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ABSTRACT: Despite the advancements achieved in chemotherapy, cancer continues to remain a formidable and
lethal global threat, ranking as the second leading cause of death worldwide. The development of chemoresistance
poses a significant hurdle in cancer treatment. Nonetheless, a therapeutic strategy known as chemosensitization has
emerged to counteract cancer cell resistance, wherein the efficacy of one drug is augmented by another. Accumulating
evidence suggests that natural products have attracted considerable attention in the cancer therapeutic realm
due to their ability to combat multidrug resistance with minimal side effects. Ginsenosides, triterpene saponins
extracted from Panax ginseng, have demonstrated significant anticancer activity while exhibiting relatively low
toxicity and reduced adverse effects. Co-administration of ginsenosides with chemotherapeutic drugs has been
shown to trigger apoptosis, as evidenced by an increased Bcl-2-associated X protein (Bax)/B-cell lymphoma 2
(Bcl-2) ratio, inhibit angiogenesis through suppression of vascular endothelial growth factor (VEGF); and hinder
replicative immortality by downregulating stemness-associated markers such as octamer-binding transcription factor
4 (Oct4), Nanog, and sex determining region Y-box 2 (SOX2) in various cancers. Additionally, ginsenosides modulate
key chemoresistance pathways, including nuclear factor-kappa B (NF-κB), signal transducers and activators of
transcription (STAT), and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), as well as their downstream
targets, thereby rendering cancer cells more susceptible to chemotherapy. Notably, ginsenosides have been shown
to modulate the tumor microenvironment and mitigate the side effects associated with chemotherapeutic drugs.
This review aims to consolidate findings from preclinical and clinical studies to elucidate the role of ginsenosides as
effective chemosensitizing agents.
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1 Introduction

Cancer, a prevalent and lethal disease in the modern era, has witnessed substantial advancements
in treatment over the past 15 years due to technological progress and extensive insights into molecular
and tumor biology [1,2]. Chemotherapy, utilizing various molecules to combat cancer cell proliferation,
angiogenesis, and replicative immortality, has emerged as a globally effective treatment modality [3,4].
The FDA approval of multiple anticancer drugs in the current decade highlights significant progress in
oncology, marking a shift toward broader therapeutic options after decades of limited advancements [5].
However, the dependence on high drug doses, arising from therapeutic strategies that target one or a few
pathways or proteins to kill cancer cells, can potentially worsen the disease state [6]. Additionally, the
heterogeneous nature of the cancer cell population gives rise to intrinsic resistance, present from the
outset, and to acquired resistance, which develops after multiple treatment cycles [7,8]. In addition, cancer
cells become resistant to a single drug or drugs with a similar mechanism by altering drug targets and
activating mechanisms that repair drug-induced DNA damage [9]. Moreover, some cancer cell populations
exhibit cross-resistance to drugs with distinct mechanisms of action, a phenomenon known as multidrug
resistance (MDR) [8–11]. To address these challenges, researchers are actively seeking compounds with
reduced toxicity to non-targeted tissues and exploring combination therapies to overcome drug resistance
mechanisms [12,13]. It is well established that phytochemicals, including nutraceuticals, are an alternative
for developing novel therapeutic drugs with safety and efficacy [14–16].

Nutraceuticals are naturally occurring non-toxic dietary compounds that can offer physiological
benefits against chronic diseases [17–19]. Carotenoids, flavonoids, and sulfur-containing compounds are
among the nutraceuticals known for their significant anticancer properties [20,21]. Additionally, they have
been used in combination with conventional therapies which induces apoptosis in cancer cells [13,20,22,23].
Among these, ginsenosides, a group of pharmacologically active triterpenoid saponins derived from Panax
ginseng C. A. Meyer, a perennial herb of the Araliaceae family, have been used in traditional oriental
medicine for thousands of years [24,25]. It is noteworthy that ginsenosides comprise a diverse group of
more than 150 compounds, each exhibiting distinct structural and pharmacological characteristics [26,27].
The genus name, “Panax”, emerged from the Greek word “Pan-acea” meaning “cure for all” [28–30]. Most
species in the genus Panax, including P. ginseng C. A. Meyer (Asian ginseng or Korean red ginseng), and P.
notoginseng (Burk.) F. H. Chen (notoginseng) has been used to treat various chronic diseases in Traditional
Chinese Medicine, and P. quinquefolius L. (American ginseng) is used by North Americans as a tonic for
stamina and respiratory health [31–33]. P. notoginseng was first scientifically described in a Chinese herb
encyclopedia, The Compendium of Materia Medica (Bencao Gangmu), written by Li Shi Zhen (1518–1593
AD), and is considered the emperor herb for treating different types of wounds [34,35]. P. ginseng is
one of the most studied and commonly used ginsengs and is known to boost psychological and immune
function [36]. Moreover, this herb has also been used as a natural remedy in traditional Korean and Chinese
medicine for the prevention and treatment of various chronic diseases, including cancer, cardiovascular
diseases, diabetes, and obesity [37–40].

A plethora of studies confirmed the anticancer properties of ginsenosides across multiple
malignancies [41–43]. However, its role as a chemosensitizing agent is largely underexplored. This gap in
the literature is particularly significant given the persistent challenge of chemoresistance, which undermines
the efficacy of conventional chemotherapy in many cancer types.

This review seeks to address this gap by comprehensively examining the chemosensitizing potential
of ginsenosides when combined with standard chemotherapeutic agents across diverse cancer subtypes.
We have summarized the pharmacological properties of ginsenosides as reported in clinical studies and
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provided an overview of the fundamental molecular mechanisms and downstream pathways underlying
their chemosensitizing effects across multiple cancer types. Furthermore, this review highlights current
challenges hindering the clinical translation of ginsenosides and discusses future perspectives to guide the
development of more effective therapeutic strategies.

2 Bioavailability of Ginsenosides

A growing body of evidence indicates the presence of diverse ginsenosides derived from Panax species.
More than 150 ginsenosides have been isolated from the roots, fruits, flower heads, leaves, and stems
of the ginseng plant [26]. Besides ginsenosides, other constituents of ginseng include carbohydrates,
polysaccharides, peptides, polyacetylenic alcohols, phenolic compounds, etc. However, most of the
pharmacological benefits of ginseng are attributed to ginsenosides [25,44,45]. Over 20 ginsenosides possess
various biological properties, including analgesic, anti-inflammatory, anti-carcinogenic, anti-diabetic,
anti-fatigue, immunomodulatory, and neuroprotective effects [46–48]. The structure of various ginsenosides
was first identified in 1965 by a Japanese natural medicine chemist, Shibata [49]. Based on their structure,
ginsenosides are categorized into dammarane-type and oleanane-type tricyclic triterpenoids. Dammarane
type is further divided into protopanaxadiol type (PPD) such as ginsenoside Rb1, Rb2, Rb3, Rc, Rd, Rg3,
Rh2, Rs1, and Rk1 (contains a hydrogen atom at C6) and protopanaxatriol type (PPT) such as ginsenoside
Re, Rf, Rg1, Rg2, and Rh1, (contains a C6 sugar chain) [46,49,50]. Moreover, the C20 of PPD and PPT can
be either 20(S) or 20(R)-type structures, based on the location of the chiral carbon substitution. Notably,
it has been found that the anticancer activities of ginsenosides depend on the location of sugar linkages,
in the order: C3 > C6 > C20 [50,51]. The minor types of ginsenosides include oleanolic acid type, such as
ginsenoside Ro, and ocotillol type, such as pseudo ginsenoside [50]. Rb1, Rb2, Rc, Re, and Rg1 are the major
ginsenosides, comprising 70–80% of total ginsenosides, in a fresh ginseng [52]. The structures of various
ginsenosides are summarized in Fig. 1.

Several clinical trials have explored the pharmacokinetics of ginsenosides due to their biological
activities (Table 1) [53]. For instance, an open-label study was conducted in 12 healthy volunteers to
investigate the efficacy of intramuscular injection of XueShuanTong, a lyophilized extract of P. notoginseng
roots, extensively used in the treatment of ischemic heart and cerebrovascular diseases [54]. It mainly
consisted of ginsenosides Rb1 and Rd of 20(S)-protopanaxadiol-type, Rg1, Re, and notoginsenoside R1 of
20(S)-protopanaxatriol-type. Intramuscular injection of XueShuanTong increased the bioavailability of
ginsenosides by around 100 to 112% compared to the intravenous method. Moreover, it also demonstrated
that the 20(S)-protopanaxadiol-type has a longer half-life than the 20(S)-protopanaxatriol-type [54]. A
similar study investigated the pharmacokinetic profile of 20s ginsenoside Rg3 in healthy volunteers. The
study was conducted in 2 stages: first, as a single dose of 10–60 mg in 24 healthy volunteers, and second, as
multiple doses of 30 g in 9 healthy volunteers [55]. For a single dose, the maximum plasma concentration
(Cmax) was 135.4 ± 35.3, 162.1 ± 47.2, and 399.8 ± 217.0 ng/mL for 10, 30, and 60 mg 20(S)-ginsenoside
Rg3, respectively [55]. For multiple-dose administration, Cmax was 457.0 ± 165.7 and 770.2 ± 275.4 ng/mL
after the first and the last doses of 20(S)-ginsenoside Rg3, respectively [55]. In another study, six healthy
volunteers received 10 g of American ginseng root powder, and the amounts of Rb1, Rd, Rg2, and compound
K (CK) in their blood were detected using the ultra-performance liquid chromatography/time-of-flight mass
spectrometry (UPLC/TOF-MS) method [56]. The result showed that 10 g was well tolerated, the Tmax of
Rb1 was 4 h, and the CK level gradually increased from the 7th hour. Moreover, it has also been found that
enteric microbiota plays a crucial role in transferring Rb1 to CK [56]. Similarly, American ginseng powder (2
g) was orally administered to six healthy volunteers following either an Asian or a Western diet [57]. In Asian
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dietary patterns, there was an observed elevation in Rb1 levels, whereas subjects adhering to a Western diet
exhibited increased CK levels. This finding provides further confirmation of the direct relationship between
ginsenoside biotransformation and the enteric microbiota, which is influenced by diet [57].

Figure 1: Various ginsenoside compounds derived from the Panax ginseng plant. It includes Rb1, Rb2, Rb3, Rf, Rc, Rd,
Rk1, Rs1, Rg1, Rg2, Rg3, Rh1 and Rh2. Based on their structure, ginsenosides are categorized into dammarane-type
and oleanane-type tricyclic triterpenoids. The dammarane-type ginsenosides are further divided into two subtypes:
protopanaxadiol (PPD) and protopanaxatriol (PPT). Protopanaxadiol-type ginsenosides, which include Rb1, Rb2, Rb3,
Rc, Rd, Rg3, Rh2, Rs1, and Rk1, contain a hydrogen atom at the C6 position. Protopanaxatriol-type ginsenosides, such
as Rf, Rg1, Rg2, and Rh1, are characterized by a sugar chain at the C6 position. Created using ChemDraw.

Table 1: The bioavailability and safety of ginsenosides in clinical trials conducted in healthy subjects.

Intervention Type of Ginsenosides Dose
No. of
Subjects

Effects References

XueShuanTong Rb1, Rg1, Rd, Re,
notoginsenosides R1, 150 mg 12 ↑Bioavailability [54]

- 20(S)-Rg3 10–60 mg 24 A pharmacokinetic profile suitable
for once every 2 days dosing. [55]

- 20(S)-Rg3 30 mg 9 A pharmacokinetic profile suitable
for once every 2 days dosing [55]

Fermented CK-30 CK 600 mg 22 ↑Systemic exposure, Bioavailability [58]

- Rd 10, 40, 75 mg 24 No adverse effect, slowly cleared
from plasma [59]

Ginsenoside
H dripping pill Rh2 7.8, 31.2 mg 12 No adverse effect [60]
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Table 1: Cont.

Intervention Type of Ginsenosides Dose
No. of
Subjects

Effects References

Ginsenoside
H dripping pill Rh2 15.6 mg 12 No obvious accumulation of drug,

supported twice a day dosing [60]

TJ-100 Rg1, Rb1 2.5, 5, 10 g 16 Observed plateau, kinetics were not
proportional to dosage [61]

Daikanchuto Rb1 15 g 4 Ginsenosides gradually increased
during the sampling period [62]

Fermented ginseng IH-901 (CK) 3 g 24 No adverse effect other than mild
diarrhea [63]

American ginseng
root powder Rb1, Rd, Rg-2, CK 10 g 6 Well tolerated, enteric bacteria

converted Rb1 to CK [56]

American ginseng
powder Rb1, CK 2 g 6 ↑CK in the western diet and Rb1 in

the Asian diet [57]

↑: Increased; Abb: CK: Compound K.

A randomized, open-label, two-treatment, 2 × 2 crossover study was conducted in 24 healthy volunteers,
demonstrating the increased uptake of fermented ginsenoside CK-30 as compared to fresh CK-30 from
red ginseng extract [58]. The volunteers were separated into two groups and given an oral dose of either
600 mg of CK-30 or 2.94 g of red ginseng extract. The result showed that the median time to reach Cmax of
ginsenoside CK after administration of CK-30 was 3 h; however, for red ginseng extract, it was 10 h [58].
Another open-label, randomized, single-dose, fasting, two-period, crossover, pharmacokinetic study was
conducted in 24 Korean healthy male volunteers, demonstrating a similar result [63]. In this study, AUC(t)
was 2083.09 ± 91.97 ngh/mL, showing a 15.5-fold increase over that of CK from the non-fermented group
(134.50 ± 63.10 ngh/mL), and the mean Cmax was 325.00 ± 91.97 ng/mL in the fermented ginseng group,
a 27-fold higher value than that in the non-fermented group (13.88 ± 7.24 ng/mL) [63].

Moreover, in another randomized, open-label, three-way crossover study, 24 healthy volunteers
received intravenous infusions of 10, 40, or 75 mg of Rd [59]. The Cmax and AUC0-∞ ranging from 2.8
to 19.3 mg/L and 27.9 to 212.5 mgh/L and for multidose study Cmax, AUC0–∞, and AUCss were 4.0 mg/L,
51.7 mgh/L, and 26.4 mgh/L, respectively. The compound is slowly cleared from plasma, which supports
the safety and pharmacokinetics of ginsenoside as a therapeutic regimen [59]. Similarly, another study
reported the safety of ginsenoside H dropping pills (GH), a novel clinical-stage adjuvant for the treatment
of non-small cell lung cancer (NSCLC), which contains Rh2 as its main ingredient [60]. A total of 24 healthy
volunteers were grouped into two and administered with GH pills as a single dose and multiple doses of
7.8 mg, followed by 31.2 mg, and 15.6 mg, respectively [60]. The result showed that the half-life ranged
from 9 to 11 h for a single dose and 14.5 h for multiple doses without adverse effects [60].

In another study, Daikenchuto (TJ-100), a pharmaceutical-grade traditional Japanese medicine, was
orally administered to Japanese healthy volunteers at doses of 2.5, 5, and 10 g [61]. The six major ingredients
of TJ-100 are hydroxy-α-sanshool (HAS), hydroxy-β-sanshool (HBS), [6]-shogaol (6S), [10]-shogaol (10S),
ginsenoside Rb1, and ginsenoside Rg1. The plasma concentration of Rb1 reached themaximum concentration
at approximately 4 h after administration, with an extremely low plasma concentration (<0.023 ng/mL) [61].
However, in another study, when Daikenchuto was administered orally to 4 healthy volunteers at a dose of
15 g, an increase in the peak level of Rb1 was observed during the sampling period [62].
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In summary, ginsenosides have demonstrated a favorable safety profile and are generally well-tolerated
in clinical studies, supporting their potential therapeutic use. However, their pharmacokinetics present
certain limitations. The diverse array of chemical forms and intricate structures of ginsenosides pose
challenges to studying their pharmacokinetics [53]. Additionally, the biotransformation of ginsenosides
is highly dependent on the intestinal microbiota, which convert the parent compounds into more
pharmacologically active metabolites such as CK. This microbial metabolism plays a crucial role in mediating
their bioactivity and systemic absorption. Further, the oral availability of ginsenosides is reported to be
very low, which hinders their development as potent therapeutic agents [53]. Furthermore, the stability
and composition of ginsenosides are influenced by post-harvest processing methods. Koh et al. reported
that thermal processing leads to a marked reduction in total ginsenoside content, accompanied by a
transformation in composition, notably, the conversion of ginsenoside Rc to Rg3 during air-drying [64].
Such alterations may affect both the pharmacological profile and consistency of ginseng-based formulations,
highlighting the need for optimized processing techniques to preserve or enhance therapeutic efficacy.

3 Anticancer Mechanisms of Ginsenosides

Numerous studies have revealed that ginsenosides such as Rg3, Rg5, Rk1, and Rh2 are novel and potent
anticancer agents by instigating apoptosis and retarding cancer cell proliferation and metastasis [65–67].
For instance, Rh2, the main component of red ginseng extracts, exerts its anticancer effects by inhibiting cell
proliferation by downregulating IL-6-induced STAT-3 activation and expression of matrix metalloproteinases
(MMPs) [68]. Similarly, when NSCLC cells are co-cultured with RAW264.7 or THP-1 cells, the proliferation
and migration of cancer cells are promoted through the upregulation of vascular endothelial growth
factor (VEGF), MMPs, and M2 macrophage activation [69]. However, treatment with ginsenosides Rh2
reversed these effects by shifting M2 macrophages towards an M1 phenotype and reducing VEGF and
MMPs levels [69].

A plethora of studies have demonstrated the anticancer properties of ginsenosides Rb2, Rg3, and
Rg5 [70–73]. For instance, an in vitro study investigated the role of Rg3 in lung cancer and found that
it can inhibit the migration, invasion, and angiogenesis of lung cancer cells by suppressing VEGF and
cyclooxygenase-2 (COX-2) [70]. However, overexpression of COX-2 reversed the protective effect of
ginsenosides [70]. Song et al. demonstrated that Rg3 inhibited tumor growth by inhibiting myeloid-derived
suppressor cells (MDSCs) in mouse mammary carcinoma [74]. In the same study, Rg3 downregulated
stemness and EMT by inhibiting tumor-derived cytokines, STAT-3, and the NOTCH signaling pathway [74].
Notably, a combination study of Rg3 and Rg5 demonstrated potent anticancer activity in lung cancer by
inhibiting the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mechanistic target of rapamycin
(mTOR) and epidermal growth factor receptor (EGFR)/VEGF signaling pathways [71]. This resulted in
a pronounced enhancement of apoptosis and a reduction of metastasis compared to the effects of each
compound individually [71]. Another in vitro study highlighted the protective effect of Rg5 and Rk1 in
MHCC-97H liver cancer cells [72]. Treatment with these ginsenosides activated endogenous apoptotic
pathways, leading to cancer cell death [72]. Jiang et al. reported the tumor-suppressive effects of CK
in human prostate cancer cells by showing that it binds to the androgen receptor promoter region and
inhibits its signaling [75]. In addition, CK suppressed epithelial-mesenchymal transition (EMT) markers
such as vimentin and MMP9, while simultaneously promoting E-cadherin activation. These findings were
further supported by consistent results observed in in vivo studies [75]. Further, PPD, another derivative of
ginsenoside, suppressed cell viability, migration, colony formation, and invasion in gastric cancer cells [76].
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This study also demonstrated that PPD inhibited the phosphorylation of the SRC proto-oncogene and the
activation of its downstream targets, ultimately leading to apoptosis and autophagy in these cells [76].

In recent years, novel ginsenosides have been synthesized, and their anticancer mechanisms have
been investigated. For example, 20(S)-Rh2E2, a structurally modified derivative of pure 20(S)-Rh2, has been
studied for its inhibitory effects on lung cancer by altering the metabolism of cancer cells [77]. In xenograft
models, 20(S)-Rh2E2 significantly inhibited tumor growth and metastasis. Notably, animals administered
with 20(S)-Rh2E2 at doses up to 320 mg/kg/day survived without significant body weight loss or observable
toxicity after 7 days of treatment [77]. Similarly, another compound, 2-deoxy-Rh2, synthesized through the
hybridization of 20(S)-Rh2 and 2-deoxy-glucose, demonstrated anticancer activity by triggering apoptosis
and inhibiting glycolysis and mitochondrial respiration in human breast cancer cells [78].

Notably, various ongoing clinical trials have also highlighted the anticancer properties of ginsenosides
against multiple malignancies. For instance, Lu et al. conducted a clinical trial in patients with NSCLC to
investigate the mechanism by which ginsenoside Rg3 (Shenyi Capsule) affects postoperative survival [79].
The results indicated that Rg3 improves survival of postoperative patients, especially when combined with
chemotherapeutics [79]. Similarly, evidence has also demonstrated that ginsenosides can induce apoptosis
in rectal cancer patients, contributing not only to tumor cell death but also to an improvement in clinical
symptoms [80]. Notable symptomatic relief was observed, including reduced defecation frequency, fewer
episodes of hematochezia (bloody stools), and alleviation of tenesmus, indicating potential therapeutic
benefits beyond cytotoxic effects [80].

In summary, these studies collectively highlight the potent anticancer activity of ginsenosides and
the signaling mechanisms underlying it. Ginsenosides have been shown to induce apoptosis and inhibit
multiple cancer-associated processes, including cell proliferation, EMT, angiogenesis, and cancer stemness
across various cancer types. By modulating key signaling pathways, such as STAT-3, NOTCH, and VEGF,
and downregulating oncogenic markers like vimentin andMMPs, ginsenosides demonstrate broad-spectrum
therapeutic potential in cancer treatment.

4 Mechanism of Chemoresistance in Cancer Cells

In recent decades, numerous innovative strategies have emerged for cancer treatment. However, the
phenomenon of MDR has thwarted many of these interventions [81,82]. Generally, chemotherapeutic drugs
enter the body through different influx proteins and lead to DNA damage, cell cycle arrest, apoptosis induction,
and inhibition of pro-survival signaling pathways, such as the PI3K/Akt and STAT pathways [83,84]. However,
MDR facilitates the efflux of these drugs from cancer cells. Seven major reasons for the development of
MDR are increased efflux of the drug by ATP-binding cassette (ABC) transporter, reduced influx, elimination
of the drug, blocking apoptosis, elevating adaptability by regulating miRNA and epigenetic mechanisms,
mutation in drug targets and signaling pathways, and changes in tumor microenvironment (TME) due to
Pasteur and Warburg effects [85–87]. ABC transporters are a group of membrane transporter proteins that
maintain homeostasis by expelling toxic substances from the body [88,89]. However, cancer cells exploit
the ABC transporter function to remove the drugs from the cells [88,90,91]. P-glycoprotein (P-gp, ABCB1),
MDR-associated protein 1 (MRP1/ABCC1), and breast cancer resistance protein 2 (BCRP2, ABCG2) are
among the major drug transporters that cause efflux of drugs from the cell [92]. P-gp is associated with the
transport of molecules, including drugs, cytokines, and steroid hormones [93,94]. Additionally, its expression
is regulated by various signaling pathways, including p53, EGR1, Ras, Raf, RARα/β, c-fos, c-jun, protein
kinase A (PKA), protein kinase C (PKC), and nuclear factor kappa B (NF-κB) [93]. P-gp-mediated efflux
leads to resistance towards drugs such as anthracycline antibiotics, plant alkaloids, epipodophyllotoxins,
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and taxanes. Moreover, vincristine, vinblastine, doxorubicin, etoposide, mitoxantrone, CPT11, and SN38
efflux were mediated by MRP1 and MRP2, cisplatin by MRP2 alone, and camptothecins (topotecan and
SN-38), anthracyclines, methotrexate, and etoposide by BCRP [93].

Moreover, hypoxia and hypoxia-inducible factor (HIF) have also been found to enhance the expression
of ABC proteins, ultimately leading to resistance in cancer cells [95,96]. Additionally, genetic mutations,
chromosomal rearrangements, and gene amplification can also contribute to the development of drug
resistance in cancer cells [97]. Importantly, cancer stem cells, owing to their self-renewal capacity and
inherent resistance to conventional therapies, play a crucial role in driving chemoresistance and ultimately
contribute to tumor relapse and metastasis [98]. Moreover, exosomes, a type of extracellular vesicle, also
play a vital role in the resistance of cancer cells [99]. Several studies have demonstrated the transfer of
resistance-associated factors from chemoresistant cells to sensitive cells via exosomes [100,101].

Manipulation of various signaling pathways in cancer cells also resulted in chemoresistance. For example,
in human epidermal growth factor receptor 2 (HER2)-positive breast cancer, treatment with anti-HER2
agents inhibits the HER2 signaling pathway [102,103]. However, it also led to the activation of several
alternative survival pathways, including hyperactivation of the PI3K/Akt/mTOR pathway and mutations
in phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PI3KCA) [101,104]. Similarly,
in epithelial ovarian cancer, stemness and EMT led to chemoresistance by activating PI3K/Akt/mTOR
signaling [105]. Nevertheless, combined treatment of cisplatin with BEZ235, a dual PI3K/mTOR inhibitor,
reversed resistance by activating apoptosis, inhibiting EMT, and increasing ROS levels [105].

The Ras pathway is a signature signaling pathway in cancer, where its activation sensitizes breast cancer
cells to MEK inhibitors and confers resistance to Akt inhibitors [106,107]. Additionally, activation of NF-κB
is a common event in tumor cells, leading to survival and increased aggressiveness [108–110]. In pancreatic
cancer, it has been observed that miR-146a-5p was downregulated, leading to the activation of tumor
necrosis factor receptor-associated factor 6 (TRAF6)/NF-κB p65/P-gp axis, causing resistance to gemcitabine
therapy [111]. Besides, doxorubicin-resistant breast cancer cells exhibited increased levels of NF-κB and
MDR proteins, such as ABCB1 and ABCC1 [112]. However, combined treatment of doxorubicin with NF-κB
inhibitors reversed resistance by downregulating the expression of MDR proteins [112]. Additionally,
aldehyde dehydrogenase (ALDH) plays a crucial role in the development of cancer stem cell-related
resistance, primarily through two mechanisms. In gastric cancer cells with high drug tolerance, ALDH
maintained low ROS levels and inhibited apoptosis induced by the drugs [113]. However, in gynecological
malignancy, it detoxifies the toxic compounds induced by chemotherapeutic drugs and scavenges the ROS,
leading to cancer stemness and resistance [114].

In summary, MDR is a significant hindrance to the development of safe and efficacious anticancer
agents (Fig. 2). It is therefore imperative to identify safe and effective therapeutic strategies to address
this challenge. In this context, combining existing chemotherapeutic or targeted agents with natural
compounds such as ginsenosides may significantly overcome drug resistance, enhance antitumor efficacy,
and simultaneously reduce the adverse side effects associated with conventional chemotherapy.
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Figure 2: Mechanisms of chemoresistance in cancer cells. Cancer cells develop resistance to chemotherapeutic drugs
through several mechanisms, including the activation of drug efflux proteins such as MRP1, which transport drugs
out of the cells; the inhibition of apoptotic proteins; and the upregulation of proteins associated with cancer stemness,
survival, and angiogenesis. These mechanisms collectively contribute to chemotherapeutic resistance, increased
cell survival, and proliferation. Created using Biorender.com. Abb: Akt: Protein kinase B, Bcl-2: B-cell lymphoma 2,
EMT: Epithelial-mesenchymal transition, HIF: Hypoxia-inducible factor, KLF4: Krüppel-like factor 4, Mcl-1: Myeloid
cell leukaemia 1, MMP: Matrix metalloproteinase, mTOR: Mechanistic target of rapamycin, NF-κB: Nuclear factor
kappa B, Oct4: Octamer-binding transcription factor 4, PDGF: Platelet-derived growth factor, PI3K: Phosphoinositide
3-kinase, SOX2: Sex determining region Y-box 2, VEGF: Vascular endothelial growth factor.

5 Chemosensitizing Action of Ginsenosides

A growing body of evidence has elucidated the anticancer effects of ginsenosides, acting through
diverse molecular mechanisms. However, as cancer cells increasingly develop resistance to chemotherapy,
as discussed in the previous section, there is a growing focus on natural compounds as alternative strategies.
Several studies have detailed the chemosensitizing effects of ginsenosides across various cancer types
(Table 2, Fig. 3). In the following sections, we discuss the mechanisms by which ginsenosides enhance
chemosensitivity in different cancer types, with a particular emphasis on the signaling pathways involved.
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Table 2: Chemosensitizing effects and mechanisms of action of ginsenosides.

Cancer Types Combination In Vitro/In Vivo/Clinical Mechanism of Action References

Bladder cancer Rg3 + Cisplatin# In vitro
↓Cell viability, Colony formation, PARP, Bcl-2;

↑Cell cycle arrest, Cyt-C, Cleaved caspase-3, -8, -9, p21, Cyclin B1, Bad, Cleaved PARP [115]

Brain cancer

Rg3 + TMZ* In vitro ↓Cell growth [116]

Rg3 + LDM TMZ* In vivo ↓Tumor size, VEGF-A, MVD, rCBV [116]

20(S)-Rg3 + TMZ# In vitro
↓Cell viability, Migration, Invasion, Bcl-2;
↑Bax, Cleaved caspase-3, Cleaved PARP [117]

20(S)-Rg3 + TMZ# In vivo ↓Tumor volume, MGMT [117]

Paclitaxel-loaded RG3 liposomes* In vitro
↓Cell viability;
↑Apoptosis [118]

Paclitaxel-loaded RG3 liposomes* In vivo
↓IL-6, IL-23, p-STAT-3, MDSC, TGFβ;

↑Survival, TNF-α [118]

Breast cancer

Rh2 + ADR# In vitro
↓Cell viability;
↑MDR reversal [119]

20(S)-Rg3 + Paclitaxel# In vivo
↓Tumor growth;

↑Oral bioavailability [120]

Rg3 + Endostar* In vivo
↓Tumor volume, VEGFA, VEGFB, VEGFC, mTOR, PI3K, Akt, JNK, Beclin-1, MMP2,

MMP9, p62;
↑LC3-II/LC3-I

[121]

Rg3 + Paclitaxel# In vitro
↓Cell viability, NF-κB p65;
↑Bax/Bcl-2 ratio, Caspase-3 [122]

Rg3 + Paclitaxel# In vivo
↓Tumor volume, NF-κB p65;

↑Bax/Bcl-2 ratio [122]

Rh2 + BA# In vitro
↓Cell proliferation, Migration, TRAF2;

↑p-p53, p-p38, p-ASK1 [123]

GPT + Paclitaxel# In vitro
↓Cell viability, Colony formation, Invasion, p-IRAK1, p-p65, p-ERK1/2, CD44, Tumor

sphere, SOX2, Nanog, Oct4, Bcl-2, Mcl-1, ALDH-1, IL-6, IL-8, CXCL-1, CCL2;
↑Bax

[124]

Black phosphorous* + Rg3@PLGA In vitro ↓Cell proliferation [125]

Black phosphorous* + Rg3@PLGA In vivo ↓Tumor volume, Tumor nodule in the lung [125]

Ginsenosides + CTX* In vivo
↓Tumor weight, NF-κB;

↑Survival, Bax/Bcl-2, IL-17, IFNγ, Caspase-3, Nrf2, ZO-1&-2, Occludin, E-cadherin [126]
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Rg3 + Curcumin* In vitro
↓Cell viability;
↑Apoptosis [127]

Rg3-PNPs + Dox* In vitro
↓Cell viability;

↑ATP, CRT, HMGB1 [128]

Rg3-PNPs + Dox* In vivo
↓Tumor volume, Treg;

↑Survival, CRT, HMGB1, CD11c, CTL, Th1, CD86 [128]

Rg3 + Paclitaxel LP# In vitro
↓Cell viability, Tumor spheroids, P-gp, PD-L1;

↑Apoptosis, F4/80+CD86+ [129]

Rg3 + Paclitaxel LP# In vivo
↓Tumor volume, Tumor weight, M2 phenotype, PD-L1, P-gp, IL-6, p-STAT-3, Vessels,

Collagen, Fibroblast;
↑M1 phenotype

[129]

Ginsenoside + Doxorubicin* Clinical ↓Cardiac dysfunction [130]

Cervical cancer

SG + Epirubicin* In vitro
↓Cell viability;

↑Cyt-C, Cleaved caspase-3, -9, Bax, Bak, Cleaved PARP [131]

SG + Paclitaxel* In vitro
↓Cell viability;

↑Cyt-C, Cleaved caspase-3, -9, Bax, Bak, Cleaved PARP [131]

Rg5 + Paclitaxel# In vitro
↓Cell viability, Colony formation, Bcl-2, Cleaved IAP-1, Mcl-1, Cyclin B1, Cyclin D1,

Cyclin E, CDK2, 4, p-Akt, p-IKK-α, NF-κB;
↑Bax, Cleaved caspase-9, Bid, Bak, PUMA

[132]

Colorectal cancer

NGF + 5-FU* In vitro
↓Cell viability;
↑Apoptosis [34]

Rg3 + Docetaxel# In vitro
↓Cell viability, NF-κB, XIAP, C-IAP2, Bcl-2;

↑Cleaved caspase-3, -9, Bax [40]

20(S)-Rh2 + Doxorubicin# In vitro
↓Cell viability, STAT-3;

↑Cleaved PARP, Cleaved caspase-3 [68]

Rp1 + ActD# In vitro
↓p-Akt, SIRT-1;

↑Cleaved PARP, Ac-p53 [133]

Rp1 + ActD# In vivo ↓Tumor volume [133]

Ginsenosides + Curcumin* In vitro ↓Cell viability [134]

RG3 + 5-FU* In vitro
↓Cell viability, Colony formation, Migration, Invasion, p-Akt, p-PDK1, p-p85, Cyclin D1,

MMP9, CDK2, CDK4, N-cadherin;
↑Apaf-1, Cleaved caspase-3, -9, E-cadherin

[135]
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RG3 + 5-FU* In vivo
↓Tumor weight, Tumor volume, p-PDK1, p-Akt, N-cadherin, MMP9;

↑E-cadherin [135]

CK + 5-FU* In vitro ↓LGR5, c-Myc, Cyclin D1, pro PARP [136]

CK + Doxorubicin* In vitro ↓c-Myc [136]

G-NLC + Bevacizumab/FOLFIRI* Clinical ↑Survival rate [137]

Rg3 + QTN* In vitro
↓Proliferation, Migration, Number of colonies;

↑Apoptosis, CD11c+CD86+ [138]

Rg3 + QTN + anti PD-L1* In vivo
↓IL-4, IL-6, IL-10, M2, Treg, MDSC;

↑Survival, CD4+T, CD8+T, IFNγ, CXCL9, IL-12, CXCL10 [138]

Esophageal cancer Ro + 5-FU# In vitro
↓Cell viability, MCM-2, -3, -5, -6, -7;

↑LC3-BII, SQSTM1, p-ATM, p-ATR, γH2AFX, DDIT3, Delayed CHEK1 degradation [139]

Gastric cancer
Rg3 + MF* Clinical

↓VEGF;
↑Survival rate [140]

Rg3 + Cisplatin# In vitro
↓Cell viability, Wound closure, SOX2, PI3K, Akt, mTOR, Bcl-2/Bax;

↑Caspase-3/-7 [141]

Leukemia

20(S)-Rg3 + Vp + DOX/VCR# In vitro ↑MDR reversal [142]

DR@Lip* In vitro
↓Cell viability;

↑Apoptosis, ROS, DC maturation, HMGB1 release, ATP release [143]

DR@Plip + aPDL1* In vivo ↑Survival, CD3+ T cells, CD8+ T cells, TNF-α, IFNγ [143]

Lung cancer

Rg3 + Gemcitabine* In vivo
↓VEGF, MVD, Peak systolic velocity;

↑Tumor necrosis [144]

Rg3 + As2O3* In vivo
↓Tumor volume;

↑Apoptosis, survival [145]

CK + Cisplatin# In vitro
↓Cell growth;

↑p53, p21, Apoptosis [146]

Rg3 + EGFR-TKI# Clinical ↑Median PFS & ORR [146]

Rg3 + Cisplatin# In vitro
↓Cell viability, PD-L1, p-Akt, p-p65;

↑Apoptosis [147]

KG-135 + HCQ* In vitro
↓Cell viability, Full-length caspase-8, Bcl-2, Survivin;

↑LC3-I, II, FOXO3a, FasL, Cleaved caspase-9 [148]
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Rg3 + Cisplatin# In vitro
↓p-p65, p-IKK, HIF-1α, Colony formation, Bcl-2, Survivin, Vimentin, Snail, N-cadherin,

SOX2, Nanog, Oct4, CD44;
↑Bax, Cleaved caspase-3, -8, -9, Cleaved PARP, E-cadherin

[65]

Rg3 + Cisplatin# In vivo ↓Tumor weight, Tumor volume, HIF-1α, p-p65, N-cadherin, SOX2, Oct4, Bcl-2, Survivin;
↑E-cadherin, Cleaved caspase-3, Bax [65]

GH + CTX* In vivo ↓Tumor volume, GATA3;
↑CD3, T-bet, TNF-α, IL-2 [149]

Rg3 + Gefitinib# In vitro ↓Cell viability, Bcl-2, Snail, Slug;
↑Bax, E-cadherin, Cleaved caspase-3 [150]

Rd + Cisplatin# In vitro ↓Nrf2, NQO1, MDR1, MRP1;
↑Cell cycle arrest [151]

Rh2 + Bet A+
HonokiolParthenolide-Liposomes* In vitro ↓Migration;

↑G2/M arrest, Apoptosis [152]

Rh2 + Bet A+
HonokiolParthenolide-Liposomes* In vivo ↓Tumor volume, Inflammation, Ki67;

↑Apoptosis [152]

Rg3 + Osimertinib# In vitro ↓Cell viability, Ki67, ABCG2, CD133, ALDH1;
↑Cleaved caspase-3, Cleaved PARP [153]

Rg3 + 5-FU* In vitro ↓Cell viability, Colony number, Migration, Invasion, Tube formation length, VEGF-A,
p-p65, p-IKK [154]

Rh2 + Eve* In vitro ↑Cell growth inhibition, Paraptosis, c-Myc, TRIB3, p62 [155]

Rh2 + Eve* In vivo ↓Tumor volume, Hepatic fat [155]

Liver cancer

20(S)-Rg3 + Sorafenib* In vitro ↓Cell viability, Colony number, p-Akt, p-PDK1;
↑PTEN, Bax, Cleaved caspase-3 [156]

20(S)-Rg3 + Sorafenib* In vivo ↓Tumor volume, Tumor weight, p-Akt;
↑PTEN [156]

Rd + CA4P* In vitro ↓Cell viability;
↑Apoptosis [157]

Rd + CA4P* In vivo ↓Tumor volume, Proliferation, Hypoxia, p-PI3K, p-Akt, p-mTOR, HIF-1α;
↑Apoptosis, Necrosis [157]

Rg3 + Sorafenib# In vitro ↓Cell viability, Glucose consumption, Lactate level, p-PI3K, p-Akt, HK2 [158]

Rg3 + Artesunate* In vitro ↓Cell viability, p-Src, Bcl-2, Mcl-1, p-STAT-3;
↑ROS, Cleaved PARP [159]

Rg3 + Artesunate* In vivo ↓Tumor weight, Tumor volume [159]

Melanoma Rh2 + SMI-4a# In vitro ↓Cell viability;
↑Caspase-3/-7, LC3-II [160]
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Neuroblastoma

CK + Chloroquine* In vitro
↓Cell viability, PCNA;

↑Mitochondrial ROS, Loss of mitochondrial membrane potential, Cleaved caspase-3,
Cleaved PARP, LC3B-I, -II, p62

[47]

CK + Chloroquine* In vivo ↓Tumor weight, Tumor volume;
↑Apoptosis, Cleaved caspase-3 [47]

Osteosarcoma

Rc + TA3* In vitro ↓Cell viability;
↑Apoptosis [161]

Rb1 + TA3* In vitro ↓Cell viability;
↑Apoptosis [161]

CK + TA3* In vitro ↓Cell viability [161]

Rg1 + TA3* In vitro ↓Migration, MMP-2, -9, Caspase-3, p-JNK, p-ERK, p-p38, p-CREB, β-Catenin;
↑Apoptosis [162]

Ovarian cancer

Rh2 + Cisplatin* In vivo ↓Tumor volume;
↑Survival [163]

Rh2 + Corilagin* In vitro ↑Inhibition rate of cancer cells [164]

Rg3 + Cyclophosphamide* In vivo ↓Tumor weight, VEGF, MVD, PCNALI [165]

Pancreatic cancer

Rg3 + Erlotinib* In vitro ↓Cell viability, Colony number, p-EGFR, p-PI3K, p-Akt;
↑Cleaved caspase-3, -9, Cleaved PARP [166]

Rg3 + Erlotinib* In vivo ↓Tumor volume, p-EGFR, p-PI3K, p-Akt [166]

Rh2 + GEM# In vitro ↓TGFβ, VEGF, IL-10, IL-6;
↑Bax, Cleaved caspase-3, CARD9, Bcl-10, MALT1, p-NF-κBp65, ROS [167]

Rh2 + GEM# In vivo ↓PDL-1, Tumor volume;
↑MHC1 [167]

Prostate cancer

Rh2 + Docetaxel* In vitro ↓IC50 [168]

Rh2 + Docetaxel* In vivo ↓Tumor volume, Ki67;
↑Apoptosis [168]

aPPD + Docetaxel* In vitro ↓IC50 [168]

aPPD + Docetaxel* In vivo ↓Tumor volume, Ki67;
↑Apoptosis [168]

Rg3 + Docetaxel# In vitro ↓Cell viability, NF-κB, Bcl-2, XIAP, c-IAP2, Cyclin B1, Cyclin D1, Cyclin E, CDK2, CDK4;
↑Cell cycle arrest, Cleaved caspase-3, -9, Cleaved PARP, Bax [40]

Rh2 + Paclitaxel* In vitro ↓Cell viability [169]

Rh2 + Paclitaxel* In vivo ↓Tumor growth, Serum PSA, Ki67;
↑p27kip [169]

aPPD + Calcitriol* In vitro ↓Cell viability, CDK2, AR, PSA, Bcl-2;
↑Bax, Cleaved caspase-3, VDR [170]



Biocell. 2026;50(8):4 15

Table 2: Cont.

Cancer Types Combination In Vitro/In Vivo/Clinical Mechanism of Action References

aPPD + Calcitriol* In vivo
↓Tumor volume;

↑Cleaved caspase-3, VDR [171]

Rh2 + Calcitriol* In vitro
↓Cell viability, Proliferation, PSA, AR, Bcl-2;

↑VDR, Bax, Caspase-3 [172]

GK-OCMC-Nps* In vitro
↓Cell viability;
↑Caspase-3, -9 [173]

Hypopharyngeal
carcinoma

G-Rb1 + Apatinib* In vitro
↓Cell viability, Colony formation, Invasion, migration, Ki67, CD31, VEGFR2, Glut4, HK2,

SOX5;
↑Apoptosis

[174]

G-Rb1 + Apatinib* In vivo
↓Tumor volume, Tumor weight, CD31

VEGFR2;
↑Spleen weight

[174]

Renal cell
carcinoma

Rh2 + Sunitinib# In vitro
↓Cell viability, Invasion;

↑G2M phase arrest, ROS, γH2AX, p21, p-p53 [175]

Rh2 + Sunitinib# In vivo
↓Tumor size, Tumor weight, Ki67;

↑G2M phase arrest, p-ATM, p-ATR, γH2AX, p21, p-p53 [175]

Ehrlich’s
adenocarcinoma

Rh2 + Doxorubicin* In vitro ↓Cell adhesion [176]

Rh2 + Doxorubicin* In vivo
↓Tumor growth;
↑Survival rate [176]

*: Combination study of ginsenoside with other compounds, #: Chemosensitizing study of ginsenosides with drugs. ActD: Actinomycin D, ADR: Adriamycin, As2O3: Arsenic
trioxide, ATM: Ataxia-telangiectasia mutated, ATR: Ataxia telangiectasia and Rad3-related, BA: Biochanin A, Bax: Bcl2 associated X, Bcl-2: B-cell lymphoma 2, Bet A: Betulinic acid,
CA4P: Combretastatin A4 phosphate, CDK: Cyclin dependent kinase, CHEK1: Checkpoint kinase 1, CTX: Cyclophosphamide, Cyt-C: Cytochrome C, DDR: DNA Damage response,
ED: Effective dose, EGFR-TKI: Epidermal growth factor receptor-tyrosine kinase inhibitor, Eve: Everolimus, FOXO3a: Fork head class box O3a, GH: Ginsenoside H dripping pills,
GEM: Gemcitabine, GPT: Ginsenoside panaxatriol, GRGC: Ginseng rare ginsenoside components, HCQ: Hydroxychloroquine, MDR: Multidrug resistance, MF: Mitomycin C and
Tegafur, MMC: Mitomycin C, MVD: Microvessel density, NGF: Notoginseng flower extract, Nrf2: Nuclear factor erythroid 2-related factor 2, ORR: Objective response rate, PARP:
Poly (ADP-ribose) polymerase, PCNA: Proliferating cell nuclear antigen, PD-L1: Programmed death ligand 1, PFS: Progression-free survival, PSA: Prostate specific antigen, PTX:
Paclitaxel, QTN: Quercetin, RAG: Red American ginseng, rCBV: Relative cerebral blood volume, ROS: Reactive oxygen species, SOX2: Sex determining region Y-box 2, SOX5: sex
determining region Y-box 5, VEGF: Vascular endothelial growth factor, VEGFR2: Vascular endothelial growth factor receptor 2.
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Figure 3: Overview of the anticancer roles of ginsenosides and their chemosensitizing potential across multiple tumor
types. This schematic illustrates the broad anticancer activities of ginsenosides when used alone or in combinationwith
conventional therapies. Ginsenosides modulate key cancer-associated processes, including inhibition of proliferation,
induction of apoptosis, suppression of metastasis, reduction of angiogenesis, regulation of stemness, and modulation
of cell cycle and DNA-repair pathways. The outer ring depicts the range of cancer types in which ginsenosides have
demonstrated therapeutic or chemosensitizing effects, including cancers of the brain, esophagus, kidney, liver, lung,
pancreas, and prostate. Created using Biorender.com.

5.1 Brain Cancer

Brain cancer is one of the leading causes of cancer-related death in the world [177]. It is considered
an aggressive tumor, with treatment difficulties due to the unique intrinsic and microenvironmental
properties of neural tissues [178,179]. It contributes about 2% of total cancer globally, and more than
100 subtypes have been found [180,181]. Temozolomide (TMZ), an alkylating agent that causes DNA
damage, is the first-line chemotherapy against glioblastoma, the most common and aggressive brain
tumor [129,182,183]. Additionally, utilizing low-dose metronomic (LDM) TMZ for treatment offers clinical
advantages, yet recurrence remains a significant limitation [116]. Consequently, there is a critical need
to augment the efficacy of LDM TMZ. Sun et al. demonstrated that Rg3 significantly enhanced the
efficacy of LDM TMZ in glioblastoma by suppressing angiogenesis [116]. In a similar study, TMZ with
20s-Rg3 resulted in reduced cell viability and enhanced apoptosis through the activation of Bax and
cleaved caspase-3, as well as downregulation of Bcl-2 [117]. In addition, Rg3 reduced TMZ resistance in
glioblastoma cells by downregulating O6-methylguanine DNA-methyltransferase (MGMT), which facilitates
the repair of damaged DNA [117]. Moreover, the synergic effect of Rg3 with paclitaxel against glioma
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leads to an increase in antitumor macrophage (M1), a reduction in pro-tumor macrophage (M2), and
inhibition of interleukin (IL)-6/IL-23/STAT-3/p-STAT-3 pathway, which altogether led to the activation of
the immune microenvironment and inhibition of cancer cell growth [118]. In essence, chemoresistance
significantly contributes to chemotherapy failure in aggressive glioblastoma. Ginsenosides exhibit potential
chemosensitizing properties in these cancer cells by decreasing anti-apoptotic and angiogenic factors.

5.2 Breast Cancer

Breast cancer ranks as the most frequently diagnosed cancer among women, with 1 in 8 cancer
diagnoses [184]. Recent global data indicate an 11.6% rise in female breast cancer incidence, which is almost
2,308,897 new cases [177]. Chemotherapy, such as docetaxel, doxorubicin, mitomycin C, and paclitaxel, is
extensively used and often fails due to resistance. However, combined treatment of Rh2 with adriamycin
(ADR) at a non-effective dose in ADR-resistant breast cancer cells resulted in enhanced inhibition efficiency
and reduced cell viability due to Rh2 mediated reversal of MDR [119]. Additionally, an in vitro study
illustrated the anti-proliferative activities of biochanin A (BA) and ginsenoside Rh2 in breast cancer cell
lines [123]. A combination of these two agents synergistically inhibited breast cancer cell invasion and
migration compared with the effects of the individual compounds via upregulation of p-p53, p-p38, and
p-ASK1, along with downregulation of TNF receptor-associated factor 2 (TRAF2) [123]. A combination
treatment of doxorubicin with chitosan and cell-penetrating peptide modified with Rg3 nanoparticle
increased antitumor activity by upregulating extracellular ATP, calreticulin, and HMGB1 in 4T1 cells [128].
Additionally, combined treatment with anti-programmed death ligand 1 (PD-L1) inhibited programmed
death 1 (PD1)-PD-L1 pathway, which further inhibited tumor progression in 4T1 xenograft model [128].
A combination of Rg2 along with trastuzumab, a humanized monoclonal antibody for HER2-positive breast
cancer, suppressed cardiotoxicity by reducing caspase-3, -9, and Bax [185]. Another study conducted
by Zhu et al. demonstrated that ginsenoside Rg3-based liposomes loaded with paclitaxel exhibited a
significant reversal in multidrug resistance by remodeling TME [186]. Moreover, it was clarified that this
restructuring is mediated by the inhibition of the IL-6/STAT-3/p-STAT-3 pathway, activation of immune
cells, reduction of TAFs and collagen fibers within the TME, and the induction of apoptosis in tumor
cells [186]. Rg3 is also a potential chemosenstizing agent against triple-negative breast cancer (TNBC) as it
was shown to enhance the cytotoxicity of paclitaxel through downregulation of the NF-κB pathway and
an increase in the Bax/Bcl-2 ratio [122]. Further, 20(s)-ginsenoside Rg3 has been shown to enhance the
oral bioavailability and anticancer effects of paclitaxel in the MCF-7 xenograft model [120]. Another study
revealed that in vivo administration of Rg3 with recombinant human endostatin (Endostar) suppressed
breast cancer invasion, angiogenesis, and promoted autophagy, confirmed by reduced levels of VEGF,
and MMP proteins, and an increased LC3-II/LC3-I ratio [121]. The synergistic effect of ginsenosides and
cyclophosphamide exhibited an antitumor effect by activating apoptosis through increasing Bcl-2/Bax
ratio, IL-7, and IFNγ in the xenograft model [126]. Moreover, gut damage induced by cyclophosphamide
can be suppressed by ginsenosides through the downregulation of Nrf-2 and upregulation of the NF-κB
pathway in enterocytes [126]. Besides, Wang et al. studied the effect of ginsenoside panaxatriol (GPT) in
paclitaxel-resistant MDA-MB-231 cells and showed that GPT activated apoptosis by increasing Bax/Bcl-2
ratio and inhibited interleukin 1 receptor-associated kinase 1 (IRAK1) mediated NF-κB/ERK pathway [124].
Moreover, this combined treatment also reduced the stemness of cancer cells by downregulating Oct4,
Nanog, ALDH1, CD44, and SOX2 [124]. Co-treatment of 20s Rg3 with curcumin resulted in a significant
increase in apoptosis in MDA-MB-231 cells [127]. Additionally, the co-formulation of Rg3 with black
phosphorus exhibited antitumor activity, as confirmed by a reduction in tumor volume and inhibition
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of metastasis to lungs in orthotropic mice model [125]. Further, in another study using cancer-bearing
xenograft nude mice (MDA-MB-231), doxorubicin-induced cardiotoxicity was reversed by Rh2 via reducing
the transition from fibroblast to myofibroblast and endothelial-mesenchymal transition [187]. Besides,
Rh2 inhibits the apoptotic genes, alpha-smooth muscle actin (α-SMA), and MMPs, which are activated by
doxorubicin and enhance the levels of tissue inhibitors of metalloproteinases (TIMPs), p16, and p21, leading
to a reduction in cardiac apoptosis, fibrosis, and inflammation [187]. Collectively, it has been demonstrated
that ginsenosides, when combined with drugs, show a downregulation of apoptosis, NF-κB, TGFβ/Smad,
and STAT signaling pathways in breast cancer, including TNBC.

5.3 Cervical Cancer

Cervical cancer is the second most common cancer in women within the reproductive age, both
in terms of incidence and mortality [188]. In 2022, 661,021 new cases were reported, with a mortality
rate of 3.6%, resulting in approximately 348,189 deaths [177]. Cisplatin is one of the first-line therapeutic
options for cervical cancer, exerting its effects by causing DNA damage and regulating several other
pathways. However, the reduced accumulation of intracellular platinum compounds, along with an
enhanced DNA damage repair capacity, contributed to cisplatin resistance in cervical cancer [189]. Therefore,
overcoming therapeutic resistance is critically important in cervical cancer. In line with this, Ramesh et al.
demonstrated the efficacy of ginsenoside Rg5 in paclitaxel-resistant HeLa cells. This treatment activated
apoptosis by increasing Bax and caspase-9 and inhibiting Bcl-2 and other cell cycle components such as
Cyclins and CDKs [132]. Moreover, the co-treatment suppressed the Akt/IKKα/NF-κB pathway, which
helps in cancer cell survival [132]. Sun ginseng (SG) is a distinct formulation of red ginseng containing
approximately equal quantities of three primary ginsenosides, such as RK1, Rg3, and Rg5 [131]. It has been
reported that SG significantly improved apoptosis induced by epirubicin and paclitaxel through enhanced
mitochondrial accumulation of both Bax and Bak, resulting in increased Cyt-C release and activation of
caspase-3 and -9 [131]. Taken together, these studies have confirmed that apoptosis is activated in cancer
cells treated with ginsenosides as an adjuvant, thereby helping to reverse the drug resistance.

5.4 Colorectal Cancer

Colorectal cancer (CRC) holds the third position in terms of its frequency of occurrence and second
in terms of mortality rates in both genders. More than 1.9 million new cases and 0.9 million deaths have
been reported in 2022 [177,190]. Drug resistance is the major reason behind the poor prognosis of CRC [11].
One of the major causes of drug resistance in CRC is that the activation of STAT-3, which is associated
with the induction of doxorubicin resistance [68]. However, combined treatment of doxorubicin and
ginsenosides 20s-Rh2 significantly inhibited STAT-3 and triggered apoptosis as evidenced by increased
cleavage of PARP and caspase-3, thereby sensitizing CRC cells to doxorubicin [68]. A combination of
notoginseng flower extract (NGF) and 5-fluorouracil (5-FU) exhibited a synergistic antiproliferative effect
against HCT116 human colon cancer cells [34]. Moreover, ginsenoside Rg3 was found to synergize with
docetaxel in colon cancer cells. It increased the susceptibility of the cancer cells to docetaxel by inhibiting
the NF-κB pathway, thus making Rg3 a suitable adjuvant for CRC treatment [40]. Additionally, treatment
of ginsenosides alongside modified nanostructure lipid carrier loaded with curcumin increased the uptake
of curcumin, leading to reduced cell viability in HCT116 cells [134]. In addition, co-treatment of colon
cancer cells with Rp1, a novel ginsenoside derivative, and actinomycin D (Act D) resensitized drug-resistant
colon cancer cells via downregulating the Akt/SIRT1 pathway [133]. Moreover, Hong et al. studied the
combined effect of Rg3 and 5-FU in preclinical settings [135]. This study showed similar results and
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demonstrated that co-treatment inhibited cancer cell invasion and migration by downregulating MMPs,
N-cadherin, and upregulating E-cadherin. Moreover, it also promoted apoptosis by activating caspase-3, -9,
and Apaf1, downregulated cell cycle genes, and suppressed the PI3K/Akt pathway, which helps in cancer
cell proliferation [135]. Further, treatment of CK along with 5-FU in HCT116 cells reduced the expression
levels of c-Myc, LGR5, Cyclin D1, and pro-PARP [136]. Albeit, the combined effect of polyethylene glycol
(PEG)-modified amphiphilic cyclodextrin nanoparticle encapsulated with Rg3 and quercetin targeting
folate (FA) triggered apoptosis, inhibited proliferation, and metastasis in CT26 and HCT116 cells [138].
Anti-PD-L1, combined with this coformulation, transformed the TME towards an anticancer immunity by
activating CXCL9, CXCL10, IFNγ, IL-12, and downregulating IL-4, IL-6, IL-10, and M2 macrophages in CRC
mice [138]. In brief, ginsenosides have been shown to be effective in treating CRC. As chemosensitizing
agents, they activate apoptosis by upregulating Bax and caspases while downregulating survival signaling
pathways, including PI3K/Akt, MMP9, NF-κB, and c-Myc.

5.5 Liver Cancer

Liver cancer stands as the predominant neoplasm within the digestive tract, characterized by a notably
elevated mortality rate [191]. GLOBOCAN reported 865,269 new cases and 757,948 deaths related to liver
cancer in 2022 [177]. Sorafenib is a multi-kinase inhibitor used to manage hepatocellular carcinoma (HCC)
that activates the PI3K/Akt signaling pathway, leading to drug resistance. However, when it is combined
with a steroidal saponin, 20(S)-Ginsenoside Rg3, a synergistic anticancer activity was observed, including
increased levels of PTEN, Bax, activated caspase-3, and reduced p-PDK1 and p-Akt levels in HCC cell
lines such as HepG2 and Huh7 [156]. Moreover, this combination was found to significantly reduce tumor
volume and weight in vivo, thus suggesting a promising approach for HCC treatment [156]. Combined
treatment with combretastatin A4 phosphate (C4AP) and ginsenoside Rd reduced tumor growth by inhibiting
proliferation and activating apoptosis and necrosis in the xenograft mice. Moreover, this combination also
reduced hypoxia by inhibiting hypoxia-induced factor 1 alpha (HIF-1α) and PI3K/Akt/mTOR pathway,
providing a novel strategy for the eradication of HCC [157]. Further, the combined treatment of Rg3 with
sorafenib inhibited the PI3/Akt pathway in both HepG2 and Bel7404 cells [158]. In sorafenib-resistant
HepG2 cells, treatment with Rg3 and artesunate reduced Src/STAT-3 signaling and promoted the production
of ROS, resulting in anti-proliferative activity [159]. In summary, these results suggest that ginsenosides
combined with drugs inhibited liver tumor growth by downregulating PI3K/Akt, STAT-3 pathway, activating
ROS, and triggering apoptosis, which results in sensitizing the tumor cells to the therapeutic agent.

5.6 Lung Cancer

Lung cancer is a frequently diagnosed cancer with an estimated 2,480,301 new cases and 1,817,172
deaths in 2022 [177]. Cisplatin is one of the first-line chemotherapies used for lung cancer treatment;
however, hypoxia results in poor drug response [192]. Notably, it has been reported that ginsenoside
Rg3 significantly inhibited hypoxia and increased the sensitivity of hypoxic lung cancer cells to cisplatin
treatment by inhibiting NF-κB-mediated EMT and stemness [65]. It was also reported that Rg3 could
attenuate cisplatin resistance in lung cancer cells by decreasing PD-L1 expression and aid in regaining
T cells’ cytotoxicity [147]. Ginsenoside metabolite CK was also found to synergize with cisplatin and
induce apoptosis in lung cancer cells in vitro by elevating p53 expression [146]. In NSCLC, ginsenoside
Rd has been shown to ameliorate cisplatin resistance by downregulating the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway, demonstrating the targeting efficacy of Nrf2 in cancer cells [151]. Another
study demonstrated that co-administration of ginsenoside Rg3 and gemcitabine significantly reduced
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VEGF and microvessel density (MVD) levels, and increased the tumor necrosis rate, thereby abrogating
angiogenesis and tumor growth in mice implanted with Lewis lung carcinoma cells [144]. Moreover,
studies have also shown the potency of arsenic trioxide (As2O3) in combination with ginsenoside against
solid tumors. For instance, combined use of As2O3 with Rg3 significantly inhibited the proliferation of
NCI-H1299 lung cancer cells, while extended survival (number of days), and induced apoptosis in vivo [145].
Similarly, ginsenoside H dripping pills (GH), predominantly composed of ginsenosides Rh1 and Rh2, when
administered in combination with CTX, markedly reversed the CTX-induced Th1/Th2 imbalance. This
immunomodulatory effect improved paraneoplastic syndrome and inhibited postoperative recurrence
in an in vivo NSCLC model [149]. Additionally, a combination of KG-135, a standardized formulation
consisting of Rk1, Rg3, and Rg5 ginsenosides with hydroxychloroquine (HCQ), an autophagy inhibitor,
induced apoptosis in A549 cells through activation of extrinsic FOXO3a/FasL/caspase-8 and intrinsic
caspase-9 pathways [148]. It has also been revealed that ginsenoside Rg3 enhances the potency of gefitinib
in NSCLC cells via upregulating anti-migration protein E-cadherin and pro-apoptotic proteins Bax and
cleaved caspase-3 while downregulating pro-migratory factors Snail and Slug, thus indicating the potential
clinical use of combined gefitinib and ginsenoside Rg3 for NSCLC patients [150]. Recently, Jin et al.
reported the synergistic antitumor effects of a cocktail synthesized from BA, Parthenolide, Honokiol, and
Rh2 against lung cancer cells in preclinical settings, delivered using liposome systems [152]. It exhibited
significant anticancer activity by inducing G2/M phase arrest and promoting apoptotic cell death [152].
Similarly, Osimertinib-resistant H1975 cells were treated with Rg3, resulting in diminished stemness and
activation of the Hippo signaling pathway, ultimatley leading to downregulation of Osimertinib-induced
resistance in cells [153]. In lung adenocarcinoma cells, treatment of Rg3 combined with 5-FU reduced cell
viability, VEGF-A expression, and the NF-κB pathway, with a substantial decrease in p65, p-p65, p-IKK, and
IKK [154]. In addition, combined treatment of everolimus with Rh2 increased c-Myc-mediated TRIB3/p62
aggresomes formation and paraptosis in HCC827, A549, and NCI-H1975 cells [155]. Taken together, this
evidence indicates that ginsenosides enhance chemosensitization in lung cancer. Combined treatment
of ginsenosides with drugs inhibited VEGF-A, Bcl-2, PI3K/Akt, Rad-51 mediated DNA repair, Akt/Nrf-2
pathway, and activated Bax, ROS, G2/M phase arrest, ultimately leading to sensitization of tumor cells to
chemotherapies.

5.7 Ovarian Cancer

Ovarian cancer is considered one of the leading causes of cancer-related death among women [193].
In 2022, an estimated 324,398 new cases and 206,839 deaths were reported worldwide [177]. According to the
National Comprehensive Cancer Network (NCCN) (version 1.2023) guidelines, several therapeutic regimens
are available for treating resistant ovarian cancer. However, the objective remission rate is still low, with a
median survival of less than 12 months [194]. The chemosensitizing effect of ginsenosides against ovarian
cancer was first explored two decades ago. In 1991, an in vivo study showed that concurrent administration
of cisplatin with ginsenoside Rh2 resulted in synergistic effects by reducing tumor volume and increasing
the survival rate of the ovarian cancer model [163]. Moreover, a combination of corilagin (inverse gallic
hydrolysable tannin) and Rh2 exhibited a synergistic cytotoxic effect in SKOv3ip and Hey cells [164].
In xenograft models, combined treatment with Rg3 and cyclophosphamide markedly reduced MVD and
downregulated VEGF expression, collectively reflecting a significant attenuation of angiogenesis and tumor
proliferative capacity [165]. In conclusion, ginsenosides enhance antitumor effects when combined with
other drugs, thereby increasing cytotoxicity and reducing tumor growth and angiogenesis.
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5.8 Prostate Cancer

According to the GLOBOCAN 2022 report, prostate cancer is the world’s second most common cancer
and the fifth leading cause of death among men [177]. Therapies may lead to the development of resistance,
further complicating prostate cancer management [195]. Numerous studies have shown that combining
ginsenosides with chemotherapeutic agents can effectively reduce drug resistance in prostate cancer.
For instance, a combination of 20(S)-protopanaxadiol (aPPD), the aglycone ginsenoside, and calcitriol, a
dehydroxylated vitamin D3 metabolite, was found to synergistically promote apoptosis in human prostate
cancer cells by enhancing Vitamin D receptor (VDR), Bax, and cleaved caspase-3 and decreasing CDK2
level [170]. Similar results were observed in the C4-2 xenograft CRPC mouse [171]. Another study from
the same group found that the combination of calcitriol with Rh2 increased apoptosis by upregulating Bax,
caspase-3, and downregulating Bcl-2. Moreover, it also reduced prostate cancer antigen (PSA) and androgen
receptor while promoting the expression of VDR [172]. Moreover, ginsenoside Rh2 or its aglycone aPPD,
when combined with docetaxel, synergistically enhanced apoptosis and reduced tumor size in a prostate
cancer model [168]. The synergistic antitumor effect of Rh2 combined with paclitaxel was also observed in
prostate cancer LNCaP cells, as evidenced by reduced ED50 and ED75 values and a significant decrease in
tumor growth and serum PSA in LNCaP xenografts [169]. Zhang et al. studied the effect of ginsenoside
CK entrapped in o-carboxymethyl chitosan, which increased apoptosis by activating caspase-3 and -9 in
PC3 cells [173]. Overall, these studies indicated that combined treatment of ginsenosides with other drugs
suppressed the expression of NF-κB, CDK2, and Bcl-2 while activating apoptosis through pro-apoptotic
protein and other proteins like VDR.

5.9 Other Cancers

Studies have also shown that the chemosensitizing potential of ginsenosides exists against other
cancers as well. For instance, ginsenoside Rg3 synergistically enhanced the therapeutic effect of cisplatin
in cisplatin-resistant T24R2 bladder cancer cells by downregulating Bcl-2 and increasing Cyt-C and
caspase-3 expressions, thereby promoting intrinsic apoptosis [115]. In pancreatic cancer, erlotinib has
been used for its management; however, it has limitations due to the activation of the EGFR-independent
PI3K/Akt signaling pathway. It was revealed that Rg3 potentiated the efficacy of erlotinib in pancreatic
cancer in preclinical settings by enhancing apoptosis and inhibiting the EGFR/PI3K/Akt pathway [166].
In gemcitabine-resistant pancreatic cells, treatment with Rg3 increased apoptosis by activating the
CASC2/PTEN signaling pathway [196]. A recent study found that combined treatment of gemcitabine
with Rh2 reduced tumor volume and PD-L1 expression, along with increased MHC1 expression in a
pancreatic cancer model. Additionally, Rh2 promoted the CARD9-BCL10-MALT1/NF-κB pathway, which
activates dendritic cells in pancreatic cancer [167]. Additionally, in human neuroblastoma cells, co-treatment
with ginsenoside CK and chloroquine, an inhibitor of autophagy, instigated ROS-mediated apoptosis and
autophagic inhibition and activated caspase-3 in vivo [47]. PIM-1 is a class of serine/threonine kinases
that has been reported to augment melanoma cells’ invasion and migration. SMI-4a, an inhibitor of PIM-1
protein, showed a synergistic anti-melanoma effect with Rg3 by enhancing caspase-3 and -7, and repressing
tumor growth by inducing autophagy [160]. In acute myeloid leukemia cells, a combination of 20(S)-Rg3 and
verapamil reversed the doxorubicin and vincristine resistance with lesser side effects [142]. In another study,
a combination of Rg3 with doxorubicin resulted in an increase in apoptosis through elevated ROS levels, ICD
upregulation, HMGB1, and ATP production in C1498 cells. Additionally, in AML mice, it increased CD3+T
cells, CD8+T cells, and TNFα and IFNγ levels, which further confirms the enhanced antitumor activity
of doxorubicin [143]. Another study has shown that two ginsenosides, Rb1 and Rc, exhibited synergistic
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effects on steroidal saponin timosaponin AIII (TA3)-induced apoptosis in MG63 osteosarcoma cells [161].
Similarly, Rg1 with TA3 activated caspase-3 and inhibited MMP2, MMP9, and JNK/ERK/p38 pathway in
osteosarcoma [162]. In cisplatin-resistant gastric cancer cells (AGSR-CDDP), treatment with Rg3 suppressed
SOX2 and PI3K/Akt/mTOR pathways along with an increase in apoptosis detected by an activation in
caspase-3, -7, and a reduction in Bcl-2/Bax ratio [141]. Ginsenoside Ro reversed chemoresistance in
esophageal cancer cells by potentiating 5-FU-induced cytotoxicity by delaying checkpoint kinase 1 (CHEK1)
degradation and reducing DNA replication, which ultimately delayed DNA repair and accumulated DNA
damage [139]. Li et al. investigated the synergetic effect of Rb1 and apatinib in hypopharyngeal carcinoma
and found that the combined treatment reduced glycolysis by downregulating GLUT4, HK2, and SOX5
in FUDA and Rca-b cells. This combination also reduced tumor weight, VEGFR2, and CD31 expression
in the xenograft mouse model [174]. The synergetic effect of Rh2 with sunitinib causes cell cycle arrest
and DNA damage along with enhanced ROS production in clear cell renal carcinoma models, leading to
the inhibition of cancer growth and proliferation [175]. In a murine model with Ehrlich’s adenocarcinoma,
co-treatment of Rh2 with doxorubicin reduced cell adhesion and increased survival rate [176]. Further, in
an oral cancer xenograft, Rb3 ameliorated cisplatin-induced renal toxicity [197]. It also reduced the TGFβ
signaling, phosphorylated Smad-2, Smad-3, and inhibited apoptosis in GP-293 cells by downregulating Bax,
caspase-3, -8 and -9, and enhanced Bcl-2 expression [197].

In summary, extensive preclinical evidence demonstrated that ginsenosides possess notable chemosensitizing
properties, enhancing the efficacy of conventional anticancer therapies. Multiple ginsenoside subtypes
have been demonstrated to modulate a broad spectrum of tumor-promoting signaling pathways, including
those regulating cell survival, apoptosis, angiogenesis, metastasis, and drug resistance, thereby suppressing
cancer progression at multiple molecular levels (Fig. 4). Collectively, these findings explain the therapeutic
potential of ginsenosides as multi-targeted adjunct agents in oncology, highlighting the need for further
mechanistic studies and well-designed clinical trials to advance their integration into cancer treatment
strategies.

5.10 Clinical Studies

Positive results from preclinical studies have encouraged the assessment of the chemosensitizing
potential of ginsenosides in clinical trials. In 2016, a clinical trial was conducted with 124 patients with
advanced NSCLC/EGFR-mutation to decipher the combinatorial effect of EGFR-tyrosine kinase inhibitor
(TKI) and Rg3. It was found that Rg3 improved the median progression-free survival (PFS) and objective
response rate (ORR) of EGFR-TKI treatment, thereby providing a novel treatment strategy for delaying
acquired EGFR-TKI resistance [198]. Additionally, a clinical trial conducted by Jeon et al. has reported
that a combination of bevacizumab/FOLFIRI with a ginsenoside-modified nanostructured lipid carrier
containing curcumin (G-NLC) increased the survival of CRC patients [137]. Another clinical trial conducted
by Chen et al. on postoperative patients with advanced gastric cancer found that Rg3, combined with
mitomycin C and tegafur (MF), resulted in decreased serum VEGF level. Notably, it improved the survival
rate of the treated patients [140]. Further, a double-blinded placebo-controlled clinical trial involving 30
patients with metastatic breast cancer exhibited that ginsenosides could attenuate doxorubicin-induced
cardiac dysfunction [130]. In summary, limited available clinical studies demonstrated the safety and
potential of ginsenoside as a chemosensitizing agent. However, further comprehensive clinical trials are
essential to fully understand the therapeutic potential and safety profile of ginsenosides, for advanced
treatment and drug development in cancer patients.
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Figure 4: Molecular mechanisms through which ginsenosides modulate key signaling pathways involved in
cancer progression and therapy response. This schematic illustrates the multi-targeted actions of ginsenosides
on major oncogenic and tumor-suppressive pathways. Ginsenosides regulate signaling cascades, including
MAPK, PI3K/Akt/mTOR, RAF/MEK/ERK, NF-κB, and STAT-3. Through these pathways, ginsenosides suppress
proliferation, inhibit ABC transporter-mediated drug efflux, downregulate survival proteins (e.g., Bcl-2, IAPs),
promote mitochondrial Cyt-C release, and activate caspase-dependent apoptosis. Additionally, they influence
cell cycle regulators (CDKs, Cyclins, p21, p27, p53), enhance ROS generation, stabilize E-cadherin, and modulate
cytokine/chemokine production. Collectively, these interconnected signaling effects illustrate how ginsenosides exert
chemosensitizing and anticancer activities across diverse molecular targets. Created using Biorender.com. Apaf:
Apoptotic peptidase activating factor 1, Bax: Bcl-2 associated X, Bcl-2: B-cell lymphoma 2, Bid: BH3 interacting domain
death agonist, CDK: Cyclin dependent kinase, CDKN1A (p21): Cyclin-dependent kinase inhibitor 1A, CDKN1B (p27):
Cyclin dependent kinase inhibitor 1B, CDKN2A (p16): Cyclin dependent kinase inhibitor 2A, CHEK1: Checkpoint
kinase 1, Cyt-C: Cytochrome C, MAPK: Mitogen-activated protein kinase, mTOR: Mechanistic target of rapamycin,
PI3K: Phosphatidylinositol-4,5-bisphosphate 3-kinase, PTEN: Phosphatase and tensin homolog, STAT-3: Signal
transducer and activator of transcription 3, TLR: Toll-like receptor.

6 Challenges and Future Perspectives

Despite substantial evidence demonstrating the anticancer and chemosensitizing effects of ginsenosides,
their clinical translation remains restricted by multiple analytical, pharmacokinetic, biochemical, and
regulatory challenges.
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6.1 Challenges in the Clinical Translation of Ginsenosides

A critical barrier lies in the accurate detection and quantification of ginsenosides in biological systems.
High-performance liquid chromatography (HPLC) and liquid chromatography-tandem mass spectrometry
(LC-MS) remain the gold standard analytical tools due to their high sensitivity and reproducibility [199].
However, these approaches are not without limitations. HPLC workflows are inherently time-consuming,
labor-intensive, and expensive, requiring large volumes of organic solvents, which raises environmental
concerns and limits their suitability for high-throughput screening applications. LC-MS offers higher
sensitivity but faces challenges when analyzing structurally similar ginsenosides. For example,
protopanaxadiol-type ginsenosides such as Rb1, Rc, and Rd share highly similar glycosylation patterns
and structural backbones, making them difficult to differentiate solely on the basis of mass-to-charge (m/z)
ratios [199]. In addition, matrix effects from co-extracted compounds, including polysaccharides, peptides,
phospholipids, and other endogenous metabolites, can reduce ionization efficiency and lead to poor MS
sensitivity, particularly when detecting low-abundance ginsenosides in plasma or tissue samples [199].
These analytical challenges limit the accuracy of pharmacokinetic profiling and hinder the development of
clinically relevant dosing strategies.

Ginsenosides exhibit extensive structural diversity, with over 150 identified saponins derived from
protopanaxadiol, protopanaxatriol, or oleanolic acid backbones. The extensive structural diversity of
ginsenosides, coupled with variability arising from different ginseng species and processing methods, leads
to inconsistent saponin profiles and hampers standardization across studies [200–202]. Minor ginsenosides
such as Rg3, Rh2, and CK often exhibit stronger pharmacological activity compared to major ginsenosides,
yet they are typically present in trace amounts in raw ginseng [203]. Post-harvest handling and processing
also significantly influence ginsenoside stability and composition. Thermal processing, steaming, and
drying have been shown to induce degradation, epimerization, or transformation reactions [204]. Koh et al.
reported that thermal treatment markedly reduces total ginsenoside content and converts ginsenoside
Rc to Rg3 during air drying, altering the pharmacological profiles of ginseng preparations [64]. These
inconsistencies create challenges for standardization and quality control, especially when developing
clinical-grade formulations.

Another major hurdle that limits the clinical translation is the poor pharmacokinetic profile of
ginsenosides. Many native ginsenosides exhibit inherently low aqueous solubility, limited intestinal
permeability, and poor membrane permeability, which collectively contribute to their extremely low
oral bioavailability. Several studies report bioavailability values of <5% for major ginsenosides such as
Rb1, Rg1, and Rc [53,205,206]. This severely restricts their systemic exposure and therapeutic potential.
Moreover, the metabolic fate of ginsenosides is strongly influenced by the composition of the gut microbiota,
which converts parent molecules into more active metabolites such as CK, F2, and Rg3 [207–209]. While
microbial transformation enhances pharmacological potency in some cases, inter-individual variability
in gut microbiome composition leads to inconsistent metabolite formation and unpredictable therapeutic
responses across patients. This together limits the dosage optimization of ginsenosides and their interaction
with other drugs [53,210,211].

Although ginsenosides are generally considered safe, minor adverse effects, including anxiety, insomnia,
hypertension, and gastrointestinal disturbances such as vomiting and diarrhea, have been reported. Potential
interactions with immunological and hematopoietic systems have also been documented [212–214]. These
safety considerations are crucial for guiding clinical translation and emphasize the importance of rigorous
toxicity profiling and well-designed clinical studies.
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6.2 Future Perspectives

Future research on ginsenosides is expected to focus on overcoming the pharmacokinetic, analytical,
and translational limitations that currently restrict their clinical advancement. One of the most
promising directions is the development of advanced drug-delivery systems, including nanoparticles,
liposomes, polymeric micelles, etc., which have shown significant improvements in solubility, tumor
accumulation, and systemic bioavailability of ginsenosides [212]. Emerging studies are also focusing on
the microorganism-mediated biotransformation of major ginsenosides to minor and rare ginsenosides,
which exhibited high pharmacological efficacy [203,215]. Further, well-designed clinical trials remain
crucial in bridging the gap between promising preclinical evidence and its clinical application. Although
several ginsenosides, including Rg3 and CK, have shown safety and efficacy in early-phase clinical studies,
large-scale, randomized trials are still lacking. Integration of pharmacokinetic endpoints, metabolite
profiling, and microbiome analysis into future clinical studies will enable a deeper understanding of
therapeutic responses and facilitate the development of personalized dosing strategies.

7 Conclusion

Chemoresistance is a significant challenge associated with chemotherapy that can be mitigated through
the process of chemosensitization. Moreover, the combination treatment with multiple drugs may increase
toxicity to the normal tissues compared to a single drug treatment. In this context, phytochemicals represent
a promising option due to their relatively mild side effects and ability to suppress MDR. Thus far, multiple
in vitro and in vivo studies have well-demonstrated the anticancer and chemosensitizing actions of various
ginsenosides, which comprise more than 150 compounds with diverse structures, through the modulation of
different molecular pathways associated with tumorigenesis. It has been proven that ginsenosides activate
apoptosis by increasing Bax and inhibiting Bcl-2, downregulating STAT-3, Akt, and NF-κB pathways in
various cancer cells. Besides, ginsenosides have also gained increased attention due to their safety and efficacy.
Moreover, they help to reduce the toxicity induced by chemotherapy. However, the clinical evidences remain
inadequate, rendering further clinical trials imperative to validate the combination of ginsenosides with
existing chemotherapy as a feasible therapeutic approach. Recently, ginsenoside nano-formulations have also
gained attention due to their excellent results as chemosensitizing agents. Nevertheless, further studies are
required to understand their transport across the body, which may provide insights into future therapeutic
strategies for the use of ginsenosides as chemosensitization in cancer therapy.
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Abbreviations

ADR Adriamycin
As2O3 Arsenic trioxide
BA Biochanin A
Bet A Betulinic acid
CK Ginsenoside compound K
CTX Cyclophosphamide
CA4P Combretastatin A4 phosphate
DDR DNA damage response
ED Effective dose
EGFR-TKI Epidermal growth factor receptor-tyrosine kinase inhibitor
Eve Everolimus
FOXO3a Forkhead class box O3a
GH Ginsenoside H dripping pills
GEM Gemcitabin
GPT Ginsenoide panaxatriol
GRGC Ginseng rare ginsenoside components
HCQ Hydroxychloroquine
MF Mitomycin C and Tegafur
MMC Mitomycin C
MVD Microvessel density
NGF Notoginseng flower extract
Nrf2 Nuclear factor erythroid 2-related factor 2
ORR Objective response rate
PARP Poly (ADP-ribose) polymerase
PCNA Proliferating cell nuclear antigen
PD-L1 Programmed death ligand 1
PFS Progression-free survival
PTX Paclitaxel
RAG Red American ginseng
rCBV Relative cerebral blood volume
SG Sun ginseng
TA3 Timosaponin AIII
TGS Total ginsenosides extract
TRAF TNF receptor associated factor
TZM Trastuzumab
VDR Vitamin D receptor
VEGF Vascular endothelial cell growth factor
Vp Verapamil
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