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Liver diseases are a significant global health burden and are among the most common diseases. Ginssennoside
Rg3 (Rg3), which is one of the most abundant ginsenosides, has been found to have significant preventive and
therapeutic effects against various types of diseases with minimal side effects. Numerous studies have demon-
strated the significant preventive and therapeutic effects of Rg3 on various liver diseases such as viral hepatitis,
acute liver injury, nonalcoholic liver diseases (NAFLD), liver fibrosis and hepatocellular carcinoma (HCC). The
underlying molecular mechanism behind these effects is attributed to apoptosis, autophagy, antioxidant, anti-
inflammatory activities, and the regulation of multiple signaling pathways. This review provides a compre-
hensive description of the potential molecular mechanisms of Rg3 in the development of liver diseases. The
article focuses on the regulation of apoptosis, oxidative stress, autophagy, inflammation, and other related
factors. Additionally, the review discusses combination therapy and liver targeting strategy, which can accelerate
the translation of Rg3 from bench to bedside. Overall, this article serves as a valuable reference for researchers

and clinicians alike.

1. Introduction

Liver diseases are a significant global health challenge, responsible
for approximately 2 million deaths annually worldwide. The high
prevalence of liver diseases poses serious public health concerns, given
their poor long-term clinical outcomes, including premature deaths
resulting from liver decompensation, cirrhosis, and hepatocellular car-
cinoma (HCC) [1]. A significant portion of the global population is at
risk of various liver diseases such as chronic hepatitis B virus (HBV) and
hepatitis C virus (HCV) infection, non-alcoholic fatty liver (NAFLD),
autoimmune liver disease, and drug-induced liver disease [2]. Currently,
drug therapy is the primary clinical treatment for liver diseases. While
surgical intervention may be appropriate for early-stage HCC, it has
proven to be ineffective with a high recurrence rate. In cases of end-stage
liver disease, liver transplantation is the most effective treatment option.
However, the limited availability of donor livers and the lifelong
medication required post-transplantation can be prohibitive factors in
its application [3]. Therefore, it is crucial to find more effective drugs for
the therapy of liver diseases.

Compared with synthetic drugs, traditional Chinese medicine, as an

alternative clinical treatment method, has attracted much attention for its
mild and far-reaching curative effect and less side effects. Recent studies
have increasingly demonstrated the efficacy of natural active ingredients,
including dihydromyricetin, betaine, and kaempferol, in the treatment of
liver diseases. These ingredients have been found to possess reliable phar-
macological effects, while exhibiting low toxicity and conferring numerous
benefits [4-6]. The root of the Panax ginseng Meyer plant, commonly
referred to as ginseng, has been traditionally used as a medicine in Asian
countries, primarily for its energy-boosting properties [7]. Ginsenoside sa-
ponins are the major bioactive components responsible for ginseng’s
pharmacological effects, with over 100 types of ginsenosides identified and
isolated from ginseng [8]. Among these ginsenosides, ginsenoside Rg3
(Rg3) has been found to have significant physiological activity. Rg3 (Pub-
Chem CID: 9918693), the chemical name is 12p,20dihydroxydamar-24--
en-3p-yl2-o0-p-D-glucopyranosyl-B-D-glucopyranosyl-$-D-glucopyranoside,

corresponding to its asymmetric carbon atom C20, Rg3 exists in two forms
of R type and S type (Fig. 1) [9,10]. Numerous preclinical trials have also
shown that Rg3 has a variety of biological activities, including but not
limited to antioxidative [11], anti-inflammatory [12] and antitumor [13].
Rg3 has been found to have various hepatoprotective effects such as
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inhibition of viral hepatitis, improvement of acute liver injury, relief of
NAFLD and liver fibrosis, and reduction in the occurrence of HCC. However,
the mechanisms responsible for the therapeutic benefits of Rg3 in liver
diseases are yet to be established.

This review systematically describes the molecular mechanisms of
Rg3’s hepatoprotective effects on liver diseases, as well as the under-
lying mechanisms of Rg3’s new formulations and carriers. The aim is to
promote the development of novel therapeutic methods for liver
diseases.

2. The role of Rg3 in liver diseases

Rg3 has been found to have various biological activities that have led
to its use in preventing and treating different systemic diseases in vivo.
Recent studies have shown that Rg3 plays a crucial role in preventing
viral hepatitis, acute liver injury, and liver fibrosis. It has also been
found to alleviate NAFLD and HCC (Table 1).

2.1. Rg3 in viral hepatitis

Viral hepatitis is a significant worldwide health concern that affects
millions of individuals. Despite recent medical advancements, it con-
tinues to be linked with high levels of illness and death [14]. Viral
hepatitis is primarily caused by five liver-specific viruses, namely hep-
atitis A virus (HAV), hepatitis B virus, hepatitis C virus, hepatitis D virus
(HDV), and hepatitis E virus (HEV). Among these, hepatitis B and C are
responsible for 96% of viral hepatitis mortality [14,15].

HBV infection is a severe public health concern that poses a signifi-
cant risk to human health. Currently, there are over 250 million in-
dividuals worldwide who have contracted HBV, resulting in nearly one
million deaths each year [16]. HBV is a virus that targets the liver and is
composed of a partially double-stranded circular DNA genome. This
genome is often integrated into hepatocellular DNA, causing both acute
and chronic liver damage [17]. Chronic hepatitis B is primarily caused
by the immune system’s response to the virus as the virus itself does not
harm liver cells. This results in a prolonged phase of immune tolerance,
where individuals are persistently infected with high levels of the virus
and are HBeAg-positive. Chronic infection is strongly linked to the
development of HCC in humans [18,19]. According to report, Rg3 has
shown potential as an anti-hepatitis B agent by inhibiting HBsAg,
HBeAg, viral particle secretion, and viral replication in a dose and
time-dependent manner. The anti-HBV activity of Rg3 is associated with
downregulation of TNF receptor-associated factor 6 (TRAF6) and
transforming growth factor-p-activating kinase 1 (TAK1) through stim-
ulation of TRAF6 degradation. Rg3 also inhibits HBsAg secretion and
interleukin 8 (IL-8)/tumor necrosis factor-a (TNF-a) expression, specif-
ically downregulates the c-Jun/JunB complex and inhibits the AP-1
promoter activity [20].

HCV is a significant contributor to the development of hepatocellular
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carcinoma and end-stage liver disease, which frequently necessitates
liver transplantation. The World Health Organization estimates that
approximately 71 million people worldwide are affected by HCV, with at
least 400,000 deaths annually attributed to the virus [21,22]. Unlike
other viral infections, HCV infection typically results from long-term
exposure to the virus, leading to chronic infection in most patients
[21]. HCV infections can cause damage to mitochondria, leading to
oxidative stress, disruption of mitochondrial membrane potential, and
dysfunction. This can ultimately result in apoptosis [23]. Rg3 was found
to be an effective inhibitor of HCV propagation. This is due to its ability
to restore abnormal mitochondrial fission and subsequent mitophagy
that is induced by HCV. This is achieved by inhibiting the activation of
the cyclin-dependent kinase 1 (CDK1)-dynamin-related protein 1 (Drpl)
pathway. The activity of CDK1 is modulated by cytosolic p21, which is
suppressed by HCV core protein. However, Rg3 was able to restore the
expression level of p21, thus inhibiting the CDK1-Drpl pathway and
preventing abnormal mitochondrial fission and mitophagy [24]. Ac-
cording to this study, Rg3 has been found to work in synergy with
nucleotide inhibitors, such as sofosbuvir, making it a valuable candidate
for treating HCV patients. Rg3 can be used as a monotherapy or in
combination with sofosbuvir [24]. Additionally, ongoing research is
being conducted to explore the potential application of Rg3 in treating
other viral infections [25].

Collectively, these results indicate that Rg3 may be useful in therapy
for viral hepatitis, with the underlying mechanisms such as regulation of
TRAF6/TAK1/JNK/AP-1 pathway and inhibiting activation of the
CDK1-Drpl signaling pathway (Fig. 2). Notably, due to the lack of data
supporting systematic animal studies, further research and translation
are required before these results can be translated into clinical trial.

2.2. Rg3 in liver injury

Drug metabolism in the liver is a complex process, and the accu-
mulation of drugs or their byproducts can lead to severe liver damage
and dysfunction [26]. Acetaminophen (APAP), a traditional nonste-
roidal antipyretic analgesic, is often associated with drug-induced liver
injury and even acute liver failure. N-acetyl-p-benzoquinone imine
(NAPQI) is a toxic metabolite, and high doses of APAP can cause liver
necrosis [27]. In a recent study, Gum et al found that Rg3 can modulate
APAP metabolism by inhibiting cytochrome P450 2E1 (CYP2E1) and
inducing glutathione S-transferase A2. This resulted in the amelioration
of APAP-related hepatocyte necrosis, which was found to be associated
with an increase in nuclear factor-erythroid 2-related factor 2 (Nrf2)
[28]. Simultaneously, they also found the ameliorative effects of Rg3 on
NAPQI-induced hepatotoxicity in a rat model [29]. In another study,
Zhou et al found that Rg3 treatment effectively reduced the depletion of
GSH, production of malondialdehyde (MDA), and overexpression of
CYP2E1 and 4-hydroxynonenal (4-HNE) caused by injection of APAP.
They also discovered that Rg3 significantly alleviated APAP-induced

20(S)-ginsenoside Rg3

20(R)-ginsenoside Rg3

Fig. 1. The Chemical structures of 20(S)-Rg3 and 20(R)-Rg3.
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Table 1
Pharmacological Activities of Rg3 in the Treatment of Liver Diseases
Disease Model Types Dosage Effects and related mechanisms References
Hepatitis B HepG2.2.15 In 100 pM Downregulation: JNK, AP-1, HBsAg and HBeAg [20]
virus vitro Upregulation: TRAF6, TAK1, IL-8 and TNF-a
Hepatitis C Huh7 Huh7.5.1 In 100 pM Downregulation: CDK1 and Drpl [24]
virus vitro Upregulation: p21
Liver injury HepG2 t-BHP-induced In 1-10 pM Downregulation: ALT and AST [42]
male ICR Mice vitro 25, 50 mg/kg
In
vivo
Liver injury LPS-induced liver injury in Male In 5, 10 mg/kg Downregulation: GOT, GPT, NF-kB, COX-2 and iNOS [43]
Wistar rats vivo Upregulation: HO-1
Liver injury Cisplatin-induced liver injury in In 5, 10 mg/kg Downregulation: BUN, ALT, AST, NO, MDA, ROS and 3-NT [40]
Male BALB/c mice vivo Upregulation: GSH-Px, SOD and CAT
Liver injury EtOH induced TIB-73 In 1-30 pM Downregulation: LDH, AST, ROS, ERK and JNK [41]
vitro
Liver injury NAPQI induced H4IIE In 1-10ug/mL Downregulation: ALT, AST, Mrp2 and Mrp4 [29]
vitro Upregulation: GSH, Nrf2, Mrp1, Mrp3, GCLC and GCLM
Liver injury Human primary hepatocytes In 6.25,12.5, Downregulation: ROS, GST [34]
CLP induced-C57BL/6 mice vitro 25uM Upregulation: OCR, GSH, OPA1, Complex I, and Complex II, PGC1-a, NRF-1,
In 10, 20 mg/kg  Tfam-1, LC3B II/LC3B I, Beclin-1, AMPK and ACC
vivo
Liver injury APAP-induced liver injury in Male In 10, 20 mg/kg Downregulation: ALT, AST, MDA, 4-HNE, CYP2E1, Bax, TNF-a, IL-1f, IKKa, IKKB, [30]
ICR mice vivo IkBa and NF-kB
Upregulation: GSH, PI3K, AKT and Bcl-2
Liver injury D-Galactose In 10, 20 mg/kg Downregulation: ALT, BUN, AGEs, MDA, 4-HNE, CYP2E]1, Bax, p53 and cleaved- [37]
Male ICR mice vivo caspase3
Upregulation: CAT, SOD, PI3K, AKT and Bcl-2
Liver injury Human primary hepatocytes In 25 uM Upregulation: OPA, Complex I, and Complex II, PGC1-a, NRF-1, Tfam-1, LC3B II, [35]
CLP induced-C57BL/6 mice vitro 20 mg/kg LC3B I, Beclin-1, TUG1, SIRT1, AMPK and ACC
In
vivo
NAFLD HepG2 In 1-100 uM Downregulation: TC, TG, SREBP-2 and HMGCR [48]
vitro Upregulation: AMPK
NAFLD 3T3-L1 In 5-50 pM Downregulation: TC, TG, ALT, AST, STAT5, PPARy, TNF-a, IL-1p, Fabp4, Scd1 and [49]
HFD-induced C57BL/6 male mice vitro 1mg/kg CPT-1a
In Upregulation: p-AKT, IL-6 and IL-10,
vivo
NAFLD HFD-induced C57BL/6 mouse, db/  In - Downregulation: pro-inflammatory cytokine secretion [53]
db mice vivo
NAFLD HFD-induced C57BL/6 mouse In - Downregulation: TC, LDL, TG and AST [50]
vivo
NAFLD Primary hepatocytes In 5uM Downregulation: mTORC1, Ccl2, Ccl5, IL-1p, IL-6, iNos and TNF-a [54]
Raw264.7 cells vitro Upregulation: Hmgcs2, CD163 and IL-10
NASH Macrophage-induced THP-1 In 0.001-1 pg/ Downregulation: F4/80 and p-NF—«B [55]
Male C57BL/6J mice vitro mL
In 15, 30 mg/kg
vivo
Liver fibrosis LPS-induced HSC-T6 In 0-16 yM Downregulation: AST, ALT, CAT, MDA, TGF-p1 and «-SMA, LC3b/LC3a, p62, [63]
TAA-induced liver injury in Male vitro 5, 10 mg/kg ATG5 and ATG7
ICR mice In Upregulation: SOD, GSH, PI3K, AKT and mTOR
vivo
HCC SMMC-7721 In 15 pg/ml Downregulation: PCNA and cyclin D1 [74]
vitro
HCC Hep3B In 1-30 pM Downregulation: Bcl-2 [68]
vitro Upregulation: LDH, ROS, Bax, caspase-3 and cytosolic cytochrome ¢
HCC Hepl-6 In 0-200 pg/ml Downregulation: Bcl-2, Bel-XL and Cytochrome c in the mitochondrial fraction [69]
HepG2 vitro 3.0 mg/kg Upregulation: Bax and Cytochrome c in the cytosolic fraction.
C57BL/6 mice In
vivo
HCC SMMC-7721 In 25-100 pg/ Downregulation: Bcl-2 [67]
HepG2 vitro ml Upregulation: caspase-3 and Bax
HCC Primary rat hepatocytes In 10-100 pM Downregulation: OPA-1, Bcl-2 [70]
HepG2 vitro Upregulation: UCP-2, cleaved PARP, Fas and LC3 II
HCC KM mice In 3.0 mg/kg Upregulation: IL-2 and IFN-y [71]
vivo
HCC HepG2 In 7.81-500 pg/ Downregulation: Bcl-2, VEGF, DNMT3a and DNMT3b [72]
vitro ml Upregulation: P53
HCC Bel-7402 HCCLM3 In 0-100 pM Downregulation: NHE1, EGF, EGFR, ERK1/2, HIF-1a and Ki67 [73]
Male BALB/c nude mice vitro 10 mg/kg Upregulation: cleaved-caspase-3
In
vivo
HCC Female C57BL/6 mice In 10 mg/kg Downregulation: Angiogenesis quantification [80]
vivo

(continued on next page)
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Table 1 (continued)
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Disease Model Types Dosage Effects and related mechanisms References
HCC HepG2 In 1.25-5 pg/ml Upregulation: ARHGAP9 [79]
MHCC-97L vitro 2.5-10 mg/kg
BALB/c nude mice In
vivo
HCC SMMC-7721 In 1- 16 pg/ml Downregulation: IncRNA-HOTAIR, MMP2, MMP9, PI3K and AKT [771
SK-Hep-1 vitro

4 Proliferationl 1
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, |
AP-1 e
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l

Fig. 2. Cellular and molecular mechanisms of Rg3 in the prevention of viral hepatitis.

apoptosis, inflammatory infiltration, and necrosis in liver through acti-
vating the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)
pathway [30].

Sepsis has a high mortality rate and is a major threat to human
health. Strategies focusing on reducing liver injury and restoring liver
function should be implemented to reduce morbidity and mortality in
patients with sepsis. Clinical severity and organ dysfunction are closely
related to sepsis-induced mitochondrial impairment [31,32]. Mitoph-
agy, the process by which cells remove damaged mitochondria, protects
them from sepsis-induced organ dysfunction [33]. Previous study has
indicated that Rg3 has the potential to promote oxygen consumption
rate (OCR), reduce reactive oxygen species (ROS), and maintain GSH
pools and its conjugating activity in vitro models. Furthermore, Rg3
treatment has been found to suppress mitochondrial dysfunction
through increasing the protein expression levels of mitochondrial
biogenesis-related transcription factors. In sepsis models, Rg3 has been
shown to enhance the production of autophagy-related proteins and
activate silencing information regulator 1 (SIRT1)-AMP-activated pro-
tein kinase (AMPK) signaling pathway. However, in LPS-induced human
primary hepatocytes, the protective function of Rg3 on mitochondria
decreased when autophagy inhibitors or AMPK inhibitors were used
[34]. In another study, it was found that Rg3 increased
taurine-upregulated gene 1 (TUG1) expression and reduced

132

miR-200a-3p expression, which stimulated the SIRT1/AMPK pathway.
This resulted in enhanced autophagy and improved sepsis-induced liver
injury and mitochondrial dysfunction [35].

Excessive consumption of D-galactose, a common reducing sugar,
can lead to the accumulation of ROS and stimulate free radical pro-
duction by forming advanced glycation end products in tissues. This can
result in oxidative stress, leading to dysfunction in multiple organs and
systems within the body. Additionally, the activity of antioxidant en-
zymes in various organs may be reduced [36]. The treatment of Rg3 can
alleviate D-galactose-induced liver and kidney damage in aged mice by
inhibiting oxidative stress and PI3K/AKT-mediated apoptosis [37].
Cisplatin can be considered a double-edged sword. It is widely used in
the treatment of various solid tumors such as ovarian cancer, prostate
cancer, testicular cancer and colon cancer [38]. At the same time, it is
toxic to multiple tissues and can cause nephrotoxicity, hepatotoxicity
and cardiotoxicity [39]. In a recent study, Lee et al discovered that
supplementing with Rg3 can offer protection to the kidney and liver by
preventing the generation of intracellular ROS induced by cisplatin.
Additionally, it can reduce the expression of Nrf2-mediated heme
oxygenase-1 (HO-1)/NQO-1. This finding suggests that Rg3 supple-
mentation could potentially be used as a preventative measure against
tissue damage in the kidney and liver [40]. Park et al also demonstrated
that Rg3 has a protective effect against EtOH-induced hepatocytic injury
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by reducing the levels of ROS and the activation of ERK and JNK
signaling pathways [41]. In addition, the treatment of Rg3 potently
inhibited t-BHP-induced cytotoxicity in HepG2 cells, and orally
administered Rg3 showed a potent hepatoprotective effect in vivo [42].
Moreover, another study showed that the preventive effect of Rg3
against lipopolysaccharide (LPS)-induced acute oxidative damage in the
liver [43].

In summary, Rg3 exhibits potential hepatoprotection effects against
liver injury through multiple mechanisms associated with PI3K/AKT
pathways, Nrf2 pathways, SIRT1/AMPK signaling and ERK/JNK path-
ways (Fig. 3).

2.3. Rg3 in NAFLD

Non-alcoholic fatty liver disease (NAFLD) encompasses a range of
conditions, from simple steatosis to nonalcoholic steatohepatitis
(NASH), cirrhosis, and even hepatocellular carcinoma. The global
prevalence of NAFLD is currently around 25% [44,45], making it the
most common cause of chronic liver disease and the leading reason for
liver failure requiring transplantation in Western countries [46,47]. The
development of NAFLD is multifactorial and involves various factors
including insulin resistance, lipid accumulation, oxidative stress,
mitophagy, cytokines, and inflammatory mediators [44]. Unfortunately,
there are no effective targeted therapies to treat NAFLD. Rg3 has a wide
range of functions and can play a strong preventive role in the occur-
rence and development of NAFLD from multiple perspectives.

In HepG2 cells, Rg3 was found to decrease the accumulation of he-
patic lipids, increase the activity of AMPK, and inhibit the expression of
sterol regulatory element binding protein-2 (SREBP-2) and 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR). Additionally, Rg3
reduced levels of hepatic cholesterol (TC) and triglycerides (TG) [48].
Treatment with Rg3 could reduce body weight and enhance insulin
sensitivity in the rat liver induced by a high-fat diet (HFD). Furthermore,
Rg3 suppressed signal transducer and activator of transcription 5
(STAT5), reduced peroxisome proliferator-activated receptor gamma
(PPARYy) target lipogenesis proteins related to lipid accumulation such as

Ginsenos(i)de Rg3
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fatty acid binding protein 4 (Fabp4), stearoyl-coenzyme A desaturase 1
(Scdl) and carnitine palmitoyltransferase-la (CPT-1a) [49]. Studies
have shown that Rg3 has the potential to regulate the levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST), which
are commonly used as markers of liver damage. Moreover, Rg3 has been
found to reduce the incidence of postoperative serum liver failure and
hepatic TNF-a levels in mice fed a high-fat diet. Rg3 has also been
observed to decrease hepatic lipids, including TG, thereby inhibiting
hepatic steatosis by reducing lipid accumulation [50].

Inflammation is strongly linked to acute and chronic liver diseases.
The activation of inflammatory signaling pathways, such as nuclear
factor kappa B (NF-kB), JNK, and p38 MAPK, can lead to the production
of numerous cytokines and inflammatory factors. These factors can
collectively contribute to the onset of inflammation, apoptosis, and
fibrosis, ultimately promoting the progression of NAFLD [51,52]. In
dyslipidemic and db/db mice, the use of Rg3 and probiotics was found to
improve symptoms of non-alcoholic fatty liver disease (NAFLD). This
was achieved by reducing liver inflammation through the down-
regulation of cytokines like interleukin 1 (IL-1p) [53]. Furthermore,
Treatment with Rg3 significantly reduced the level of mechanistic target
of rapamycin complex 1 (mTORC1) and p-NF—«B expression, increased
the marker for M2 (CD163 and IL-10), while decreased the marker for
M1 such as chemokine C-C motif ligand 2(Ccl2), chemokine C-C motif
ligand 5 (Ccl5), interleukin-6 (IL-6), iNos, IL-1f, and TNF-« in the in-
flammatory response induced by LPS [54,55].

In short, Rg3 exhibits potential for NAFLD therapy and the hep-
atoprotective mechanisms including regulating lipid metabolism and
anti-inflammatory effects (Fig. 4). Future studies will need to demon-
strate whether the underlying mechanism is related to other factors,
such as apoptosis, mitophagy and oxidative stress.

2.4. Rg3 in liver fibrosis
Liver fibrosis is a response that occurs when the liver attempts to heal

wounds caused by acute or chronic liver injuries from various factors,
including alcohol consumption, non-alcoholic steatohepatitis (NASH),
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Fig. 3. Mechanisms for Rg3 ameliorating liver injury.
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Fig. 4. Cellular and molecular mechanisms of Rg3 in the prevention of non-alcoholic liver diseases.

HBV and HCV [56]. If left untreated, 75-80% of these conditions can
progress to cirrhosis or even HCC, which can pose a serious threat to
human health [57]. Hepatic stellate cells (HSCs) are believed to play a
crucial role in the development of liver fibrosis [58,59]. According to
reports, activated HSCs migrate to damaged areas in the liver along with
leukocyte infiltration. Inflammatory cells are responsible for hepatic
inflammation and secrete proinflammatory and profibrotic factors, such
as TGF-p1. This factor, in turn, activates HSCs, leading to the formation
of an autocrine-positive feedback loop that further aggravates hepatic
fibrogenesis [60-62]. Despite great progress in understanding the eti-
ology of liver fibrosis, specific treatments are still lacking. However, in
thioacetamide (TAA)-chronic models, Rg3 has been found to alleviate
hepatic pathological changes, reverse hepatic fibrosis, decrease depo-
sition of collagen fibers, reduce expression of HSCs activation marker
(a-SMA), and reduce secretion of profibrogenic factors (TGF-f$1). In
addition, Rg3 was found to have a positive effect on rat hepatic stellate
cells (HSC-T6) by inhibiting their survival, while not causing any harm
to human hepatocytes. Furthermore, the treatment of Rg3 had a
dose-dependent effect on autophagy, resulting in decreased expression
of p62 and fewer LC3a transformations into LC3b in LPS-induced rat
HSC-T6 cells. Additionally, Rg3 was found to enhance the phosphory-
lation of PI3K and AKT both in vivo and in vitro [63].

In conclusion, Rg3 has a significant anti-fibrotic effect, but its un-
derlying mechanism needs further study.

2.5. Rg3 in hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is a prevalent cancer, accounting
for 70-90% of primary liver cancer cases worldwide [64]. Unfortunately,
most patients are diagnosed at advanced stages, resulting in limited
treatment options and a poor prognosis [65]. The prevailing therapies
for HCC include surgical treatment, liver transplantation, and local
ablation. However, the overall 5-year survival rate is less than 16% [66].

134

2.5.1. Single therapy of Rg3

Recent studies have found that Rg3 suppresses the proliferation of
human hepatocellular carcinoma cells via impairment of mitochondrial
architecture, inhibition of Bcl-2 protein, stimulating the release of
mitochondrial cytochrome c, activation of caspase-3 and Bax protein,
trigger autophagy, and production of intracellular ROS [67-70]. In
addition, Rg3 has the ability to inhibit the growth of H22 hepatomas and
increase the concentration of cytokines such as interleukin-2 (IL-2) and
interferon-gamma (IFN-y) in the immune organs and serum of mice with
tumors. These effects were observed without any negative impact in
both in vitro and in vivo experiments [71]. In a separate study, it was
found that Rg3 had a dose-dependent inhibitory effect on the prolifer-
ation of HepG2 cells. It also caused a decrease in the methylation of
global genomic DNA and upregulated the expression of DNA methyl-
transferase (DNMT1) while downregulating the expression of DNMT3a
and DNMT3b for a promoter region of a specific gene [72]. Rg3 has been
found to have the potential to inhibit the proliferation of HCC and
induce apoptosis through in vivo and in vitro studies. This is achieved by
reducing the expression and activity of Na*/H"' exchanger 1 (NHE1).
Additionally, Rg3 can decrease NHE1 expression by integrally inhibiting
the epidermal growth factor (EGF)-EGF receptor (EGFR)-extracellular
signal-regulated kinase 1/2 (ERK1/2)-hypoxia-inducible factor 1 alpha
(HIF-1a) pathway [73]. Moreover, Rg3 may inhibit the proliferation of
hepatocellular carcinoma and promote cell apoptosis via down-
regulating proliferating cell nuclear antigen (PCNA) and cyclin D1 [74].

The metastatic cascade, which is responsible for over 90% of cancer-
related deaths, involves the invasion, migration, and entry of tumor cells
into the circulation [75]. Studies have shown that high levels of the
IncRNA HOX antisense intergenic (HOTAIR) are linked to hep-
atocarcinogenesis and metastasis. Additionally, overexpression of this
IncRNA is a predictor of tumor recurrence in HCC [76]. Pu et al found
that the use of Rg3 led to a significant decrease in the expression of
IncRNA-HOTAIR and suppressed the invasion and migration of
SK-Hep-1 and SMMC-7721 cells. This effect was observed in conjunction
with decreased expression of p-PI3K, p-AKT, matrix metalloproteinase-2
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(MMP2) and MMP?9. The researchers also found that overexpression of
IncRNA-HOTAIR reversed the therapeutic effects of Rg3 [77].

Rho GTPase activating protein 9 (ARHGAP9), a member of the Rho
GAP family, has been found to suppress the migration and invasion of
hepatocellular carcinoma cells [78]. It was reported that Rg3 caused
marked inhibition of cell migration and invasion of human liver cancer
cells, HepG2 and MHCC-97L, in vitro, and the growth of HepG2 and
MHCC-97L tumors in BABL/c nude mice. The mechanism that Rg3
inhibited the metastasis and invasion of liver cancer is related to
expression of ARHGAP9 [79]. Tumor angiogenesis is a crucial process
for tumor growth and metastasis as it facilitates the formation of new
blood vessels that supply oxygen and nutrients. In an orthotopic HCC
tumor model, treatment with Rg3 led to the suppression of vascular
endothelial growth factor (VEGF) expression and initiated tumor
apoptosis. This resulted in a reduction in tumor volume and weakened
its ability to produce a vascular network, thereby hindering further
tumor growth and distant metastasis [80]. Therefore, Rg3 could
potentially reduce HCC metastasis.

As mentioned above, numerous experiments have shown that Rg3
has both preventive and therapeutic effects on various types of tumors.
Its mechanism has been extensively researched and found to be related
to several signaling pathways such as IncRNA HOTAIR/PI3K/AKT,
NHE1/EGF-EGFR-ERK1/2-HIF-1a, IFN-y/IL-2, ROS/LC3 II, ARHGAPO,
and PCNA/cyclin D1 (as shown in Fig. 5). However, despite these
findings, the specific mechanism of Rg3 remains unclear and requires
further investigation.

2.5.2. Combination therapy of Rg3

From an experimental aspect, Rg3 has synergistic functions in com-
bination with other drugs (Table 2). Sorafenib is a multi-kinase inhibitor
used in the treatment of hepatocellular carcinoma. While it inhibits the
MAPK signaling pathway, it has been found to activate the PI3K/AKT
signaling pathway, which in turn cross-talks with the MAPK pathway,
ultimately resulting in drug resistance [81-83]. The combination of
sorafenib and Rg3 led to an increase in the expression of phosphatase
and tensin homolog (PTEN), Bax, and cleaved caspase-3, while
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decreasing the expression of AKT. This combination also resulted in a
decrease in tumor volumes and weight in vivo [84]. In a separate
research study, the combination therapy of Rg3 and sorafenib was found
to be effective in alleviating the progression of HCC by regulating
glycolysis and suppressing the PI3K/AKT pathway [85]. In addition, the
combination of Rg3 and artesunate was able to overcome sorafenib
resistance in experimental models. The underlying mechanisms were
found to be related to the inhibition of signal transducer and activator of
transcription 3 (STAT3) signaling as well as modulation of ROS/STAT3
signaling [86].

Furthermore, Rg3 has been found to improve the anti-tumor effect of
oxaliplatin-treated liver cancer cells. It may also inhibit the proliferation
of HCC and promote cell apoptosis by downregulating PCNA and cyclin
D1. These findings suggest that Rg3 could potentially act as a sensitizing
agent for radiotherapy and chemotherapy, and work in tandem with
oxaliplatin to achieve better results [74]. Similarly, Rg3 decreased
cisplatin-induced levels of HO-1/NQO-1 and nuclear Nrf2 in cancer cells
with high levels of HO-1/NQO-1 and nuclear Nrf2, thereby increasing
the susceptibility of tumor cells to cisplatin [40]. The combination of
cyclophosphamide and Rg3 was found to be more effective in sup-
pressing the growth of experimental tumors compared to using only
cyclophosphamide therapy or Rg3 alone. Additionally, the occurrence of
side effects was significantly lower with this combination treatment.
This suggests that the combination therapy may be a safer and more
effective option for treating tumors [69]. In addition, Rg3 was showed to
be well tolerated and improve the therapeutic effect of TNF-related
apoptosis-inducing ligand (TRAIL) in mouse xenograft models. This
was achieved through the regulation of death receptor 5 (DR5) and
C/EBP homology protein (CHOP) [87]. Furthermore, Rg3 was well
tolerated in mice and synergistically inhibited tumor growth of liver
cancer xenografts with doxorubicin [88].

Transcatheter arterial chemoembolization (TACE) controls tumor
progression and prolongs survival more effectively than conventional
cytotoxic chemotherapy in patients with unresectable advanced liver
cancer [89]. Although TACE has shown promise in treating tumors, it is
limited by a high recurrence rate. This is due to the overexpression of
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Fig. 5. Mechanisms for Rg3 therapeutic potential in liver cancers.
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Table 2
Combination Therapy of Rg3 in HCC
Drug or TACE Model Types Dosage Activity and Mechanisms References
Doxorubicin In vitro SK-Hepl Doxorubicin (2.5pM) Sensitized doxorubicin-induced cancer cell death and Inhibited [88]
In vivo HepG2 Rg3 (100 pM) autophagy possibly by blocking lysosomal function via
Huh-7 Doxorubicin (1mg/kg) regulating gene expression such as CHOP
Hep3B Rg3 (20 mg/kg)
Athymic BALB/c
nude mice
Recombinant human In vitro SK-Hepl TRAIL (25 ng/mL) Sensitized TRAIL-induced cancer cell death CHOP-mediated [871
TRAIL In vivo HepG2 Rg3 (100 mmol/L) DR5 upregulation
Hep3B TRAIL (3 mg/kg)
Huh-7 Rg3 (20 mg/kg)
Male nude mice
Sorafenib In vitro HepG2 Sorafenib (2.5-20pM) combined Sensitized sorafenib-induced cancer cell death by modulating [84]
In vivo Huh7 with Rg3 (50pg/ml and 100pg /ml) PTEN/AKT signaling pathway
Five-week-old Sorafenib (30 mg/kg)
BALB/c nude mice Rg3 (5 mg/kg)
Sorafenib In vitro HepG2 Sorafenib (5pM) Relieved the hepatocellular tumor progression through [85]
Bel7404 Rg3 (130 pM) regulating the HK2-mediated glycolysis and PI3K/AKT
signaling pathway
Artesunate In vitro HepG2-SR Artesunate (10, 15 mM) Overcoming sorafenib resistance in experimental models, and [86]
In vivo Male 7-week-old Rg3(50, 75 mM) inhibition of Src/STATS3 signaling and modulation of ROS/
BALB/c-nu/nu Rg3 (6mg/kg) STATS3 signaling
mice Artesunate (7.5 mg/kg)
Rg3 (12 mg/kg)
Artesunate (15 mg/kg)
Oxaliplatin In vitro SMMC-7721 Oxaliplatin (0.25 pg/ml) Inhibited the proliferation and promoted apoptosis of [74]
Rg3 (15pg/ml) hepatocellular carcinoma cells via downregulating PCNA and
cyclin D1
Cyclophosphamide In vivo Tumor-bearing Cyclophosphamide (20.0 mg/kg) Increased survival time [69]
C57BL/6 mice Rg3 (3.0 mg/kg)
TACE In vitro HepG2 25-100 mg/1 Induced VX2 liver tumor cell apoptosis and inhibited [91]
In vivo Adult male New Rg3 (6.0 mg/kg) angiogenesis
Zealand white
rabbits
TACE In vivo Male and female Rg3 (1 mg/kg) Effectively limited HCC tumor progression, reduced metastasis, [92]
Buffalo rats and increased overall survival.
TACE Clinical 228 patients with Rg3 at 20 mg twice a day was Prolonged overall survival [93]
Trial advanced HCC administered for 2 months as one

course

angiogenic and inflammatory factors such as insulin-like growth factor 2
(IGF-2) and VEGF, which promote the metastasis and proliferation of
remaining tumor cells [90]. Rg3 combined with TAE effectively reduced
overexpression of VEGF and promoted tumor cell apoptosis through a
caspase-dependent mechanism [91,92]. According to the clinical trial,
the combination of TACE with Rg3 has been shown to increase the
median survival time by almost three months in patients with advanced
HCC. In addition, the combined use of TACE and Rg3 has been found to
enhance the overall survival rate in HCC patients, as compared to those

who only received TACE. Moreover, the use of Rg3 in conjunction with
TACE can also help to reduce the negative side effects associated with
TACE treatment [93].

In conclusion, the combination of Rg3 can overcome drug resistance,
synergistically inhibit tumor growth of liver cancer and significantly
reduce the occurrence of side effects was in experimental models. In
addition, the combination of TACE and Rg3 could enhance the overall
survival rate in HCC patients.

Table 3
Liver Targeting Strategy of Rg3
Complex ingredients Model Types Activity and Mechanisms References
Liposomes co-loaded with ursolic acid and Rg3  In HepG2 Affecting apoptosis, cell cycle, and cell proliferation, thereby slowing [94]
vitro down the drug release ability in vitro
A nanostructured lipid carrier coated with In Nude mice with tumor Increased concentrations of the drugs and prolonging their duration in [95]
hyaluronic acid and loaded with oleanolic vivo the circulation
acid, ursolic acid, and Rg3
A self-micro emulsifying drug delivery system In HepG2 Inhibiting the progression of HCC by targeting multiple pathways and [96]
consisting of Rg3, ganoderma lucidum vitro Huh7 the drug was found to be safe during the acute toxicity tests
polysaccharide, and oridonin
Fe@Fe30,4 nanoparticles co-loaded Rg3 In Dimethylnitrosamine- Significantly increased the lifespan of HCC mice in a [97]
vivo induced HCC model dimethylnitrosamine-induced HCC model and having a significant
inhibitory effect on the development of HCC
Graphene oxide, Rg3, and doxorubicin In Huh7 Significantly reduced the viability of liver cancer cells [98]
vitro
The micron- and nano- conjugate linoleic acid / / The micron vesicles had a significantly higher loading capacity and [99]

vesicles co-loaded Rg3

Lactoferrin co-loaded Rg3 / /

encapsulation efficiency compared to the nano- conjugate linoleic acid

vesicles. This finding could have positive implications for the field of

food and drug delivery science

Overcomed the non-water-soluble disadvantage of Rg3 [100]
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3. Liver targeting strategy of Rg3

While Rg3 has shown promise in treating liver disease, its clinical use
is limited as its low solubility in both lipids and water. In order for it to
be more effective, drugs utilizing Rg3 should be designed to specifically
target the liver (Table 3). Therefore, any clinical application of Rg3
should take this into consideration. Novel drug delivery systems (NDDS)
such as microemulsions, nano-formulations, liposomes and micelles are
popular technologies in the pharmaceutical industry that have shown
promise in improving the pharmacokinetic and pharmacodynamic
profile of potential drug candidates.

Efforts have been made by researchers to prepare liposomes co-
loaded with ursolic acid (UA) and Rg3. This preparation has been suc-
cessful in affecting apoptosis, cell cycle, and cell proliferation, thereby
slowing down the drug release ability in vitro [94]. A study has shown
the development of HA-OUR-NLC, which is a nanostructured lipid car-
rier (NLC) coated with hyaluronic acid (HA) and loaded with oleanolic
acid (OA), UA, and Rg3. This carrier is designed to accumulate in the
tumor site, leading to increased concentrations of the drugs and pro-
longing their duration in the circulation [95]. In addition, researchers
developed a new drug called RGO-SMEDDS, which is a self-micro
emulsifying drug delivery system consisting of Rg3, ganoderma luci-
dum polysaccharide, and oridonin. The drug was found to be effective in
inhibiting the progression of HCC by targeting multiple pathways.
Moreover, the drug was found to be safe during the acute toxicity tests
[96].

In a recent study, researchers developed a new type of nanomedicine
by combining Fe@Fe304 nanoparticles with ginsenoside Rg3 (NpRg3).
This combination resulted in a strong coupling effect. The application of
NpRg3 significantly increased the lifespan of HCC mice in a
dimethylnitrosamine-induced HCC model. Subsequent research has
revealed that NpRg3 has a significant inhibitory effect on the develop-
ment of HCC and can also eliminate metastases to the lungs. The
mechanisms behind NpRg3’s anti-HCC properties are thought to be
related to systemic biological factors, such as the gut microbiota and
host metabolomics [97]. Recent research has shown that conjugates of
graphene oxide (GO), Rg3, and doxorubicin (DOX) can significantly
reduce the viability of liver cancer cells. This is primarily achieved
through the downregulation of transcription regulatory genes and the
upregulation of apoptosis genes [98].

Additionally, a study involved the construction of micron- and nano-
conjugate linoleic acid vesicles (CLAVs) for the purpose of encapsulating
and releasing ginsenoside Rg3. The researchers found that the micron
vesicles had a significantly higher loading capacity and encapsulation
efficiency compared to the nano-CLAVs. This finding could have positive
implications for the field of food and drug delivery science [99]. In
addition, another study utilized Rg3 to interact with bovine lactoferrin
(LF), resulting in the formation of a water-dispersed LF-Rg3 complex.
Additionally, a highly stable LF-Rg3 oil-in-water emulsion was pre-
pared, which overcomes the non-water-soluble disadvantage of Rg3.
These findings expand the potential biological applications of the
LF-Rg3 complex, particularly in the field of food healthcare [100].

There is currently limited information available regarding Rg3 drug
delivery systems for liver disease therapy. However, considering the
potential therapeutic benefits of Rg3, it is important to further explore
appropriate carrier systems that can effectively deliver Rg3 to alleviate
the progression of liver diseases.

4. Conclusions and perspectives

Liver diseases are a significant global health concern, with numerous
factors such as viruses, drugs, and obesity contributing to their devel-
opment. These diseases are characterized by various mechanisms,
including inflammation, apoptosis, autophagy, oxidative stress, and
fibrosis. Unfortunately, current drug treatments are not optimal, and
there is a need for new agents to effectively treat liver diseases. This
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review explores the role of Rg3, the primary chemical component and
pharmacological active compound of ginsenosides, in liver protection
for various liver diseases. The study finds that Rg3 inhibits viral prolif-
eration by stimulating P21/CDK1/Drpl and TRAF6/TAK1 degradation
while also inhibiting the JNK/AP-1 signaling pathway. Rg3 can also
reduce acute liver injury and the underlying mechanisms are related to
the anti-inflammatory, antioxidant, autophagy and apoptosis-regulatory
effects. In addition, Rg3 ameliorates NAFLD through mechanisms
including regulation of lipid metabolism and its anti-inflammatory ef-
fects. Rg3 exhibits potential hepatoprotection effects against liver
fibrosis through multiple mechanisms associated with PI3K/AKT-
mediated inflammation and autophagy. Furthermore, Rg3 is a prom-
ising candidate in the treatment of HCC with multiple potential mech-
anisms, including inhibition of proliferation, promotion of immunity,
and reduction of angiogenesis, migration and invasion, induction of
apoptosis and autophagy in HCC cells.

The challenges facing Rg3 transformation research are primarily
related to its small molecular weight, poor solubility, and limited
absorbability, which ultimately restrict its application. To overcome
these challenges, there is an urgent need for the development of new
technologies and agents that can enhance the bio-utilization of Rg3 and
facilitate the creation of more effective drugs for the clinical treatment
of liver diseases. While Rg3 has shown potential therapeutic efficacy in
various liver diseases, there is limited research on its role in alcoholic
and autoimmune liver diseases. Current studies primarily focus on its
anti-hepatic injury and anti-liver cancer effects in liver diseases. Liver
fibrosis is a crucial pathway in the development of various liver diseases.
Its potential for reversibility makes it especially important to study.
However, there is currently a lack of research in this area, indicating a
need for further investigation.

In future research, a multi-omics approach (such as proteomics,
transcriptomics, and metabolomics) can be utilized to identify differ-
entially expressed genes, proteins, and metabolites, elucidating the
specific molecular mechanisms and targets of Rg3 in its hep-
atoprotective effects. Additionally, combining Rg3 with other drugs may
serve as a promising strategy to improve the therapeutic potential of
Rg3. Currently, the combined applications of Rg3 are primarily focused
on treating liver cancer. However, further research is necessary to
determine its efficacy in treating other liver diseases. To enhance the
synergistic effects of Rg3, high-throughput screening and network
pharmacology can be used to identify suitable combination strategies.
As the current evidence on the effects of Rg3 in liver diseases is primarily
based on cell lines and animal models, further clinical trials are neces-
sary to investigate its clinical effects. However, we anticipate that Rg3
will prove to be a safe and beneficial product for consumers’ health in
the near future.
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