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Abstract 

In 2021, breast cancer accounted for a substantial proportion of cancer cases and represented the second leading 
cause of cancer deaths among women worldwide. Although tumor cells originate from normal cells in the human 
body, they possess distinct biological characteristics resulting from changes in gene structure and function of cancer 
cells in contrast with normal cells. These distinguishing features, known as hallmarks of cancer cells, differ from those 
of normal cells. The hallmarks primarily include high metabolic activity, mitochondrial dysfunction, and resistance 
to cell death. Current evidence suggests that the fundamental hallmarks of tumor cells affect the tissue structure, 
function, and metabolism of tumor cells and their internal and external environment. Therefore, these fundamental 
hallmarks of tumor cells enable tumor cells to proliferate, invade and avoid apoptosis. Modifying these hallmarks 
of tumor cells represents a new and potentially promising approach to tumor treatment. The key to breast cancer 
treatment lies in identifying the optimal therapeutic agent with minimal toxicity to normal cells, considering the spe‑
cific types of tumor cells in patients. Some herbal medicines contain active ingredients which can precisely achieve 
this purpose. In this review, we introduce Ginsenoside’s mechanism and research significance in achieving the thera‑
peutic effect of breast cancer by changing the functional hallmarks of tumor cells, providing a new perspective 
for the potential application of Ginsenoside as a therapeutic drug for breast cancer.
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Introduction
In 2021, breast cancer became the most common 
malignancy in women worldwide, accounting for more 
than 30% of the total number of newly diagnosed can-
cers. According to the American Cancer Society, about 
281,500 women were diagnosed with breast cancer in 
2021 in the United States, resulting in 43,600 deaths. 
Predictive modeling suggests that around 287,850 new 
cases of breast cancer and approximately 43,250 deaths 
are projected in the United States in 2022 [1]. The high 
incidence and number of deaths caused by breast cancer 
impose a severe economic burden on countries world-
wide, placing immense importance on ensuring public 
safety and well-being.
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It has been found that breast cancer can be classified 
into three main groups according to whether or not the 
patient’s breast cancer cells express estrogen receptor/
progesterone receptor, human epidermal growth factor 
2 receptor (HER2) [2]: ER- or PR- positive (also known 
as luminal type breast cancer), HER2 positive cancer and 
triple-negative breast cancer (TNBC) (ER-/PR-/HER2-
). Among them, luminal B breast cancer can be divided 
into two main categories, HER2 positive and HER2 nega-
tive, based on the presence or absence of positive expres-
sion of HER2. It is generally believed that triple-negative 
breast cancer has large heterogeneity with large differ-
ences in cell molecular types. However, Lehmann et  al. 
[3] performed a cluster analysis of 21 groups of gene 
expression profiling data in 587 cases of TNBC. They 
found that TNBC could be further classified into six sub-
types, including basal-like type 1 (BL1), basal-like type 2 
(BL2), immune modulatory type (IM), luminal androgen 
receptor type (LAR), mesenchymal type (M), and mesen-
chymal stem-like cell type (MSL). These six subtypes rep-
resent distinct molecular features of TNBC and different 
therapeutic strategies (Fig. 1, Table 1).

In clinical practice, breast cancer cells in patients are 
classified and treated based on various factors, includ-
ing tumor growth type (in situ or invasive) and specific 
classifications. Treatment interventions typically involve 
a combination of surgical resection, radiation therapy, 
immunotherapy, targeted therapy, and chemotherapy 

[4, 5]. However, determining the optimal treatment for 
patients is often quite challenging because of the diffi-
culty in determining the appropriate dose of therapeu-
tic drugs for different patients and the optimal surgical 
resection margin. Moreover, different therapeutic agents 
can adversely affect normal tissue cells, leading to 
reduced bone mineral density, immune-related inflam-
mation, and diarrhea, all of which negatively impact 
the patient’s quality of life. And the effects that differ-
ent therapeutic agents bring to normal tissue cells, such 
as reduced bone density, immune related inflammation 
and diarrhea, all give a reduced quality of life of patient 
[6]. Additionally, patients may experience ineffective 
treatment if the therapeutic drug dosage needs to be 
reduced due to intolerance to side effects, resulting in 
suboptimal therapeutic levels [7]. As research in breast 
cancer-related molecular biology advances, an increas-
ing number of molecular mechanisms that contribute to 
the proliferation and invasion of breast cancer are being 
discovered. This research has led to the development of 
more small-molecule drugs that specifically induce the 
death of breast cancer cells while sparing normal cells, 
offering targeted treatment options for breast cancer [8]. 
Additionally, experiments have demonstrated the prom-
ising potential of various active ingredients found in 
natural products to treat breast cancer [9]. Further explo-
ration of these natural compounds has revealed their 
ability to partially replace chemotherapy drugs in killing 

Fig. 1 Molecular typing and treatment of breast cancer. The current molecular typing of breast cancer is mainly based on the surface receptors 
of the breast cancer cell membrane, which is mainly divided into luminal type (A), HER2 type (B), and Triple‑negative type (C). At present, due 
to the expression of hormone receptors on the membrane surface, anti‑hormone therapy (AI, TAM, CDK4/6i) is indicated for luminal breast 
cancer. The primary treatment of HER2 breast cancer is targeted anti‑HER2 monoclonal antibody therapy (HER2‑TKI, HER2‑ADC, HER2 inhibitor). 
Triple‑negative breast cancer can also be divided into six categories (BL1, BL2, IM, LAR, M, MSL, MSL) according to the different activation 
characteristics of intracellular signaling pathways. Chemotherapy is the main treatment choice for triple‑negative breast cancer. However, 
with the deepening of research, some new anti‑tumor drugs (PI3K inhibitors, PD‑1 inhibitors, Trop2‑ADC, anti‑angiogenic drugs) also show 
the dawn in the clinical treatment of triple‑negative breast cancer
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tumor cells. Moreover, they can help reduce the side 
effects associated with chemotherapy, enhance the effi-
cacy of tumor cell eradication, and potentially lower the 
required doses of chemotherapeutic drugs used in clini-
cal practice [10].

The fundamental characteristics of tumor cells encom-
pass their distinct biological capabilities acquired dur-
ing the progressive transformation from normal cells to 
tumor cells [11]. These characteristics serve as a frame-
work for understanding the intricacies of neoplastic 
diseases and account for the significant heterogeneity 
observed among tumor cells. The specific biological abili-
ties of tumor cells consist of fourteen fundamental traits, 
including sustaining proliferative signals, evading growth 
inhibitory factors, resisting cell death, and achieving rep-
licative immortality. These hallmarks are underpinned 
by genomic instability, which further contributes to the 
growing genetic diversity observed among tumor cells. 
Consequently, tumor cells exhibit increasingly disparate 
hallmarks compared to normal cells [12]. The hallmarks 
of tumor cells play a vital role in maintaining tumor sur-
vival and development conditions and promoting their 
growth and development. Currently, research on tumor 
treatment extends beyond focusing solely on tumor cells 
and encompasses the various components within the 
tumor microenvironment. The aim is to induce tumor 
cell apoptosis by targeting and inhibiting the fundamen-
tal characteristics of tumors. It has been established that 
the proliferation, invasion, metastasis, immune evasion, 
and angiogenesis of tumor cells are outcomes of the 
intricate interplay between tumor cells and the tumor 
microenvironment. These processes are considered vital 
hallmarks of tumor cells [13]. However, targeting one 
or more of the basic hallmarks of tumors can effectively 
inhibit tumor angiogenesis, inhibit tumor release of pro-
inflammatory mediators, and so on, to induce tumor 
apoptosis [14]. At present, the most commonly used 
anti-angiogenic drugs in the clinic are drugs targeted at 
inhibiting the angiogenesis of tumor tissues and inducing 
tumor cell apoptosis. For instance, anti-angiogenic drugs 
can block neoendothelial angiogenesis necessary for 
tumor cell proliferation by inhibiting various angiogenic 
factors such as VEGF and PDGF and cause tumor cells to 
lack the nutrients required for growth to induce apopto-
sis [15]. There is a rich literature substantiating the ability 
of Radix Ginseng and its active components to effectively 
modify the fundamental characteristics of tumor cells, 
thereby achieving therapeutic effects in tumor treatment 
[16].

Over the years, significant progress has been achieved 
in identifying and understanding the active components 
present in Radix Ginseng. These bioactive components 
encompass a variety of compounds, including saponins, 

polysaccharides, flavonoids, volatile oils, and fatty 
acids [17]. Ginsenosides, which are the most abundant 
and diverse active compounds in Radix Ginseng, have 
received considerable attention for their potential in the 
treatment of breast cancer. They have been extensively 
studied and reported for their anti-tumor properties, 
immune-enhancing effects, and stress-relieving capa-
bilities [18]. This manuscript provides a comprehensive 
review of the mechanism and research significance of 
ginsenosides in treating breast cancer by modulating the 
tumor microenvironment. Our findings offer a novel per-
spective on the potential therapeutic application of gin-
senosides as a valuable drug in breast cancer treatment.

The basic hallmarks of tumor cells are necessary 
for the survival of breast cancer cells
The fundamental hallmark features of cancer encompass 
a series of functional capabilities that human cells acquire 
during their transition from a normal state to tumor 
growth. These functional abilities are crucial for tumor 
cells to develop into malignant tumors. Breast cancer 
cells possess these functional capabilities acquired dur-
ing the growth phase of malignant tissues. Three versions 
of Hanahan’s classic reviews on cancer features totaling 
14 basic cancer features have been published, and these 
reviews have become wind vanes in basic cancer research 
and clinical research (Fig. 2) [12, 19, 20]. The basic hall-
marks of cancer summarized so far include: Sustain-
ing proliferative signaling, Evolving growth suppressors, 
Deregulating cellular metabolism, Avoiding immune 
destruction, Resisting cell death, Enabling replicative 
immortality, Genome instability & mutation, Tumor-
promoting inflammation, Inducing or accessing vascular, 
Activating invasion & metastasis, Unlocking phenotypic 
plasticity, Nonmutational epigenetic reprogramming, 
Senescent cells, Polymorphic microbiomes. The funda-
mental hallmarks of breast cancer are a response to the 
complexity of the pathogenesis of breast cancer, but these 
characteristics still cannot accurately explain the com-
plex pathogenesis of breast cancer. The precise molecu-
lar and cellular mechanisms underlying the development 
and acquisition of these aberrant phenotypic capabilities 
during the progression of breast cancer have been found 
to originate from pre-existing breast cancer progenitor 
cells. These mechanisms have evolved and acquired over 
time, leading to the manifestation of these capabilities 
in breast cancer cells [21]. Like other tumor cells, breast 
cancer cells do not have these basic hallmarks during the 
early stages of tumor development. Breast cancer cells 
also acquire these malignant features gradually during 
malignant progression [22]. In advanced breast cancer, 
cancerous cells possess comprehensive abilities to regu-
late abnormal phenotypes, posing a greater challenge for 
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effective eradication [23]. However, it has been found 
that various ginsenosides can play a single or comprehen-
sive targeted therapeutic role according to different char-
acteristics of breast cancer [24]. Therefore, ginsenoside 
and its metabolic components hold significant potential 
in relevant fields focused on targeting the fundamental 
characteristics of breast cancer cells to treat breast can-
cer [25].

Ginsenoside is the main active ingredient of Radix 
Ginseng, exhibiting anti‑breast cancer effects
Radix Ginseng is the dried root or rhizome of the Arali-
aceae plant ginseng, officially known as “Panax ginseng 
C. A. Meyer” [26]. In East Asia, Radix Ginseng has long 
been used to treat and prevent various diseases mainly 
manifested as body energy deficiency. Approximately 
2500  years ago, the first book in China was written, 

documenting the usage of ginseng. The records indi-
cate that the primary function of Radix Ginseng is its 
tonic effect, which can nourish the body and provide 
energy [27]. These beneficial effects can be attributed to 
its active components, with ginsenoside and its metabo-
lites being the predominant substances found in Radix 
Ginseng. These components are considered the primary 
active constituents responsible for the pharmacological 
effects of Radix Ginseng. Ginsenoside, a water-soluble 
sterol compound, is commonly referred to as “saponin” 
because it produces a long-lasting soap-like foam when 
shaken, which persists even after heating [28].

It is now understood that ginsenoside has a damma-
rane triterpenoid structure. Currently, ginsenoside can 
be divided into four categories according to the number 
of steroid backbone and attached glycosyl or hydroxyl 
groups (Fig.  3, Table  2) [29]. The protopanaxadiol-type 

Fig. 2 Schematic of Hallmarks of cancer. Hallmarks of Cancer is a process of continuous discovery. Currently, 14 Hallmarks of Cancer have been 
found: sustaining proliferative signaling, Evolving growth suppressors, Deregulating cellular metabolism, Avoiding immune destruction, Resisting 
cell death, Enabling replicative immortality, Genome instability & mutation, Tumor‑promoting inflammation, Inducing or accessing vascular, 
Activating invasion & metastasis, Unlocking phenotypic plasticity, Nonmutational epigenetic reprogramming, Senescent cells, Polymorphic 
microbiomes. The first version of Hallmarks of Cancer was proposed in 2000; six basic Hallmarks of cancer were proposed at that time (Sustaining 
proliferative signaling, Evolving growth suppressors, Resisting cell death, Enabling replicative immortality, Inducing or accessing vascular, Activating 
invasion & metastasis). In 2011, four basic Hallmarks were added to the Hallmarks of Cancer (Avoiding immune destruction, Genome instability & 
mutation, Tumor‑promoting inflammation, and Deregulating cellular metabolism). In 2022, four basic Hallmarks were added again (Senescent cells, 
Polymorphic microbiomes, Unlocking phenotypic plasticity, Nonmutational epigenetic reprogramming). In the future, more Hallmarks of Cancer 
will be found and added, which will help cancer researchers to continuously discuss and experimentally elaborate relevant treatments for cancer
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ginsenoside comprises ginsenoside Ra1, Ra2, and Ra3, 
while protopanaxatriol-type ginsenoside includes ginse-
noside Re, Rf, and Rg1. Oleanolic Acid-type ginsenoside 
consists of ginsenoside R0, Rh3, and R1, while Ocotillol-
type ginsenoside includes ginsenoside F11. At present, 
research on Radix Ginseng has revealed that most gin-
senosides contained in Radix Ginseng belong to pro-
topanaxadiol type saponin and protopanaxatriol type 
saponin, while oleanolic acid type ginsenoside accounts 
for only a smaller proportion [18]. Current evidence sug-
gests that most ginsenoside protopanaxadiol-type and 
protopanaxatriol-type saponins have definite anti-breast 
cancer activity [25]. Besides, laboratory studies have con-
firmed that besides protopanaxadiol and protopanaxa-
triol, the secondary metabolic derivatives of ginsenoside 
yield a significant anti-breast cancer effect. Further-
more, laboratory studies have confirmed that secondary 
metabolic derivatives of ginsenosides, apart from the 
protopanaxadiol-type and protopanaxatriol-type, also 
considerably impact anti-breast cancer properties [30]. 
Although different ginsenosides exhibit varying phar-
macological actions against breast cancer, the molecular 
signals and mechanisms of action differ among the dif-
ferent ginsenosides, rendering the molecular mechanism 

Fig. 3 Formula of four chemical structures of ginsenoside, Panax ginseng C. A. Meyer plant morphology, and Panax ginseng C. A. Meyer medicinal 
part. A Panax ginseng C. A. Meyer plant morphology; B the main medicinal part of Panax ginseng C. A. Meyer—Morphological diagram of Panax 
ginseng C. A. Meyer; C a chemical structure diagram of Protopanaxadiol‑type ginsenoside; D a chemical structure diagram of Protopanaxatriol‑type 
ginsenoside; E a chemical structure diagram of Oleanolic Acid‑type ginsenoside; F a chemical structure diagram of Ocotillol‑type ginsenoside

Table 2 Structural classification of ginsenosides

Structure type Ginsenoside specific name References

Panaxadiol Compound K [130, 159]

Rh2 [66, 89, 103, 115, 
116, 118, 119, 132, 
150, 157, 169]

Rg3 [58, 95, 101, 102, 
113, 114, 117, 131, 
147, 148, 156]

Rb1 [78, 79]

Rg5 [60, 61]

Rk1 [62, 63]

Rd [94, 158]

20(S)‑PPD [160]

Rg6 [91]

20(S)‑Rh3 [59]

1f [69]

Rb3 [149]

Panaxatriol Ginsenoside panaxatriol [49]

Rh1 [70–72]

Rg2 [75, 76, 167, 168]

Rh4 [68]

Rg1 [64, 65, 90, 120, 170]

20(S)‑PPT [77]
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complex. Consequently, developing ginsenoside prepa-
rations with anti-breast cancer effects has become an 
important aspect of ginsenoside commercialization.

Ginsenosides can be divided into four categories 
according to different chemical structures. But there is 
no indication that the different structures of ginsenosides 
will affect their treatment in different molecular types 
of breast cancer. Different types of ginsenosides have 
different steroid skeletons and the number of attached 
sugar groups or hydroxyl groups, but the main body of 
ginsenosides is still dammarane triterpenoid structure. 
Therefore, the next research direction should focus on 
the related research of the biological impact of different 
chemical structures of ginsenosides on different molecu-
lar types of breast cancer.

Metabolic shift and pharmacokinetic changes 
of ginsenosides in vivo
Given that ginsenosides represent major active com-
ponents in traditional Chinese Radix Ginseng, oral 
administration remains the predominant route for their 
administration until other routes are proven effective 
and safe [31]. Indeed, when conducting in vivo experi-
ments with ginsenosides, it is crucial to consider their 
pharmacokinetics. Although studies on the pharma-
cokinetics of ginsenosides have primarily focused on 
in  vitro cellular models, animal models, and healthy 
human volunteers [32], the most active research areas 
are in  vitro cellular models and animal models. How-
ever, it remains uncertain whether the metabolism of 
different ginsenosides differs significantly. The general 
understanding of ginsenoside metabolism is that, after 
oral administration, ginsenosides undergo partial or 
complete hydrolysis under acidic conditions by gastric 
and intestinal microflora, producing active ingredients 
[33]. The most well-studied ginsenoside, Rg3 and other 
protopanaxadiol ginsenosides undergo deglycosylation 
upon metabolism by anaerobic intestinal bacteria. On 
the other hand, compound K, the end metabolite of 
some ginsenosides, can be detected in human plasma as 
early as seven hours after ingestion [34]. In vitro stud-
ies have shown that Rg3 in ginsenosides interacts with 
cytochrome P450 isoenzymes, indicating that some 
ginsenosides may affect the metabolism of normal anti-
tumor drugs. Ginsenoside Rg3 from Radix Ginseng was 
found to have a weak inhibitory effect on CYP3A4, a 
moderate inhibitory effect on CYP2C19, CYP1A2, and 
a potent inhibitory effect on CYP2D4 [35]. Therefore 
the possible effects of ginsenosides on their production 
need to be considered when using drugs metabolized 
via these isozymes. Gut flora is also very important for 
the metabolism of ginsenosides. Current evidence sug-
gests that some ginsenosides are transformed into other 

types of ginsenosides after decomposition by the gut 
flora. For example, ginsenoside Rg3 can be transformed 
into ginsenoside Rh2 by incubation with intestinal flora 
in vivo [36]. Although in vitro studies have shown that 
deglycosylation is one of the major pathways for ginse-
noside Rg3 metabolism, studies have not found ginse-
nosides with complete deglycosylation in animals [37]. 
The effects of different modes of administration on 
the metabolic half-life of ginsenosides are highly het-
erogeneous. When ginsenoside Rg3 was administered 
intravenously in rats, its half-life was 14  min [38] and 
18.5 min [39] in separate studies. The variations in the 
metabolic time of ginsenoside Rg3 in rats can be attrib-
uted to the dissimilar solubility of ginsenoside Rg3 and 
heterogeneity in its absorption and utilization within 
rats. These studies overlap in their assertion that gin-
senoside Rg3 has high metabolic clearance and low 
bioavailability when administered intravenously in 
rats. However, it is important to consider that species 
differences between rats and humans may influence 
these findings. In healthy humans, the plasma half-life 
of ginsenoside Rg3 can reach up to 8 h [40] and 216 h 
[41] following oral and intramuscular administration, 
respectively. These results suggest that ginsenoside 
Rg3 exhibits a longer half-life and potentially higher 
bioavailability in humans compared to rats. Neverthe-
less, oral administration remains the most predominant 
mode of administration of ginsenosides in clinical stud-
ies and basic research at present.

The tissue distribution concentration of a drug is a 
critical factor influencing the treatment of breast cancer 
with ginsenosides after oral administration [42]. Follow-
ing the oral administration of ginsenoside 20(S)-Rg3 to 
rats at a dosage of 68 mg/kg, the concentration of 20(S)-
Rg3 in gastrointestinal tissues was the highest, suggest-
ing its significant impact on the digestive tract. However, 
20(S)-Rg3 concentrations in other tissues such as muscle, 
spleen, lung, and adipose were similar to or lower than 
plasma concentrations. Additionally, 20(S)-Rg3 trace 
amounts were detected in the brain, heart, and kid-
ney [42]. This illustrates that through oral administra-
tion, ginsenoside 20(S)-Rg3 may exert effects on tissues 
throughout the body. Interestingly, when 20(R)-Rg3 was 
administered using various routes of administration, its 
accumulation was predominantly observed in the liver 
and gastrointestinal tract, without its presence detected 
in plasma, suggesting that oral administration should 
remain the primary route for ginsenoside administration 
in future studies, with the gastrointestinal tract being 
the most directly affected organ by ginsenosides [42]. 
However, there is currently no available research on the 
metabolism of ginsenosides in tumor patients. Therefore, 
future research should investigate whether there are any 
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differences in the metabolism of ginsenosides between 
tumor patients and healthy individual (Tables 3, 4).

At present, there is no research on the metabolism of 
ginsenoside in tumor patients. Therefore, it is specu-
lated that ginsenoside is also metabolized in human body 
through liver-kidney pathway. In the clinical study with 
only a few ginsenoside, the relationship between the dos-
age of ginsenoside and adverse reactions was reported 
[43–45]. In vivo studies of healthy volunteers found that 
ginsenoside at therapeutic dose (1–2g/day) would not 
cause serious adverse reactions. After taking ginsenoside 
orally to healthy volunteers, the reported side effects are 
mainly mild, mainly dizziness, insomnia, nervousness 
and uterine bleeding. However, the study found that the 
adverse reactions, such as dizziness, insomnia, nervous-
ness and uterine bleeding, would disappear after one 
month of treatment. The most common adverse reactions 
after ginsenoside administration for one month are con-
stipation, dyspepsia, insomnia and hot flashes, and these 
adverse reactions are mild. Therefore, it can be concluded 
that ginsenoside will not cause serious treatment-related 
adverse reactions when it is treated in vivo at therapeutic 
dose. This also means that ginsenoside is safe and toler-
able in the treatment of breast cancer patients.

Mechanism of action of ginsenosides altering 
breast cancer hallmarks
Regardless of the stereotype, ginsenosides have been 
studied in several in  vivo and in  vitro models of breast 
cancer, and various mechanisms of the therapeutic 
effect of ginsenosides have been revealed. The mecha-
nisms of action of ginsenosides are achieved by altering 
the characteristics of breast cancer cells (Fig.  4). These 
mechanisms include induction of apoptosis, inhibition 
of cell proliferation, induction of autophagy through 
upregulation of autophagy-related molecules, inhibition 
of metastasis and angiogenesis, cell cycle arrest, immu-
nomodulatory effects, induction of cellular phenotypic 
changes, prompting cellular epigenetic reprogramming, 
remodeling of cellular abnormal energy metabolism, and 
suppression of tumor cell-induced inflammation.

Although most currently discovered ginsenosides have 
been identified as naturally occurring compounds or 
compounds that can be metabolically produced, some 
can be chemically synthesized [46]. The current gen-
eration of ginsenosides with definite anti-breast cancer 
activity has become a major research hotspot, especially 
Rg3 (12 studies), Rh2 (11 studies), Rg1 (5 studies), and 
Rg2 (4 studies). Compound K is the in  vivo metabolite 
of natural ginsenosides, and many ginsenosides undergo 
metabolism in the body to eventually form compound 
K. In Asia, boiling is one of the most common methods 
for processing natural Radix Ginseng. It has been found 

that Radix Ginseng, processed by steaming, decreases the 
major ginsenosides Rb1, Rb2, Rb3, Rc, Rd, Re, and Rg1 
and increases the specific ginsenosides Rg2, Rg3, Rg5, 
Rh1, Rh2, and Rh4, leading to an increase in the ginseno-
side components in Radix Ginseng that have anti-breast 
cancer activity [47]. The less abundant ginsenosides, such 
as 20(S)- and 20(R)-ginsenosides, are scarce in natural 
Radix Ginseng but are equally cytotoxic to breast can-
cer cells. The structural differences between 20(S)-Rg3 
and 20(R)-Rg3 are attributed to the position of the C-20 
hydroxyl group. Studies have indicated that 20(S)-Rg3 
exhibits superior inhibitory activity against breast can-
cer compared to 20(R)-Rg3 [48]. Most anti-breast cancer 
studies involving ginsenosides have focused on in  vitro 
assays using breast cancer cell lines such as MCF-7 (lumi-
nal type A) and MDA-MB-231 (triple-negative breast 
cancer). However, there are limited in vivo studies avail-
able. Some studies have explored the potential of ginse-
nosides in reversing drug resistance in breast cancer cell 
lines specifically resistant to certain chemotherapeutic 
agents [49]. Clinical studies have shown that Ginsenoside 
Rg3 treatment could enhance the anti-tumor efficacy of 
chemotherapy agents (such as Capecitabine, Docetaxel, 
and Cisplatin) in patients with advanced breast can-
cer [50–52]. Additionally, ginsenoside therapy has been 
found to reduce the adverse effects caused by chemo-
therapy, improve immune function, and enhance patient 
quality of life [53]. However, it is important to note that 
current studies on ginsenoside therapy for breast cancer 
are predominantly conducted in vitro, with only a limited 
number of in vivo models being explored. The following 
mechanisms associated with ginsenosides in breast can-
cer are discussed below.

Ginsenosides can induce apoptosis in breast cancer cells
Resisting cell death is one of the fundamental characteris-
tics of tumor cells. Cells that experience irreversible DNA 
damage undergo programmed cell death, also known 
as apoptosis [54]. However, tumor cells have devel-
oped mechanisms to evade this program, making them 
apoptosis-resistant. Apoptosis is a fundamental type of 
programmed cell death and plays a crucial role in the 
mechanism of action of various anti-tumor drugs. Apop-
tosis occurs mainly through the extrinsic death receptor 
pathway and the intrinsic mitochondrial pathway [55]. 
These pathways lead to the activation of cysteine pro-
teases, which can cleave to generate different substrates 
and then cause cell death [56]. Promoting breast cancer 
cell pyroptosis by extrinsic death receptor pathway to 
induce cellular cysteine proteases activation is one of the 
main and most directly effective mechanisms of ginseno-
sides anti-breast cancer. Several studies have investigated 
the effects of different ginsenosides on breast cancer 
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cells, and they have identified several ginsenosides, such 
as Rh2, Rh4, Rk1, Rg3, and Rg5, that are capable of induc-
ing apoptosis in various subtypes of breast cancer cells, 
including MCF-7 and MDA-MB-231 cells.

Ginsenoside Rg3 is currently recognized as one of 
the most promising agents for tumor treatment among 
the various ginsenosides. Numerous basic and clini-
cal studies have demonstrated its therapeutic efficacy 
against various tumors [57]. Moreover, several studies 
have confirmed that ginsenoside Rg3 exerts therapeu-
tic effects against breast cancer through multiple targets 
and mechanisms. In laboratory studies, both in vivo and 
in vitro experiments have consistently shown the ability 
of ginsenoside Rg3 to induce apoptosis in breast cancer 
cells, highlighting its potential as an effective treatment 
option for breast cancer. After ginsenoside Rg3 interven-
tion in breast cancer cells [58], cell proliferation viability 
was inhibited, and apoptotic cells with DNA fragmenta-
tion cells increased. For ginsenoside-induced apoptosis 
in triple-negative breast cancer cells, the mechanism is 
mainly through inhibiting NF-κB activation, decreasing 
NF-κB p65 and Bcl-2 protein expression, and increasing 
the ratio of Bax and caspase-3 protein expression to Bax/
Bcl-2 to achieve therapeutic efficacy. The elucidation of 
the mechanism of ginsenoside Rg3 in breast cancer treat-
ment has contributed to its success in clinical trials as a 

potential breast cancer drug. Interestingly, the interven-
tion of 20(S)-Rg3 has been shown to increase the sensi-
tivity of MDA-MB-231 cells to radiotherapy. However, 
the precise mechanism behind this effect remains unclear 
[59]. Ginsenoside Rg5 is also an active component that 
can induce breast cancer cells apoptosis in various ways. 
Ginsenoside Rg5 [60, 61] and ginsenoside Rk1 [62, 63] 
have shown promising anti-tumor effects on MCF-7 
cells by binding to active domains of PI3K proteins and 
increasing the levels of reactive oxygen species expres-
sion to inhibit PI3K/Akt signaling and via the extrin-
sic apoptotic pathway, intrinsic apoptotic pathway, and 
autophagic pathway. Other ginsenosides can also induce 
apoptosis in breast cancer cells through multiple path-
ways. For example, Rg1 [64, 65] can induce apoptosis by 
enhancing the expression levels of apoptotic genes and 
altering mitochondrial membrane potential, Rh2 [66, 67] 
composites induce apoptosis by activating the caspase-9/
p38 MAPK signaling pathway and mitochondrial path-
way, and Rh4 [68] induces apoptosis by blocking the cell 
cycle and upregulating the expression levels of apoptotic 
proteins. The above findings demonstrate that despite 
their heterogeneous chemical structures, different ginse-
nosides can induce apoptosis in breast cancer cells, offer-
ing potential treatment options. Additional ginsenosides, 
such as 1f [69] and Rh1 [70–72], have been found to 

Fig. 4 The main molecular mechanism of ginsenosides anti‑breast cancer. Ginsenosides can treat breast cancer through various targets 
and multiple signaling pathways. Cell cycle arrest, cell apoptosis, EMT, and cell autophagy are the most common phenotypic changes 
after ginsenoside intervention in breast cancer cells, and these phenotypic changes can achieve the purpose of treating breast cancer
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induce apoptosis in breast cancer cells by affecting multi-
ple signaling pathways associated with both the intrinsic 
and extrinsic pathways.

Cell autophagy is a cellular process where damaged 
proteins or organelles are enclosed within double-mem-
brane autophagic vesicles, which are then delivered to 
lysosomes for degradation and recycling [73]. Tradi-
tionally, autophagy and apoptosis have been regarded 
as mutually inhibitory processes. However, research has 
shown that certain pharmacological interventions can 
simultaneously activate both autophagy and apopto-
sis, synergistically promoting cell death [74]. It has been 
observed that some ginsenosides can induce irreversible 
autophagy and apoptosis in cells, leading to therapeutic 
effects against breast cancer. Ginsenoside Rg5 [60, 61] 
enhanced the expression and activation of autophagy-
related and apoptotic proteins to promote the apoptosis 
of MCF-7 cell xenografts by suppressing the activation 
level of the PI3K/Akt signaling pathway in in vivo experi-
ments. Treatment of MCF-7 cells with ginsenoside Rg2 
[75] at the in vitro level can lead to upregulation of p-p53, 
p-AMPK, p-ACC, Atg-7, and LC3-II levels and reduc-
tion of p62 levels in a concentration-dependent manner 
to promote autophagy and induce apoptosis. Likewise, 
intervention with Rg2 [76] was found to sensitize breast 
cancer cells to autophagic death and apoptosis. The appli-
cation of (20S)-PPT [77] in vivo and in vitro can enhance 
the expression levels of autophagy-related proteins, 
autophagosomes, and apoptotic protein families (Bcl-
2, Bax) by inhibiting the expression level of Akt/mTOR 
pathway, and achieve the dual effects of autophagy induc-
tion and apoptosis on the premise of ensuring the safety 
of the drugs. The nanoparticle carriers of Rb1 [78] and 
Rb1 [79] all showed cytotoxicity to breast cancer cells 
in  vitro, although it remains unclear how they induce 
apoptosis.

Ginsenosides alter self-sufficient growth signaling 
in breast cancer cells
It is well-established that normal mammary epithelial 
cells require the activation of mitogenic growth signals to 
progress from a quiescent to an active proliferative state 
[80]. However, breast cancer cells do not require mito-
genic growth signals to continuously maintain an active 
proliferative state [81]. These signals are transmitted into 
the cell through transmembrane receptors, which com-
bine different types of signaling molecules: diffusible 
growth factors, extracellular matrix components, and 
intercellular adhesion/interaction molecules [82]. With-
out this stimulatory signal, normal mammary epithe-
lial cells of any type fail to proliferate. In contrast, many 
oncogenes in breast cancer cells mimic normal growth 

signals in various ways to stimulate the proliferation of 
tumor cells [83].

Although most soluble mitogenic growth factors are 
synthesized and secreted by one cell type to stimulate the 
proliferation of another, tumor cells can produce mito-
genic growth factors to eliminate the reliance on mito-
genic growth factors for other cells within the tissue [84]. 
In approximately 25% of patients with tumors, Ras pro-
teins exist in structurally altered forms that allow them to 
release numerous mitogenic signals into the cell without 
sustained stimulation by their normal upstream regula-
tors [85]. An example of the interplay between signal-
ing pathways in promoting cell proliferation involves 
the direct interaction of Ras proteins with PI3K, lead-
ing to the simultaneous activation of growth signals and 
survival signals within the cell [86]. This phenomenon 
is driven by the persistent activation of oncogenes and 
the inactivation of tumor suppressor genes. In estrogen 
receptor-positive breast cancer cells, the primary reliance 
for proliferation is on estrogen receptor signaling, which 
activates growth factor signaling [87]. When estrogen 
expression and signaling are inhibited, the intracellular 
growth signal is blocked, ultimately inducing apoptosis 
[88]. Several recent studies have shown that ginsenoside 
intervention can inhibit the sustained proliferation of 
breast cancer cells by inhibiting estrogen receptors and 
their signaling.

Ginsenoside Rh2 has been studied in MCF-7 cells 
and shown to reduce the protein level of estrogen 
receptor alpha (ERα) while increasing the mRNA and 
protein levels of ER-beta (ER-β) and tumor necrosis 
factor-alpha (TNF-α). Through the β-TNF-α signaling 
pathway, ginsenoside Rh2 induces apoptosis and G1/S 
arrest, leading to anti-tumor effects in xenograft mice 
[89]. On the other hand, ginsenoside Rg1 has been 
found to induce the translocation of ER to the plasma 
membrane through caveolin-1 in MCF-7 cells, leading 
to the formation of a signaling complex and phospho-
rylation of extracellular signal-regulated protein kinase 
(ERK) and mitogen-activated protein kinase (MAPK). 
Additionally, it activates epidermal growth factor 
receptor and cellular nonreceptor tyrosine kinase inde-
pendently of ER, exerting estrogenic effects by rapidly 
activating membrane-associated ER and G protein-
coupled estrogen receptors. This, in turn, inhibits the 
activation of proliferative signals in breast cancer cells 
[90]. Another study found [91] that intervention of Rg6 
could block cortisol/cortisone-induced deregulation of 
microtubule organizing centers as well as ER signaling 
in breast cancer cells, alter stress hormone or steroid 
hormone-induced chromosomal instability, and inhibit 
aberrant activation of tumor cell proliferative signaling. 
The stress hormone cortisol and cortisone have been 
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shown to elevate the expression of γ-tubulin, increasing 
the number of microtubule organizing centers and pro-
moting resistance to paclitaxel in breast cancer cells. 
However, the intervention of ginsenoside Rg6 has been 
found to block the dysregulation of MTOCs induced by 
cortisol/cortisone and inhibit ER-alpha signaling.

Ginsenosides block breast cancer angiogenesis
Targeting angiogenesis inhibition has emerged as a 
promising therapeutic approach for treating breast can-
cer, yielding favorable results across different subtypes. 
Cancer growth and metastasis rate can be controlled by 
inhibiting the formation of new blood vessels in breast 
tumors. Additionally, blocking the supply of oxygen 
and nutrients necessary for breast cancer cell prolif-
eration can induce apoptosis or autophagy in these 
cells [92]. Although commonly used anti-angiogenic 
drugs in clinical practice (such as Bevacizumab, Apat-
inib, Anlotinib, etc.) can effectively inhibit neoangio-
genesis in breast cancer, they can also lead to adverse 
effects such as hypertension, thrombosis, and hemor-
rhage, thereby impacting patients’ quality of life [93]. 
However, certain ginsenosides have shown potential as 
inhibitors of breast tumor angiogenesis, offering a more 
targeted and potentially safer approach to breast cancer 
treatment.

Ginsenoside Rg1 [65] exhibited significant anti-breast 
cancer activity in in  vitro experiments by promoting 
tumor cell DNA damage and undergoing apoptosis 
through alteration of mitochondrial membrane poten-
tial and ROS levels, and in vivo experiments by down-
regulating angiogenesis, invasion, and EMT markers 
mediated by anti-oxidant enzymes. Ginsenoside Rd 
[94] could dependently inhibit vascular endothelial 
growth factor-induced migration, tube formation, and 
proliferation of primary cultured human umbilical vas-
cular endothelial cells, and the activation of Akt/mam-
malian target of the rapamycin signaling cascade in 
VEGF-induced human umbilical vascular endothelial 
cells was inhibited under normoxic or hypoxic condi-
tions to abolish aortic ring vessel sprouting and ves-
sel formation. In an intraperitoneal xenograft mouse 
model constructed with MDA-MB-231 cells, Rd sig-
nificantly reduced the volume and weight of breast 
cancer tumor tissues, decreased tumor angiogenesis, 
and inhibited breast cancer cell proliferation by sup-
pressing Akt/mTOR/p70S6 kinase signaling in a dose-
dependent manner. Rg3 [95] yielded a strong inhibitory 
effect on tumor growth in MDA-MB-231 cells tumor-
bearing mice when combined with recombinant human 
endostatin, as well as inhibiting angiogenesis and cell 
invasion and enhancing cell autophagy.

Ginsenosides can transform breast cancer cell phenotypes
In normal tissues, the transformation of progenitor 
cells into mature tissue cells allows them to assume spe-
cialized functions and achieve homeostasis by ceasing 
their growth. This process is facilitated through devel-
opment and terminal differentiation, typically resulting 
in an anti-proliferative state. However, in the context 
of breast carcinogenesis, the capacity for phenotypic 
plasticity becomes deregulated, allowing breast cancer 
cells to evade or escape from the terminally differenti-
ated state. This abnormal phenotypic plasticity is a key 
factor in the development of breast cancer [96]. Breast 
cancer cells, which originate from normal cells, may 
undergo a reversal of their differentiation state, dedif-
ferentiating back to a progenitor-like state as a poten-
tial therapeutic strategy [97]. Conversely, breast cancer 
cells arising from progenitor cells programmed to fol-
low a pathway of end-stage differentiation may disrupt 
this process and maintain themselves in a partially dif-
ferentiated, progenitor-like state. Some breast cancer 
cells may differentiate into fully formed tumor cells, 
referred to as breast cancer stem-like cells, while oth-
ers retain characteristics of progenitor cells [98]. Breast 
cancer stem-like cells are more proliferative, invasive, 
and metastatic than normal breast cancer cells [99]. 
Therefore, inducing breast cancer cells to differentiate 
into a progenitor-like state or inducing breast cancer 
stem-like cells into normal breast cancer cells by drug 
or gene therapy may be an unusual approach to treating 
breast cancer.

Inducing differentiation in tumor cells can modulate 
the expression levels of selective regulators involved in 
cellular plasticity and signal transduction, such as Wnt 
signaling, Hippo signaling, Notch signaling, and Hedge-
hog signaling. This modulation ultimately affects the 
cellular phenotype [98]. Altering phenotypic plastic-
ity in tumor cells can be achieved through three main 
subclasses: dedifferentiation of mature cells to progeni-
tor states, blocking differentiation to maintain cells in a 
progenitor/stem cell state, and transdifferentiation to 
alternative cell lineages [100]. Inducing differentiation 
has significant implications for breast cancer forma-
tion, malignant progression, and response to therapy 
and appears effective across different breast cancer types 
[100]. While gene therapy is currently limited in clinical 
applications due to ethical considerations, drug-induced 
differentiation is an attractive direction in the research 
of induced differentiation of tumor stem-like cells. Some 
ginsenosides have shown the ability to modulate vari-
ous regulators of cell plasticity and signal transduction, 
leading to the induction of differentiation in breast can-
cer stem-like cells. These ginsenosides can transform 
breast cancer stem cells into normal breast cancer cells, 
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exerting cytotoxic effects and contributing to breast can-
cer treatment.

Ginsenoside Rg3 [101] has been shown to reduce the 
clonogenic capacity of breast cancer stem-like cells 
by decreasing the expression levels of CD44, a surface 
marker of breast cancer stem-like cells, to induce their 
differentiation through Akt-mediated self-renewal signal-
ing to decrease the expression and localization of SOX2, 
BMI-1, and hypoxia-inducible factor-1α. The combina-
tion of C3 [102], a distinct isoform of Rg3, with Rg3, can 
convert  CD44+ MD-MB-231 cells into normal  CD44− 
MD-MB-231 cells and significantly inhibit cell migra-
tion ability. C3 alone also achieves therapeutic effects 
on breast cancer by binding to IGF-1R, Akt, and mTOR, 
reducing the primary focus and metastatic load in tumor-
bearing mice. Rh2 [103] decreased the protein expression 
levels of TRAF6, p62, and phosphorylated IKK and IKB 
and inactivated NF-κB activity by inhibiting IL-8 secre-
tion mediated by regulation of ROS levels and mitochon-
drial autophagy. Ginsenoside panaxatriol [49] induces the 
transition of breast cancer stem cells into normal breast 
cancer cells by repressing paclitaxel-resistant breast can-
cer stem cell-associated genes (OCT4, SOX2, NANOG, 
CD44, ALDH1) and by inhibiting IRAK1/NF-κB and 
ERK pathway reduced inflammatory cytokines (IL-6, 
IL-8, CXCL1, CCL2) expression, which contributed to 
resensitization of paclitaxel-resistant cells to paclitaxel.

Ginsenosides can reverse nonmutational epigenetic 
reprogramming in breast cancer cells
Genome instability and mutation are fundamental in 
breast cancer pathogenesis [104]. There is an increasing 
consensus that cancer cells can regulate gene expression 
in various ways, such as regulating noncoding RNAs, 
altering chromatin states, and affecting epigenetic modi-
fications [105]. It is well-established that the genomes 
(DNA of normal individuals and breast cancer patients 
are identical. In normal adults, the formation of long-
term memory relies on various mechanisms, including 
modifications to genes and histones, changes in chro-
matin structure, and the activation or repression of spe-
cific genes through intricate feedback loops. However, in 
breast cancer patients, these regulatory switches are dys-
regulated, leading to the activation of numerous oncopro-
teins and the suppression of tumor suppressor proteins, 
ultimately contributing to the initiation and progres-
sion of breast cancer. This model involves alterations 
in gene expression that are controlled purely through 
epigenetic mechanisms, a phenomenon referred to as 
“nonmutational epigenetic reprogramming” [106]. Non-
mutational epigenetic reprogramming mainly includes 
chromatin remodeling complexes, histone modifications, 
non-coding RNAs, and other epigenetic mechanisms. 

The nonmutational epigenetic reprogramming of breast 
cancer cells is not restricted to breast cancer cells them-
selves but comprises three important aspects: epigenetic 
regulation of stromal cell types in the breast cancer cell 
microenvironment, epigenetic regulation of breast can-
cer cell heterogeneity, and epigenetic regulation of the 
breast cancer cell microenvironment [107].

Advanced research techniques have enabled a better 
understanding of breast cancer epigenomic heterogene-
ity. These techniques include profiling genomewide DNA 
methylation, histone modification, chromatin accessibil-
ity, posttranscriptional modification, and translation of 
RNA [108]. These technologies provide us with a better 
understanding of how nonmutational epigenetic repro-
gramming plays a role in the development of breast can-
cer. For example, non-coding RNAs can overexpress or 
degrade target proteins; chromatin remodeling leads to 
changes in the structural position of nucleosomes affect-
ing transcriptional regulation of genes, and modifications 
of histones through acetylation, methylation, phospho-
rylation, ubiquitination, ADP-ribosylation of histones 
[109]. Nonmutational epigenetic reprogramming ulti-
mately suppresses tumor suppressor protein expression 
and (or) the activation of oncoprotein expression [110]. 
Interventions targeting nonmutational epigenetic inher-
itance have shown promise for breast cancer treatment, 
with two main approaches being gene therapy and drug 
therapy [111]. While gene therapy faces limitations due 
to ethical considerations in clinical applications, phar-
macotherapy aimed at regulating breast cancer through 
nonmutational epigenetic reprogramming has attracted 
significant interest. Importantly, modulating the expres-
sion of oncoproteins and/or tumor suppressor proteins 
through chromatin remodeling complexes, histone modi-
fications, non-coding RNAs, and other mechanisms can 
suppress tumor growth, invasion, and metastasis [112]. 
Breast cancer epigenetic drugs currently under investi-
gation include DNA methyltransferase inhibitors, his-
tone methyltransferase inhibitors, histone demethylase 
inhibitors, histone deacetylase inhibitors, bromodomain, 
and extra-terminal, isocitrate dehydrogenase inhibitors. 
However, studies on ginsenoside treatment for breast 
cancer have revealed its potential to intervene in breast 
cancer cells through various nonmutational epigenetic 
mechanisms, including chromatin remodeling com-
plexes, histone modifications, and non-coding RNAs.

Ginsenosides Rg3 [113, 114] and Rh2 [115, 116] have 
been found to regulate the expression levels of breast 
cancer-related genes and proteins through the involve-
ment of various non-coding RNAs. For example, they can 
modulate the expression of genes such as BBX, TNFAIP3, 
and SLC1A1 through non-coding RNAs like lnc STXBP5-
AS1, lnc RFX3-AS1, miR-3614-3p, and others, thereby 
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exerting anti-tumor activity. Additionally, Rg3 [117] and 
Rh2 [118, 119] have been shown to regulate the meth-
ylation levels and demethylation levels of breast cancer-
related genes and proteins, including TRMT1l, KDM5A, 
and CAS1, through mechanisms such as N6-adenylate 
methylation, thus altering the breast cancer-associated 
microenvironment, enhancing immunogenicity, and 
inhibiting cancer cell growth. Furthermore, Rg1 [120] 
has been demonstrated to inhibit the phosphorylation 
of histone H3Thr3 mediated by Haspin kinase, leading 
to an increase in the width of the metaphase plate and 
spindle instability during cancer cell division, resulting in 
a delay in the progression of mitotic differentiation and 
inhibition of proliferation in breast cancer cells. Similarly, 
intervention with Rg6 [91] can induce chromosomal 
instability, which resensitizes paclitaxel-resistant breast 
cancer cells to paclitaxel treatment.

Ginsenosides drive remodeling of energy metabolism 
reprogramming in breast cancer cells
In recent years, many reports have indicated a close rela-
tionship between breast cancer-related cancer signal-
ing pathways and energy metabolism activities. Breast 
tumor cells undergo metabolic reprogramming during 
tumorigenesis, including enhanced glycolysis, the tri-
carboxylic acid cycle, glutaminolysis, and fatty acid bio-
synthetic processes [121]. It is important to note that the 
specific metabolic changes can vary between different 
subtypes of breast cancer cells. However, this metabolic 
reprogramming is considered a crucial characteristic of 
breast cancer occurrence and progression. The continu-
ous proliferation and invasive behavior of breast cancer 
cells necessitate a substantial energy supply to sustain 
their activities. In normal breast cancer cells with suf-
ficient oxygen, glucose undergoes oxidative phospho-
rylation in the cytoplasm to produce carbon dioxide and 
energy via glycolysis to produce pyruvate, followed by 
oxidative phosphorylation in the mitochondria. However, 
when oxygen is insufficient, glucose generates lactate and 
energy in mitochondria undergoing anaerobic glycolysis 
[122]. Otto Warburg first observed the abnormal energy 
metabolism of cancer cells, noting that tumor cells can 
take up glucose in large quantities and undergo glycoly-
sis even under sufficient oxygen conditions [123]. Recent 
studies have found that tumor cells increase the uptake 
of glucose and energy substrates, such as amino acids 
and fat, in large amounts to meet the energy demand of 
rapid tumor cell proliferation [124]. Oncogenes associ-
ated with breast cancer promote increased uptake of 
energy substances mainly by promoting breast cancer cell 
proliferation, inducing cell transfer, and reducing apopto-
sis. Furthermore, breast cancer cells can take up certain 

metabolites, such as lactate, and serve as signaling mol-
ecules that promote proliferation and invasion [125].

The reprogramming of energy metabolism is largely 
controlled by key proteins involved in energy metabolism 
that participate in programming cancer’s fundamental 
hallmarks [126]. Targeted inhibition of these key proteins 
could achieve anti-tumor effects by regulating the mode 
of energy metabolism reprogramming. Over the past 
decade, targeting tumor energy metabolism has emerged 
as a new hotspot in developing novel anti-tumor drugs. 
Tumor-associated alterations in bioenergetic metabolism 
include aerobic glycolysis and tricarboxylic acid cycle, 
mitochondrial respiration, glutamine metabolism, and 
so on. These important metabolic processes can serve as 
potential anti-tumor drug targets [127]. However, there 
is significant heterogeneity in metabolic reprogramming 
among different tumor cells, emphasizing the need to 
develop drugs according to the metabolic reprogram-
ming characteristics of different tumor cells. For instance, 
the anti-diabetic drug metformin is currently being eval-
uated for its potential anti-tumor effects in breast cancer 
patients. Metformin can interfere with mitochondrial 
complex I action, thus enabling AMPK activation. In par-
allel, the inhibitory effect of metformin on mitochondrial 
respiration has the potential to contribute to its anti-
tumor effects [128]. Of note, the mechanism by which 
metformin reduces cancer incidence and mortality does 
not appear to be related to its pharmacological effects on 
glycemia. It is widely thought that its anti-tumor effects 
are mainly mediated through inhibiting AMPK-depend-
ent and independent hepatic gluconeogenesis [129]. 
Ginsenosides can also contribute to remodeling energy 
metabolism reprogramming in breast cancer cells by reg-
ulating key energy metabolism proteins.

It has been shown that ginsenoside CK [130], when 
administered to TNBC cells, inhibits glutamine con-
sumption and glutamate production by downregulating 
the expression of glutaminase 1. This leads to reduced 
cellular ATP production and the utilization of amino 
acids involved in glutamine metabolism. Consequently, 
TNBC cells experience glutathione depletion and accu-
mulation of reactive oxygen species, leading to the regu-
lation of apoptosis-related protein expression levels and 
induction of TNBC cell apoptosis. Rg3 and DTX synthe-
sized DTX-loaded Rg3 liposomes (Rg3-Lp/DTX) [131] 
exhibit enhanced accumulation at the tumor site due 
to the interaction between the glycosyl moiety of Rg3 
exposed on the liposome surface and the overexpressed 
glucose transporter 1 on breast cancer cells. This allows 
Rg3-Lp/DTX to accumulate at the tumor site and block 
glucose transport by glucose transporter 1. Additionally, 
it reverses activated cancer-associated fibroblasts (CAFs) 
to a resting phase and attenuates the dense stromal 
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barrier by inhibiting the secretion of TGF in tumor cells 
and modulating TGF/Smad signaling. As a result, it 
achieves a dual effect of modulating the tumor microen-
vironment and enhancing the anti-tumor effect of DTX. 
2-Deoxy-Rh2 [132] exhibits dual anti-tumor activities 
by inhibiting glycolysis and mitochondrial respiration. It 
achieves this by binding to the active site of hexokinase 
II, thereby reducing the activation of anaerobic glycolysis 
compared to mitochondrial respiration. Furthermore, it 
regulates the mitochondrial apoptotic pathway.

Ginsenosides prevent breast cancer cells from evading 
immunogenic cell death
The immune system constantly monitors normal cells 
and tissues and is responsible for the recognition and 
elimination of the vast majority of potential cancer cells 
and early tumors [133]. However, when immune sur-
veillance functions are impaired, cancer cells can evade 
detection, and the immune system may mistakenly per-
ceive tumor tissue as normal, allowing the uncontrolled 
proliferation of tumor cells [134]. Studies using carcino-
gens to induce tumor development in mice have shown 
that immunodeficient mice develop tumors more fre-
quently and at a faster rate than mice with intact immune 
activity [135]. Similar results have been observed in 
experiments involving transplanting human tumor cells 
into animals. Clinical research also supports the pres-
ence of anti-tumor immune responses in human can-
cers. For instance, immune cell infiltration, including 
natural killer cells, can be observed in the tumor tissues 
of colon and ovarian cancer patients [136]. Patients with 
a higher degree of immune cell infiltration, known as 
“hot” tumors, tend to have a better prognosis compared 
to tumors with limited immune cell infiltration, referred 
to as “cold” tumors [137]. Various immune cells are pre-
sent in the tumor microenvironment, including tumor-
infiltrating lymphocytes, macrophages, and neutrophils 
[138]. Among these,  CD8+ T cells play a critical role in 
targeted killing of tumor cells. Upon activation,  CD8+ 
T cells release intracellular granule toxins that induce 
tumor cell death [139]. The progression of tumors is 
viewed immunologically as consisting of three phases: 
tumor elimination, tumor equilibrium, and tumor escape 
[140]. During the tumor escape phase, tumor cells 
employ mechanisms to evade recognition and killing by 
secreting immunosuppressive factors and converting T 
cells into immunosuppressive T cells, such as exhausted 
T cells and anergic T cells that do not have tumor recog-
nition or killing functions [141]. Additionally, tumor cells 
may recruit immunosuppressive inflammatory cells, such 
as regulatory T cells and myeloid-derived suppressor 
cells, which inhibit the action of cytotoxic lymphocytes 
targeting tumor cells [142].

Approaches to treating tumors by targeting tumor 
immune escape-related mechanisms have been dem-
onstrated in laboratory studies and clinical studies. 
The methods of tumor immunotherapy can mainly be 
divided into two main categories, immune cell therapy 
and cytokine therapy [143]. Immune cell therapy involves 
increasing the number of immune cells or modifying the 
antigen presentation of immune cells to enhance their 
recognition and induction of immunogenic cell death in 
tumor cells [144]. However, the complexity of the prepa-
ration process, high cost, and potential side effects limit 
the widespread use of immune cell therapy in clinical 
settings. Conversely, cytokine therapy involves using 
cytokines to block the secretion of immunosuppressive 
factors by cancer cells, allowing immune cells to exert 
their normal immunogenic cell death effects on tumor 
cells [145]. Cytokine therapy is currently the most com-
monly used immunotherapy in the clinic. The expres-
sion of these immunosuppressive factors by cancer cells 
can be blocked by monoclonal antibodies against pro-
teins such as PD-1, PD-L1, and CTAL-4, which prompt 
normal recognition by immune cells to kill cancer cells 
[146]. Breast cancer cells often possess robust and com-
plex immune escape mechanisms that hinder the normal 
recognition and elimination of cancer cells by immune 
cells. However, certain natural products, including ginse-
nosides, have been shown to enhance immunogenic cell 
death of breast cancer cells by inhibiting immune factors 
secreted by cancer cells, modifying antigen presentation 
by immune cells, and increasing immune cell infiltration.

Modifying ginsenoside Rg3 into Rg3 liposomes [147] 
can regulate the expression levels of immunosuppres-
sive factors such as TGF-β and IL-6, as well as related 
signaling pathways. This leads to reshaping the expres-
sion levels of immune cells and fibroblasts in the immune 
microenvironment, improving the immunosuppression 
observed in breast cancer tissues, and enhancing immune 
cells’ recognition and killing function against breast can-
cer cells. Rg3 liposomes, combined with chemotherapeu-
tic agents [148], can inhibit breast cancer proliferation 
and invasion by binding to specific sites on breast cancer 
cells and altering the components of the tumor micro-
environment. Rb3 incorporated into carbon nanotubes 
[149] can impact the PD-1/PD-L1 axis in a co-culture 
system of T cells and triple-negative breast cancer cells. 
This reduces the expression of T cell-related inhibitors, 
promotes the recognition and killing of T cells targeting 
breast cancer cells, and achieves an anti-cancer effect. 
Rh2 [118] can increase immunogenic cell death and 
inhibit the growth of breast cancer cells by modifying 
the epigenetic methylation of genes involved in immune 
response and tumorigenesis. Multifunctional liposomes 
containing Rh2 [150] can easily interact with tumor cells 
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through glucose transporters (GLUT), effectively inhibit-
ing the growth of breast cancer by reshaping the cellular 
composition of the tumor microenvironment and revers-
ing the immunosuppressive environment.

Ginsenosides block breast cancer cell invasion 
and metastasis
In general, most cells in the body have a fixed spatial 
localization within the tissues they belong to and cannot 
detach and survive elsewhere in the body. However, dur-
ing the early stages of tumor development, tumor cells 
proliferate uncontrollably in the primary tumor site and 
disrupt the organ’s normal functions. The majority of 
cancer-related deaths, more than 90%, are attributed to 
multi-organ failure caused by the development of meta-
static lesions in other organs [151]. Current research 
suggests that cancer cells when they detach from the pri-
mary tumor site and undergo invasion and metastasis, 
undergo a process called “epithelial-mesenchymal tran-
sition” (EMT) [152]. This program allows cancer cells to 
acquire invasive properties, resist apoptosis, and dissemi-
nate to other tissues.

EMT is a physiological and pathological phenomenon 
that can plays a crucial role in the loss and gain of epithe-
lial characteristics of cells, essential in breast cancer cell 
invasion and metastasis [153]. In the absence of EMT, 
breast cancer cells are columnar or cuboidal in shape, 
more polar, form tight cell–cell junctions, and remain 
stationary. However, when stimulated by external factors 
such as growth factors and cytokines, breast cancer cells 
can undergo EMT, transitioning into cells with a mes-
enchymal phenotype lacking polarity and gaining motil-
ity. During this EMT process [153], breast cancer cells 
gradually acquire a spindle-like fibrous shape, lose cell 
polarity, exhibit weak cell adhesion, become more loosely 
packed, and become prone to metastasis. EMT in breast 
cancer is a complex and highly regulated process [154]. 
Transcription factors, including zinc finger transcription 
factors, cell transformation regulators, E-box binding 
zinc finger proteins, and signaling pathways such as TGF-
β, MAPK, and NF-κB, play a role in inducing and regulat-
ing EMT [155]. Activation of these transcription factors 
and signaling pathways can induce alterations in the 
biological characteristics of breast cancer cells, mainly 
including loss of adherens junctions and transition from 
polygonal/epithelial to elongated/fibroblastic morphol-
ogy, expression of matrix-degrading enzymes, increased 
cell motility, and enhanced resistance to cell death. These 
biologically tailored alterations all contribute to breast 
cancer cells’ invasive and metastatic processes. Activa-
tion of these transcription factors and signaling pathways 
can directly repress the expression of EMT suppres-
sors, including E-cadherin, leading to the loss of this key 

suppressor and promoting invasiveness. However, some 
active ingredients in ginsenosides, including Rg3, Rg1, 
and CK, could effectively prevent the occurrence and 
development of breast cancer by targeting the related 
genes and proteins of EMT.

The intervention of ginsenoside Rh1 [72] on TNBC 
cells can affect the migration and invasion mediated by 
STAT3 and NF-κB signaling through the regulation of 
mtROS and downregulated the expression of metastasis 
factors (e.g., MMP2, MMP9, and VEGF-A), thus exert-
ing a powerful anti-cancer effect. In MDA-MB-231 cells, 
the intervention of Rg1 [65] downregulated invasion 
and angiogenesis markers and modulated EMT mark-
ers, controlling breast cancer progression. As the most 
intensively studied active ingredient in the field of ginse-
nosides against breast cancer, Rg3 [95, 113, 156] report-
edly inhibits breast cancer cell invasion by modulating 
immune activity, altering breast cancer stem cell phe-
notype, and affecting non-coding RNA expression after 
intervening in breast cancer cells. Some other rare ginse-
noside components, such as 0(S)-Rh2 [157], Rd [158], CK 
[159], and 20(S)-PPD [160], can inhibit EMT in breast 
cancer cells through multiple targets and mechanisms. 
These studies suggest that EMT inhibition is also an 
important mechanism by which ginsenosides exert thera-
peutic effects anti-breast cancer.

Ginsenosides reduce adverse effects from other medical 
treatments for breast cancer
The current standard treatment for breast cancer which 
is based on chemotherapy, radiotherapy, and targeted 
therapy, can cause damage to normal tissue organs while 
killing breast cancer cells. One of the main adverse reac-
tions caused by these standard treatments is myocardial 
cell damage [161]. Anthracyclines are commonly used 
chemotherapy drugs for breast cancer, with significant 
cardiotoxicity, including cardiac dysfunction and heart 
failure [162]. These adverse effects may contribute to the 
inability of breast cancer patients to use adequate drug 
doses during treatment, rendering breast cancer a higher 
recurrence risk [163]. On the other hand, treatment with 
chemotherapeutic and targeted agents has the potential 
to cause drug resistance in breast cancer cells, leading to 
the failure of subsequent anti-breast cancer treatment.

At present, although the specific mechanism of action 
of anthracyclines leading to cardiotoxicity is not well 
defined, it has been established that the mechanism of 
injury mainly involves chelation of iron ions by anthra-
cyclines, generation of reactive oxygen species that are 
mainly hydroxyl radicals and induction of lipid peroxi-
dation in cardiomyocytes and mitochondrial damage in 
the heart machine [164]. On the other hand, the cardio-
toxicity associated with anti-HER2 therapy is primarily 
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attributed to the high expression of HER2 in cardiomyo-
cytes. HER2 plays a crucial role in maintaining cardio-
myocyte function and repairing cardiomyocyte damage. 
When anti-HER2 therapy blocks HER2 signaling, intra-
cellular reactive oxygen species accumulate in cardiomy-
ocytes, leading to injury and apoptosis [165]. Therefore, 
cardiotoxicity from medical treatment of breast cancer 
is mainly due to reactive oxygen species accumulation 
in cardiomyocytes due to treatment [166]. Ginsenosides, 
when combined with standard treatments, have shown 
the potential to inhibit adverse effects from standard 
treatments and prevent them.

Treatment with trastuzumab, an anti-HER2 therapy, 
can induce apoptosis in cardiomyocytes by upregulat-
ing the expression of apoptotic genes such as caspase-3, 
caspase-9, and Bax. However, ginsenoside Rg2 has been 
shown to reduce the expression of these apoptotic genes 
and attenuate trastuzumab-induced apoptosis in car-
diomyocytes Rg2 [167]. Interestingly, Rg2 [168] induced 
protective autophagy in cardiomyocytes to avoid the 
apoptotic damage caused by trastuzumab by upregulat-
ing p-Akt, p-mTOR, Beclin 1, LC3, and ATG5 expres-
sion levels. As previously mentioned, doxorubicin can 
lead to cardiotoxic effects when treating breast cancer. 
Since doxorubicin causes histopathological changes, 
apoptosis and necrosis, and subsequent inflamma-
tion in the heart when treating breast cancer, Rh2 can 
reverse these changes [169]. Rh2, when administered 
with doxorubicin, alters the cell cycle and microtubule 
attachment, promotes TNF, chemokine, and interferon 
production, responses to cytokines and chemokines, and 
genes involved in T-cell activation, enhancing the effi-
cacy of doxorubicin. In contrast, Rg1-conjugated [170] 
nanoparticles with doxorubicin can specifically bind to 
breast cancer cells to induce apoptosis and activate ROS 
and caspase-3 expression of tumor cells without dam-
age to cardiomyocytes. Paclitaxel resistance is a common 
mechanism to reduce the benefit of paclitaxel treatment 
in breast cancer treatment. However, intervention with 
Panaxatriol can target paclitaxel-resistant breast can-
cer cells by blocking the activation of IRAK1/NF-κB and 
ERK signaling pathways, downregulating the expression 
of S100A7/9, inflammatory factors (IL-6, IL-8, CXCL1, 
CCL2), and cancer stem cell-related markers (OCT4, 
SOX2, NANOG, ALDH1, CD44), and restoring the sen-
sitivity of breast cancer cells to paclitaxel [49].

Ginsenoside has good anti‑cancer activity 
in clinical application
At present, only four clinical studies on ginsenoside in 
cancer patients have been reported, including two stud-
ies on patients with non-small cell lung cancer [50, 171], 
one study on hepatocellular carcinoma [51] and one 

study on breast cancer [52]. In a randomized controlled 
study of ginsenoside Rg3 combined with capecitabine 
in the treatment of triple negative breast cancer [52], 
30 patients with stage IV triple negative breast cancer 
received capecitabine alone (15 cases) or Rg3 combined 
with capecitabine (15 cases). Rg3 was administered 
twice a day (40 mg/day) for at least 2 weeks. The results 
showed that compared with chemotherapy with capecit-
abine alone, Rg3 + Capecitabine could achieve a higher 
short-term effective rate (P < 0.05). Patients treated with 
Rg3 can also get lower incidence of adverse reactions and 
higher quality of life. This proves that ginsenoside com-
bined with chemotherapy is a very potential treatment 
mode for patients with triple negative breast cancer.

In the study of Rg3 combined with chemotherapy in 
the treatment of stage II-III non-small cell lung cancer 
[50], 133 patients received Rg3(43 cases), Rg3 + chemo-
therapy (46 cases) or chemotherapy alone (44 cases). Rg3 
was administered twice a day (40–50 mg/day) for at least 
6 months. The results showed that compared with Rg3 or 
chemotherapy alone, Rg3 + chemotherapy improved the 
3-year survival rate (54.3% versus 46.5% or 47.7%, respec-
tively; P > 0.05). In the course of treatment, patients 
receiving Rg3 therapy have lower incidence of adverse 
reactions and better immune system function (increased 
activity of NK cells and  CD4+ T cells and normal  CD4+/
CD8+ T cell ratio), which indicates that the combina-
tion of Rg3 therapy and chemotherapy is a very poten-
tial treatment strategy. In another study of Rg3 combined 
with TKI in the treatment of patients with unresect-
able EGFR mutation NSCLC in stage III–IV [171], 124 
patients were divided into TKI + Rg3 (20  mg/day) or 
TKI monotherapy, and the administration lasted for at 
least 6  months. The results showed that Rg3 increased 
the median progression-free survival time of patients by 
2.5  months, delayed acquired TKI drug resistance, and 
reduced TKI drug-related adverse reactions. Among the 
treatment-related adverse reactions, rash is the worst 
side effect in the two groups, while nausea, diarrhea and 
anorexia are the most common side effects in the two 
groups. However, the use of Rg3 reduces these adverse 
reactions caused by TKI drugs.

In another study of Rg3 in the treatment of patients 
with advanced hepatocellular carcinoma [51], 228 
patients were randomly divided into two groups and 
received TACE alone or combined with Rg3 (40 mg/day). 
The results showed that the median overall survival time 
of patients receiving TACE + Rg3 was longer than that of 
patients receiving TACE alone (13.2 months compared 
with 10 months; P = 0.002). During the treatment, Rg3 
was well tolerated, and the reported adverse effects were 
grade 1 or grade 2 constipation, nosebleed and hyperten-
sion. More importantly, the treatment of Rg3 is helpful to 
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alleviate the adverse effects caused by TACE treatment 
and improve the quality of life of patients.

Although there are not many clinical studies on the 
treatment of cancer patients at present, it can be seen 
from the published studies that ginsenoside has a very 
bright prospect in the treatment of malignant patients. It 
has been found that ginsenoside can treat breast cancer 
through multi-targets, multi-channels and multi-mecha-
nisms in vivo and in vitro, and the next stage of research 
should focus on transforming these research results into 
clinical use.

Discussion
The fundamental hallmarks of a tumor are the defining 
characteristics that differentiate normal mammary epi-
thelium from breast cancer cells. They are the underlying 
causes and driving forces behind the development and 
progression of breast cancer. These hallmarks of breast 
cancer cells, when combined, promote continuous pro-
liferation, invasion, and metastasis. They also aid in the 
survival of breast cancer cells during conventional treat-
ment methods and the acquisition of drug resistance. As 
a result, targeting breast cancer therapeutics modifies 
the basic hallmarks of breast cancer cells, causing them 
to lose the crucial features on which they depend for 
survival.

Therapeutic approaches and drugs targeting the gen-
eral characteristics of tumor cells have shown success 
in breast cancer treatment. Ongoing basic research 
focused on tumors has led to the discovery of new fun-
damental hallmarks of tumors over the years. There-
fore, therapeutic drugs and approaches that target these 
novel hallmarks hold significant potential in breast can-
cer treatment. In clinical breast cancer treatment, the 
commonly used therapeutic modalities aim to induce 
apoptosis (programmed cell death), block self-sufficient 
growth signals in cells, alter the ability of cells to repli-
cate indefinitely, and enhance immune cells’ recognition 
and killing of tumor cells, among other strategies [172]. 
However, both traditional and novel antitumor drugs 
may have side effects that can reduce patients’ quality of 
life and increase the risk of treatment resistance [161]. 
Natural compounds, which are naturally occurring anti-
tumor agents, offer an alternative approach. By identi-
fying potential antitumor drugs from informative data 
containing natural compounds, these compounds have 
the potential to be a class of antitumor therapeutics with 
fewer side effects, significant therapeutic benefits, and 
relative affordability [9].

Radix Ginseng, a widely utilized natural medicine, 
has been recognized for its therapeutic effects in mod-
ern pharmacological studies. It has demonstrated posi-
tive outcomes in anti-inflammation, antioxidant activity, 

antitumor properties, and energy supplementation [173]. 
Among the active components of Radix Ginseng, ginse-
nosides have been identified as the most predominant 
and abundant compounds, exhibiting significant poten-
tial in antitumor therapy [17]. Over 180 ginsenosides 
have been discovered so far, and most of these active 
components have demonstrated varying degrees of inhi-
bition against breast cancer cells [174].

Ginsenosides, the primary active components with 
anticancer properties found in Radix Ginseng, are typi-
cally administered orally. However, some ginsenosides 
require metabolic transformation by gut microbes after 
oral intake to generate ginsenosides with enhanced anti-
cancer activity [175]. This metabolic conversion pri-
marily involves the conversion of protopanaxadiol-type 
ginsenosides into compound K and ginsenoside Rh2, 
as well as the conversion of protopanaxatriol-type gin-
senosides into ginsenosides Rh1 and protopanaxatriol. 
Interestingly, ginsenosides can also influence the charac-
teristics of breast cancer cells by modulating the species 
and abundance of intestinal flora and the levels of vari-
ous metabolites in breast cancer patients. This modula-
tion can have both attenuating and enhancing effects on 
breast cancer treatment [176].

Ginsenoside has been proved to have great potential in 
the treatment of breast cancer, but at present, the main-
stream research direction is still ginsenoside combined 
with anti-tumor drugs (chemotherapy drugs, targeted 
therapy drugs, immunotherapy drugs, antibody-coupled 
conjugate), which proves that ginsenoside can enhance 
the efficacy of anti-tumor drugs. At present, many studies 
have confirmed that ginsenoside can delay the acquired 
drug resistance of tumor cells, but there is no relevant 
report on the drug resistance of tumor cells to ginseno-
side. As a natural product, ginsenoside may acquire drug 
resistance in tumor cells for a longer time than other 
synthetic chemicals. At present, there is no research on 
the contraindications of ginsenoside in clinical use in the 
reports. Therefore, in the next research, the contraindica-
tions of ginsenoside in the treatment of malignant tumor 
patients should be clarified to facilitate the clinical use of 
ginsenoside.

Many studies have established that ginsenosides yield 
heterogeneous effects in breast cancer treatment, alter-
ing the key hallmarks of breast cancer cells, including 
apoptosis, tumor angiogenesis, EMT, and epigenetic 
changes [174]. While basic research has demonstrated 
the anti-breast cancer effects of ginsenosides, clini-
cal research in this area is still ongoing [177]. Clini-
cal studies have mainly focused on reducing toxic side 
effects and improving the efficacy of ginsenosides com-
bined with anti-tumor drugs. Novel studies have also 
been conducted to improve the solubility and stability 
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of ginsenosides in  vivo by changing the carriers and 
modes of administration of ginsenosides [178]. There-
fore, the application of ginsenosides in the treatment of 
breast cancer represents a promising strategy that has 
the potential to make significant breakthroughs in the 
future.

Ginsenoside has been proved to have great poten-
tial in the treatment of breast cancer, but at present, 
the mainstream research direction is still ginsenoside 
combined with anti-tumor drugs (chemotherapy drugs, 
targeted therapy drugs, immunotherapy drugs, anti-
body-coupled conjugate), which proves that ginseno-
side can enhance the efficacy of anti-tumor drugs. At 
present, many studies have confirmed that ginsenoside 
can delay the acquired drug resistance of tumor cells, 
but there is no relevant report on the drug resistance of 
tumor cells to ginsenoside. As a natural product, ginse-
noside may acquire drug resistance in tumor cells for a 
longer time than other synthetic chemicals. At present, 
there is no research on the contraindications of ginse-
noside in clinical use in the reports. Therefore, in the 
next research, the contraindications of ginsenoside in 
the treatment of malignant tumor patients should be 
clarified.
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