spatiotemporally
under external stimuli (such as light, heat, and sound). Therefore, designing novel stimuli-
responsive carriers that combine various endogenous and exogenous stimuli-responsive
strategies for disease treatment is innovative and challenging. In recent years, with the
continuous discovery and development of new technologies and methods in the pharmaceutical
field, ginsenoside-based drugs are expected to play a significant role in the treatment of more
diseases. Continuing in-depth research on the pharmacological effects of ginsenosides and
optimizing their formulation forms are of great significance for their clinical application.
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