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Abstract 

Herbal medicine exhibits a broad spectrum of potent anti-cancer properties, including the enhancement of tumor 
immune responses, reversal of multidrug resistance, regulation of autophagy and ferroptosis, as well as anti-pro-
liferative, pro-apoptotic, and anti-metastatic effects. This review systematically explores recent advances (primarily 
documented since 2019) in research on key anti-cancer compounds derived from herbal medicine, such as apigenin, 
artemisinin, berberine, curcumin, emodin, epigallocatechin gallate (EGCG), ginsenosides, icariin, resveratrol, silibinin, 
triptolide, and ursolic acid (UA). These studies were sourced from scientific databases, including PubMed, Web of Sci-
ence, Medline, Scopus, and Clinical Trials. The review focuses on the significant role that these natural products play 
in modern oncology, exploring their efficacy, mechanisms of action, and the challenges and prospects of integrating 
them into conventional cancer therapies. Furthermore, it highlights cutting-edge approaches in cancer research, such 
as the utilization of gut microbiota, omics technologies, synthetic derivatives, and advanced drug delivery systems 
(DDS). This review underscores the potential of these natural products to advance the development of novel anti-
cancer treatments and support contemporary medicine. Additionally, recent multi-omics findings reveal how these 
compounds reshape transcriptional and metabolic networks, further broadening their therapeutic scope. Many 
natural products exhibit synergy with first-line chemotherapies or targeted therapies, thereby enhancing treatment 
efficacy and reducing side effects. Advanced nano-formulations and antibody–drug conjugates have also substan-
tially improved their bioavailability, making them promising candidates for future translational research.
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Introduction
Cancer remains a global public health crisis, with over 
20 million new cases and 9.7 million deaths around the 
world [1, 2]. It is caused by internal factors such as genet-
ics [3–5], endocrine [6], and immunity [7], as well as 
external factors like chemicals [8], physics [9], unhealthy 
lifestyles [10], and aging-related factors [11]. Herbal med-
icine offers a multifaceted strategy for cancer therapeu-
tics, emphasizing both tumor suppression and improving 
general health conditions [12, 13]. This includes the 
improvement of immune system function, reduction of 
side effects associated with conventional cancer treat-
ments such as chemotherapy and radiation, and the 
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holistic management of patient health [14, 15]. For exam-
ple, research showed that the ethanol extract of March-
antia polymorpha L. (Common liverwort) suppressed the 
growth of liver cancer cells by triggering apoptosis via 
intrinsic and endoplasmic reticulum (ER) stress-associ-
ated pathways [16]. Besides, another study published in 
Chinese Medicine explored the effects of Cucurbitacin B 
on inhibiting transforming growth factor-beta 1 (TGF-
β1)-induced epithelial-mesenchymal transition (EMT) 
in non-small cell lung cancer (NSCLC), revealing that 
Cucurbitacin B modulates ROS production and the phos-
phoinositide 3-kinase (PI3K)/AKT/ mammalian target 
of rapamycin (mTOR) signaling pathways [17]. Despite 
these promising advancements, the precise molecu-
lar targets of many phytochemicals in herbal medicine 
remain poorly defined, representing a significant barrier 
to their broader acceptance and integration into main-
stream cancer treatment protocols.

This review provides an overview of the 12 most fre-
quently studied natural anti-cancer products, includ-
ing terpenoids [Artemisinin, Ginsenosides, Triptolide, 
and Ursolic acid (UA)], flavonoids (Apigenin, Icariin, 
and Silibinin), phenols [Curcumin, Epigallocatechin gal-
late (EGCG), and Resveratrol], alkaloids (Berberine), and 
anthraquinone (Emodin). Figure  1 illustrates the struc-
ture of natural products and their origination from herbal 
medicine. These compounds have demonstrated prom-
ising anti-cancer properties, including tumor immunity 
enhancement, reversal of multidrug resistance, regulation 
of autophagy and ferroptosis, and antiproliferative, pro-
apoptotic, and anti-metastatic effects, both in  vitro and 
in  vivo (Fig.  2). Additionally, this review delineates the 
commonly employed disease models (in silico, in  vitro, 
ex  vivo, and in  vivo models), pharmacological research 
methodologies (efficacy assays, omics technologies, and 
target validation), and modification strategies (including 
drug modification and drug delivery systems) utilized in 
anticancer research involving natural compounds (Fig. 3).  

This review explores the intersection of shinning com-
pounds from Chinese medicine and cancer research, 
focusing on the synthesis of experimental findings and 
scholarly conclusions mostly drawn from academic 
publications since 2019. These compounds have been 
reported in over 100 research publications, with studies 
conducted in both preclinical and clinical settings. The 
literature review was performed using several reputable 
databases, including PubMed, Web of Science, Med-
line, Scopus, and Clinical Trials. Search terms utilized 
included “Natural product”, “Herbal medicine”, “Chinese 
medicine”, “Chinese medicinal herb”, “Cancer”, “Tumor”, 
and “Neoplasm”. Our study synthesizes recent advances 
in herbal medicine-derived anti-cancer compounds by 
critically analyzing their pharmacological mechanisms, 

therapeutic potential, and integration challenges within 
oncology, aiming to provide clear insights.

Apigenin
Apigenin, a flavonoid predominantly derived from Mat-
ricaria chamomilla (Chamomile), has garnered signifi-
cant attention in recent years due to its broad spectrum 
of pharmacological properties such as anti-inflammatory, 
antioxidative, antidepressant effects, and cardiovascular 
protection [18–21]. Remarkably, apigenin has demon-
strated efficacy against a diverse array of cancer types, 
including lung, breast, colon, bladder, head and neck, 
melanoma, prostate, kidney, cervical, thyroid, oral, pan-
creatic, and leukemia cancers [22–30]. It impedes can-
cer progression through various mechanisms, including 
modulation of tumor immunity, reversal of drug resist-
ance, promotion of autophagy and ferroptosis, induction 
of apoptosis, and inhibition of invasion and metastasis 
[31–34]. In silico model employs advanced computa-
tional techniques, such as molecular docking, dynamics 
simulation, quantitative structure–activity relationship 
(QSAR), and quantum calculation, to assess apigenin 
derivatives as potential inhibitors of HPV-associated cer-
vical cancer and DNA polymerase theta [35]. Apigenin is 
categorized under the biopharmaceutical classification 
system (BCS) class II, characterized by low solubility and 
high permeability [36–38]. Recent advancements in drug 
delivery, such as the application of the self-microemul-
sifying drug delivery system (SMEDDS) and microwave 
solid dispersion techniques, have significantly enhanced 
the bioavailability of Apigenin [39, 40]. Moreover, there 
is growing evidence that co-administration of Apigenin 
with other pharmacological agents may yield synergis-
tic effects, enhancing therapeutic outcomes [41–43]. To 
serve as a guide for future research and clinical use, the 
following sections will briefly review the mechanisms, 
routes, and molecular targets through which Apigenin 
produces its anti-cancer actions.

Apigenin improves tumor immunity
Apigenin demonstrates potent immunomodulatory 
effects across various cancer types through interactions 
with diverse immune cells, including dendritic cells 
(DCs), tumor-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), natural killer (NK) 
cells, and T lymphocytes [44–47]. Some recent studies 
show that high doses of apigenin can inhibit the prolif-
eration of DCs, and can also reduce the protein expres-
sion of programmed death-ligand 1 (PD-L1) in DCs by 
inhibiting the phosphorylation of STAT1, thus induc-
ing anti-cancer immunity [48, 49]. Apigenin also works 
by stimulating NK-92 cell proliferation [50]. Apigenin is 
also shown to reduce M2-like macrophage populations 



Page 3 of 91Cui et al. Chinese Medicine           (2025) 20:82 	

and promote M1 macrophage polarization in murine 
models, a mechanism potentially mediated by Src homol-
ogy 2 domain-containing inositol 5-phosphatase 1 
(SHIP1) upregulation. Furthermore, evidence indicates 
that apigenin suppresses C–C motif chemokine ligand 
2 (CCL2) secretion, thereby inhibiting MDSCs infiltra-
tion into pancreatic tumors. This anti-invasive effect 
may be attributed to nuclear factor kappa-B (NF-κB) 

signaling downregulation [45]. Therefore, apigenin exhib-
its promising potential as an immunotherapeutic agent 
in cancer treatment through its multi-target modula-
tion of immune components. Key mechanisms include 
the inhibition of PD-L1 expression and the modulation 
of NF-κB/SHIP-1 signaling pathway, which collectively 
enhance the efficacy of cancer immunotherapy (Table 1).

Fig. 1  Natural compounds derived from herbal medicine with anti-cancer effects. The natural products are displayed with their chemical structures, 
herbal slices, and plant sources, including Apigenin, Artemisinin, Berberine, Curcumin, Emodin, Epigallocatechin gallate (EGCG), Ginsenoside Rg3, 
Icariin, Resveratrol, Silibinin, Triptolide, and Ursolic acid (UA)
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Apigenin reverses cancer drug resistance
Apigenin has demonstrated significant potential in 
overcoming drug resistance across multiple cancer 
types through diverse molecular mechanisms. In naso-
pharyngeal carcinoma (HONE1 and CNE2) cells, api-
genin inhibits drug resistance by suppressing epidermal 
growth factor receptor (EGFR) signaling [51]. In head 
and neck squamous cell carcinoma (HNSCC), apigenin 

reverses resistance to cetuximab by inhibiting extracel-
lular signal-regulated kinase 1/2 (ERK1/2) and blocking 
RAS-Mitogen-activated protein kinase (MAPK) pathway 
[52]. Apigenin’s role in modulating drug resistance is fur-
ther supported by its interaction with key pathways such 
as GLUT-1 and PI3K/AKT. Overexpression of GLUT-1, 
a marker for hypoxia, and the hyperphosphorylation of 
AKT are critical contributors to cisplatin resistance in 

Fig. 2  Key mechanisms in cancer biology, emphasizing both conventional and innovative ways of cancer cell death. Classical pathways include 
apoptosis, cell cycle, metastasis, and multidrug resistance, while novel pathways involve autophagy, ferroptosis, pyroptosis, and immune 
checkpoints. These processes highlight the adaptability of cancer cells and provide insights into potential therapeutic targets (Created 
with BioRender, https://​BioRe​nder.​com/​9bkp9​cu)

https://BioRender.com/9bkp9cu
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laryngeal cancer cells, including HEp-2 cells. Apigenin 
is hypothesized to enhance cisplatin sensitivity in these 
cells by down-regulating GLUT-1 protein expression 
and AKT phosphorylation [53–55]. In ovarian cancer 
(SK-OV-3 and SK-OV-3/DDP) cells, apigenin reduces 
myeloid cell leukemia-1 (Mcl-1) mRNA and protein lev-
els, a member of the anti-apoptotic Bcl-2 family, thereby 
reversing cisplatin resistance [32, 56, 57]. In doxoru-
bicin-resistant liver cancer (BEL-7402/ADM) cells, api-
genin restores drug sensitivity by reducing nuclear factor 
erythroid 2-related factor 2 (NRF2) expression at both 
RNA and protein levels through PI3K/AKT pathway 
inhibition, thereby increasing intracellular doxorubicin 
[58, 59]. In doxorubicin-resistant human uterine sar-
coma (MES-SA/Dx5), apigenin reduces intracellular glu-
tathione (GSH) levels by inhibiting ATP-binding cassette 
subfamily B member 1 (ABCB1) [60], while in prostate 
cancer, it reverses doxorubicin resistance by down-reg-
ulating ABCB1 protein expression [61]. Additionally, 

apigenin re-sensitizes Adriamycin-resistant breast cancer 
(MCF-7/ADR) cells by inhibiting the signal transducer 
and activator of transcription 3 (STAT3) pathway [62]. 
And in hypoxic tumor models, apigenin overcomes pacli-
taxel resistance by suppressing AKT and heat shock pro-
tein 90 (HSP90) signaling, which hinders the production 
of hypoxia-inducible factor-1α (HIF-1α) [63]. These find-
ings highlight apigenin’s multifaceted role in overcom-
ing drug resistance through interactions with drug efflux 
transporters and key signaling pathways.

Apigenin suppresses cancer growth by regulating 
the processes of autophagy and ferroptosis
Autophagy is a cellular process that facilitates the trans-
port of cytoplasmic macromolecules and organelles to 
lysosomes, where they undergo degradation and subse-
quent recycling [64, 65]. It has been demonstrated that 
the autophagy process is closely linked to a large number 
of proteins expressed by autophagy-related genes (ATGs). 

Fig. 3  Research and development of natural anti-cancer compounds derived from herbal medicine. This figure comprehensively illustrates drug 
development models and techniques relevant to natural anti-cancer compounds, spanning from in silico simulations to in vivo experiments. It 
not only demonstrates the interconnections throughout the drug development process but also incorporates in vitro and ex vivo approaches, 
efficacy assays (e.g., HCS: High content screening), omics studies, target verification methods (e.g., CETSA: Cellular thermal shift assay, SPR: Surface 
plasmon resonance), drug modification strategies, and drug delivery systems, providing a holistic view of the entire drug development pipeline 
for natural anti-cancer compounds (Created with BioRender, https://​BioRe​nder.​com/​2a547​9b)

https://BioRender.com/2a5479b
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At the same time, the process of autophagy is also sub-
ject to regulation by the mTOR. For instance, the acti-
vation of its complex, mammalian target of rapamycin 
complex 1 (mTORC1), can impede the autophagic pro-
cess [66]. Apigenin exhibits inhibitory effects on mTOR 
and p70S6K, leading to increased LC3-II conversion 
and GFP-LC3 puncta formation, hallmarks of autophage 
induction. Additionally, apigenin suppresses the mTOR/
PI3K/AKT signaling pathway, thereby promoting 
autophagy in erythroid subtype leukemia (TF-1), liver 
cancer (Hep G2), and colon cancer (HT-29) cells [67–70]. 
Under hypoxic conditions, apigenin treatment in gastric 
cancer (AGS and SNU-638) cells enhances phospho-
rylation of ATG5, LC3-II, AMP-activated protein kinase 
(AMPK), and unc-51 like autophagy activating kinase 1 
(ULK1), while simultaneously down-regulating p62, col-
lectively driving autophagy-mediated cell death [71]. The 
process of ferroptosis is characterized by iron-depend-
ent lipid reactive oxygen species (ROS) accumulation 
[72], represents another mechanism by which apigenin 
exerts its anti-cancer effects. Apigenin induces ferropto-
sis in multiple myeloma (NCI-H929) cells [73]. It miti-
gates myeloperoxidase (MPO)-mediated oxidative stress 
and inhibits ferroptotic cell death in neurons, while also 
enhancing glutathione peroxidase 4 (GPX4) activity [74, 
75]. Thus, apigenin suppresses cancer growth through its 
regulation of autophagy and ferroptosis. By inhibiting the 
mTOR signaling pathway, apigenin promotes autophagy-
mediated cell death, thereby limiting cancer cell survival 
under metabolic or oxidative stress. Additionally, its abil-
ity to induce ferroptosis in cancer cells further ampli-
fies its therapeutic potential as an anti-cancer agent. 
These findings underscore apigenin’s multifaceted role 
in targeting distinct cellular processes, positioning it as a 
promising candidate for cancer therapy.

Apigenin suppresses cancer progression via classical 
modalities
Apigenin has been found to influence multiple phases 
of the cell cycle in a variety of cancers, including skin, 
liver, breast, and colon cancers, primarily by causing G0/
G1 phase arrest, blocking the transition from G0/G1 to 
S phase, and disrupting progression through the G2/M 
phase, thereby inhibiting cell proliferation [76]. Specifi-
cally, in colon cancer (HCT 116), apigenin induces G0/
G1 phase arrest cells by up-regulating miR-215-5p, 
which modulates the expression of E2F transcription 
factors, key regulators of cell cycle progression [77]. 
Similarly, in prostate cancer (22Rv1 and PC-3) cells, api-
genin treatment is shown to induce cell cycle arrest at 
the G0/G1 phase in a dose-dependent manner [78]. In 
breast cancer (MDA-MB-468) cells, apigenin partially 
extends the duration of the S phase [79]. Apigenin also 

modulates apoptosis in cancer cells through multiple 
pro-apoptotic pathways, including the mitochondrial 
pathway, Caspase activation, and oxidative stress induc-
tion. In cervical cancer (HeLa) cells, apigenin induce 
apoptosis via two distinct pathways: one involves down-
regulating Bcl-2 protein expression, while the other acti-
vates p53 to varying degrees, leading to the induction of 
p21, fatty acid synthase (Fas) expression and ultimately 
apoptosis [80]. In lung cancer (A549) cells, apigenin 
increases cytochrome C levels, which in turn inhibits 
mitochondrial function, thereby leading to Caspase-9 
and Caspase-3 activation and subsequent apoptosis 
[81]. Moreover, apigenin also inhibits tumor by modu-
lating EMT and related protein expression. In human 
liver cancer (BEL-7402) cells, apigenin decreases Snail1 
and NF-κB protein levels while influencing cancer cell 
EMT [82]. In human melanoma (A375) cells, apigenin 
down-regulates STAT3 target genes matrix metallopro-
teinase 2 (MMP-2) and MMP-9, thereby suppressing 
tumor growth and invasion [83]. Collectivelly, apigenin 
suppresses cancer progression through a multifaceted 
mechanisms that includes cell cycle regulation, apopto-
sis induction, and metastasis inhibition. Apigenin arrests 
cancer cells in the G2/M phase or the G0/G1 phase, 
thereby halting their proliferation. It also modulates criti-
cal proteins like Bcl-2 and p53 to induce apoptosis, pro-
moting cell death in various cancer types. Additionally, 
apigenin inhibits metastasis by down-regulating proteins 
involved in EMT and tumor cell invasion, such as Snail1, 
MMP-2, and MMP-9.

Investigating apigenin anti‑cancer effects through drug 
delivery system
Despite its promising anti-cancer effects, apigenin’s 
clinical application is limited by its poor water solubil-
ity. To address this challenge, advanced DDS have been 
developed to enhance its bioavailability, stability, and 
therapeutic efficacy. Emulsions, such as W/O/W for-
mulations (water-in-oil-in-water), has been shown to 
significantly improve the oral bioavailability of apigenin 
[84, 85]. Moreover, the development of liposomal deliv-
ery systems presents a promising approach for the effi-
cient administration of apigenin. The cytotoxicity of 
apigenin nanoliposomes in colon cancer (HCT-15 and 
HT-29) cells is stronger than that of free apigenin [86]. 
Apigenin and tocopherol derivative-containing D-alpha-
tocopheryl polyethylene glycol 1000 succinate (TPGS) 
liposomes shows inhibitory effects in A549 tumor-
bearing nude mice [87]. This combination leverages the 
unique properties of TPGS, which not only enhances 
the solubility and stability of apigenin but also prolongs 
its circulation half-life, thereby improving its bioavail-
ability and therapeutic efficacy. The apigenin-loaded lipid 
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nanocapsules (AP-LNC) are prepared using a phase 
transformation method, demonstrating a significant 
enhancement in the inhibition rate of Hep G2 and MCF-7 
cells [88]. Poly(lactide-co-glycolide) (PLGA) nanopar-
ticles (NPs) have been extensively utilized as polymeric 
carriers for DDS due to their biocompatibility, biodegra-
dability, and ability to enhance drug solubility and stabil-
ity. In melanoma (A375) cells, PLGA NPs prepared via 
the solvent replacement method exhibit a concentration-
dependent inhibitory effect on tumor growth [89]. Simi-
larly, PLGA NPs prepared through nanoprecipitation 
have been shown to effectively block p53 production in 
ovarian cancer (OVCAR4) cells, thereby exerting a more 
potent anti-tumor effect compared to free apigenin [90]. 
Additionally, multi-emulsion solvent evaporation tech-
nique has been use to create nanoparticles that effectively 
maintain hepatocyte structure and restore normal cellu-
lar function in Hep G2 cells [91].

In summary, apigenin exerts multi-target anti-cancer 
effects by modulating immune components, reversing 
multidrug resistance, regulating autophagy and ferrop-
tosis, and inducing cell cycle arrest and apoptosis. Its 
poor solubility, however, necessitates the development 
of advanced drug delivery systems, such as liposomes 
and nanoparticles, which enhance its therapeutic poten-
tial across various cancer types. These systems improve 
solubility, control release, and target specific cancer types 
more effectively, positioning apigenin as a promising can-
didate for cancer therapy.

Artemisinin
Artemisinin is a sesquiterpene lactone compound derived 
from Artemisia annua L., a traditional Chinese medici-
nal herb (Qinghao in Chinese) [92, 93]. Genetic analy-
sis has demonstrated that amorpha-4,11-diene synthase 
(ADS), encoded by the ADS gene, functions as the first 
committed enzyme and plays a critical role in the arte-
misinin biosynthesis pathway in Artemisiae annuae [94]. 
Artemisinin has been demonstrated to possess multiple 
pharmacological activities, such as antimalarial, antiviral, 
antibacterial, anti-inflammatory, and anti-cancer proper-
ties [95–98]. To assess its safety profile, a machine learn-
ing-based toxicity prediction platform was developed, 
integrating in in vitro cardiotoxicity screening using car-
diomyocyte cell lines and in vivo validation in zebrafish 
models. This approach accurately predicts the cardio-
toxicity and other adverse effects of artemisinin deriva-
tives, highlighting its utility in preclinical drug safety 
evaluation in cancer therapy [99, 100]. Moreover, efficacy 
study has demonstrated that artemisinin suppresses the 
proliferation and growth of diverse cancers, such as cer-
vical, lung, prostate, bladder, ovarian, and breast cancers 
[101–105]. Its anti-cancer mechanisms are multifactorial, 

involving immunomodulation, induction of autophagy 
and ferroptosis, and suppression of tumor metastasis and 
angiogenesis [106, 107]. Furthermore, artemisinin syner-
gizes with conventional chemotherapeutic agents, selec-
tively targeting cancer cells while enhancing treatment 
efficacy [108–111]. Clinically, the therapeutic potential 
of artemisinin derivatives is under investigation in several 
trials: artesunate in the treatment of cervical intraepi-
thelial neoplasia (NCT04098744), metastatic breast 
cancer (NCT00764036), and stage II/III colon cancer 
(NCT02633098). The following section reviews the phar-
macological effects, intricate mechanisms, and specific 
biological targets of artemisinin across cancer type.

Artemisinin regulates tumor immunity
Artemisinin modulates the immune response in liver, 
breast, colon, and leukemia cancers through enhanc-
ing the activity of NK and T cell function and decreas-
ing regulatory T (Tregs) and MDSCs [112–114]. It 
attenuates lymphoma (K-562, Raji and YAC-1) cells by 
enhancing NK cell activity with low adverse effects [113]. 
Artemisinin suppresses tumor growth by enhancing the 
immunosuppression of Tregs and MDSCs, effectively 
reversing the immunosuppressive tumor microenvi-
ronment, inducing robust immunogenic cell death, and 
boosting anti-cancer immunity in 4T1 cells in  vitro 
and in  vivo [115]. Therefore, artemisinin holds signifi-
cant promise as an immune-modulating agent in can-
cer therapy. It enhances the function of NK and T cells 
while simultaneously reducing immunosuppressive cells, 
such as Tregs and MDSCs. These dual effects reverse the 
immunosuppressive tumor microenvironment, thereby 
facilitating enhanced immune surveillance and a more 
robust antitumor immune response. Additionally, arte-
misinin induces immunogenic cell death, which not only 
directly eliminates cancer cells but also stimulates the 
body’s inherent anti-cancer immune response, further 
amplifying its therapeutic effects.

Artemisinin reverses multidrug resistance
Research suggests that artemisinin and its derivatives 
can modulate the activity of P-glycoprotein (P-gp), plas-
modium falciparum multidrug resistance protein 1 
(PfMDR1), and breast cancer resistance protein (BCRP) 
in breast, liver, colon and leukemia cancers [116, 117]. 
In the context of liver cancer, artemisinin has been dem-
onstrated to reduce the protein expression of actin fila-
ment associated protein 1-like 2 (AFAP1L2) and reverses 
sorafenib resistance in specific liver cancer cell lines 
(Hep G2, Hep3B, MHCC-97 H, and Huh-7) [118]. Fur-
thermore, artemisinin has been shown impair lysosomal 
function in lung cancer (A549/TAX) and breast cancer 
(MCF-7/ADR) cells, while subsequently improves the 
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sensitivity of cancer cells to paclitaxel [119]. In addi-
tion, artemisinin, through mechanisms such as increas-
ing drug loading, enabling rapid reactive release, and 
optimizing drug delivery sequence, can efficiently and 
precisely address the multidrug resistance in breast 
cancer (MCF-7 and LCC9) cells [117, 120]. Moreover, 
dihydroartemisinin has been found to overcome dexa-
methasone and oxaliplatin resistance in multiple mye-
loma (ARP1 and H929) and colon cancer (HCT 116 and 
SW620) cells by enhancing the sensitivity of these cells 
to dexamethasone and oxaliplatin [121, 122]. Further-
more, dihydroartemisinin damages heme metabolism in 
osimertinib-resistant EGFR mutant NSCLC (PC9-OR3, 
PC9-OR5, PC9-GR1-AZD2, and PC9-GR4-AZD1) cells, 
thereby inhibits cell proliferation with relatively low tox-
icity [123]. Thus, artemisinin and its derivatives exhibit 
a broad spectrum of activities against multidrug resist-
ance in cancer treatment. They operate through multiple 
mechanisms, including modulating drug efflux proteins, 
reversing specific drug resistances, impairing lysoso-
mal functions, optimizing drug delivery, and enhancing 
the sensitivity of cancer cells to chemotherapy agents. 
These multifaceted mechanisms position artemisinin as a 
promising candidate for incorporation into combination 
therapy regimens designed to overcome drug resistance 
in diverse cancer types.

Artemisinin suppresses cancer growth by regulating 
the processes of autophagy and ferroptosis
Artemisinin and its derivatives exert its anti-cancer 
effects through the regulation of autophagy and fer-
roptosis via multiple distinct pathways. These pathways 
include mitochondrial autophagy, iron homeostasis 
regulation, and lipid peroxidation induction and ROS 
production. Such pathways have demonstrated to pos-
sess significant anti-tumor effects across a diverse range 
of cancer types, including liver, bladder, breast, endo-
metrial, myeloma, and acute myeloid leukemia cancers 
[124]. Artemisinin regulates autophagy markers (LC3B 
and p62) to stimulate autophagy [125]. Artesunate 
induces ATG5 associated autophagy in bladder can-
cer (T24 and EJ) and endometrial cancer (Ishikawa and 
AN3 CA) cells [103, 126]. Moreover, artesunate regulates 
autophagy and ferroptosis by inhibiting STAT3 activa-
tion in non‑Hodgkin lymphoma (U2932, SU-DHL4, and 
Jurkat) cells [127]. Dihydroartemisinin has been found 
to inhibit cell proliferation in liver cancer (HepG2.2.15) 
cells in a dose- and time-dependent manner through the 
induction of autophagy [128]. Additionally, artemisinin 
plays a role in regulating the cancer progression, particu-
larly in liver cancer, by inducing ferroptosis [129, 130]. 
Artesunate suppresses myeloma (MM1S) cell progression 
through inducing ferroptosis [131]. In lymphoma (U2932 

and SU-DHL-4) cells, artesunate promotes ferroptosis by 
impairing the STAT3 pathway [132]. In primary liver can-
cer, dihydroartemisinin increases the level of lipid ROS 
and malondialdehyde, while simultaneously decreasing 
the protein expression of GPX4. These alterations trigger 
ferroptosis in primary liver cancer (Hep G2 and Hep3B) 
cells [133, 134]. Dihydroartemisinin also regulates iron 
metabolism to induce ferritin autophagy and subse-
quent ferroptosis in acute myeloid leukemia (MOLM-14 
and OCI/AML-2) cells [135]. Furthermore, dihydroarte-
misinin has been demonstrated to increase the unstable 
iron pool, promote ROS accumulation, induce ferrop-
tosis, and inhibit the proliferation of leukemia (HL-60, 
KG-1, and THP-1) cells [136]. Novel 1,3, 4-oxadiazol-
artemisinin hybrids has been found to induce ferroptosis 
in breast cancer (MCF-7) cells in a dose-dependent man-
ner [137]. Briefly, artemisinin and its derivatives exert 
anti-tumor effects on a variety of cancer cells through 
multiple mechanisms. These mechanisms involve 
reducing protein expression, promoting mitochondrial 
autophagy, inducing apoptosis, enhancing cytotoxicity, 
activating specific pathways, regulating iron metabolism 
and ROS production, and ultimately inducing autophagy, 
apoptosis, and ferroptosis. Moreover, these effects can 
lead to an improvement in the sensitivity of cancer cells 
to chemotherapy drugs.

Artemisinin and its derivatives suppress cancer 
progression via classical modalities
Artemisinin and its derivatives have been demonstrated 
to exert inhibitory effects on cancer progression through 
multiple well-established mechanisms. For instance, 
artesunate inhibits colon cancer cell proliferation by 
inducing cell cycle arrest at G0/G1 phase and subse-
quent cell senescence [138]. Artemisinin down-regulates 
the mRNA levels of proliferation-related genes (c-Myc, 
N-cadherin, Vimentin, Snail, E-cadherin) in renal cancer 
(UMRC-2 and Caki-2) cells to attenuate cancer progres-
sion [139]. Dihydroartemisinin inhibits the growth and 
invasion of sgastric cancer (SGC-7901, MKN-28 and 
MGC-803) cells through the modulation of key sign-
aling pathways such as the Cyclin D1-CDK4-Rb and 
STAT1/KDR/MMP-9 pathways [140–142]. Moreover, 
artemisinin modulates the expression of apoptotic pro-
teins in a dose-dependent manner in salivary gland can-
cer (A-253/HTB-41) cells. Specifically, it increases the 
pro-apoptotic protein (Bax, Bim, Bad and Bak) expres-
sion, while decreasing anti-apoptotic protein (Bcl-2 and 
Bcl-xL) expression, and activates Poly (ADP-ribose) 
polymerase 1 (PARP1) and Caspase-3, ultimately trig-
gering cell death [143]. Dihydroartemisinin induces 
apoptosis of breast cancer (4T1) cells by enhancing ROS 
release, increasing p53 protein expression and activating 
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Caspase-3 [144]. Artesunate significantly inhibits the 
growth of lung cancer (A549) cells by interfering with 
cell cycle progression, reducing the protein expression of 
Bcl-2 and MMP-9, and increasing the protein expression 
of Bax [145, 146]. In ovarian cancer (IOSE144, A2780, 
OVCAR3, and SK-OV-3) cells, dihydroartemisinin down-
regulates Bcl-2 and upregulates Bax, which inhibits can-
cer cell proliferation and leads to cell cycle arrest at the 
S phase [104, 147, 148]. To sum up, artemisinin and its 
derivatives inhibit the proliferation, migration, and inva-
sion of various cancer cells through multiple distinct 
mechanisms. They also exhibit diverse effects such as 
anti-inflammatory activity, enhanced cell cycle arrest, 
and induction of apoptosis in specific cancer types. Fur-
thermore, they possess broad anti-tumor potential, as 
evidenced by their ability to inhibit angiogenesis in rel-
evant animal models.

Artemisinin and its derivatives combined with other 
medications for cancer treatment
The combination of artemisinin or its derivatives with 
different chemotherapeutic agents (e.g., Oxaliplatin, car-
boplatin) and other natural compounds (e.g., Resveratrol) 
has been demonstrated to yield synergistic anti-tumor 
effects. For example, when artemisinin is combined with 
oxaliplatin, the anti-tumor effect of oxaliplatin on esoph-
ageal cancer (EC109) cells is enhanced [149]. Artesunate 
and carboplatin, when used in combination, promote 
cell cycle arrest and induce the expression of cell cycle 
and apoptosis-related proteins, thereby exerting syner-
gistic anti-tumor effects on NSCLC (A549) cells [150]. 
When artemisinin and resveratrol are encapsulated into 
nano-sized liposomes, HT-29 cell growth is inhibited 
in a time- and dose-dependent manner [151]. Addi-
tionally, combination studies have revealed that trastu-
zumab inhibits breast cancer (HCC1569, HCC1954, and 
BT-474) cell proliferation more effectively when com-
bined with dihydroartemisinin compared to single drug 
treatment [152]. Dihydroartemisinin plays a significant 
anti-tumor role in multiple cancers and has been shown 
to enhance the anti-tumor efficacy of cisplatin in NSCLC 
(A549) cells [153]. Dihydroartemisinin and capecitabine 
have a synergistic effect on human colon cancer (HCT 
116, DLD-1, SW620, and HCT-15) cells and mitigate the 
side effects induced by capecitabine [154]. Dihydroarte-
misinin has been demonstrated to suppress the prolifera-
tion, migratory abilities, and invasive capacity of various 
breast cancer (MCF-7, MDA-MB-231, and BT-549) cells 
[155]. The combination of dihydroartemisinin and res-
veratrol synergistically inhibits the migration of liver 
cancer (Hep G2) and breast cancer (MDA-MB-231) 
cells [156]. The 1:1 combination of sulfampyridine and 
dihydroartemisinin exhibits high efficacy against glioma 

(TN22) cells [157]. Artemisinin, in conjunction with 
sorafenib and venettok, has been shown to display a col-
laborative inhibitory action on the proliferation and trig-
ger cell death in diverse acute leukemia cell lines under 
laboratory conditions [158]. The combination of dihy-
droartemisinin and cisplatin synergistically inhibits 
the proliferation of pancreatic ductal adenocarcinoma 
(PANC-1 and SW1990) cells and induces ferroptosis by 
modulating iron metabolism [159]. Additionally, when 
dihydroartemisinin and sorafenib are combined, they can 
inhibit Hep G2 cell proliferation and induce ferroptosis. 
This combination generates high levels of ROS, promot-
ing cancer cell apoptosis and demonstrating synergistic 
anti-cancer effects in hepatoma (Hep G2) cells [160, 161]. 
The combination of artesunate and sorafenib shows syn-
ergistic antitumor activity in hepatocellular cancer (Hep 
G2) cells [162]. Overall, the combination of artemisinin 
with different chemotherapy agents and other natural 
compounds demonstrates significant anti-tumor effects, 
including enhancing the anti-proliferation, pro-apop-
totic, and cell cycle regulation effects of oxaliplatin, met-
formin, and carboplatin on various cancer cell lines. Such 
combination treatments hold great potential in both 
clinical and experimental settings, as they enhance anti-
tumor activity and exhibit synergistic effects.

Investigating artemisinin anti‑cancer effects through drug 
delivery system
To enhance the bioavailability and enable more specific 
targeting of artemisinin for tumors treatment, research-
ers have been actively exploring diverse drug delivery 
systems. These include nanoparticles, liposomes, poly-
mer micelles, dendrimers, hydrogels. Such system can 
improve the efficacy of artemisinin and present a prom-
ising strategy in the treatment of lung, colon, and breast 
cancers [163–165]. For instance, when artemisinin is 
combined with metformin within co-carrier nanoparti-
cles, it exhibits superior anti-proliferative effects on lung 
cancer (A549) and breast cancer (T-47D) cells compared 
to its free form [163, 166]. Additionally, artemisinin 
loaded into manganese oxide within a co-delivery system 
has been shown to possess the ability to penetrate deeply 
into solid tumors, enabling precise diagnostic and tar-
geting capabilities, especially for breast cancer (T-47D) 
cells [167]. The oral administration system using heme 
lipid artemisinin nanoparticles demonstrates remarkable 
stability with the gastrointestinal tract and during blood 
circulation. However, these nanoparticles can dissoci-
ate in the tumor microenvironment, which significantly 
augments their accumulation within tumors. In mouse 
models, this property has led to the complete suppres-
sion of colon cancer (MC38) cells within 30  days [168]. 
Copper artemisinin nanoparticles can achieve cascade 
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amplification of ROS production and have a high tumor 
inhibition rate in breast cancer (4T1) xenograft model 
[169]. The use of tween 80 micelles for artemisinin-
loaded micelles effectively prevents premature drug 
release during circulation, and this system has shown a 
significant tumor inhibitory effect, with inhibition rates 
reaching up to 85% [170]. Biodegradable dihydroarte-
misinin nanoparticles, employing a MPEG-PCL micelle 
carrier, ensure a sustained release of the drug in aqueous 
solutions. These nanoparticles have shown to be more 
effective and less toxic in  vivo compared to free dihy-
droartemisinin [171]. To sum up, the development of 
novel drug delivery systems has significantly enhanced 
the bioavailability, stability, and targeting efficiency of 
artemisinin, thereby improving its potential as an anti-
cancer agent. Systems such as nanoparticles, liposomes, 
and micelles play crucial roles in ensuring that arte-
misinin is delivered effectively to tumors, which in turn 
enhances its therapeutic effects while minimizing poten-
tial side effects. Approaches like co-carrier nanoparticles, 
manganese oxide-based co-delivery, copper-based ROS 
amplification, and biodegradable nanoparticles have all 
yielded promising results in preclinical models of lung, 
colon, and breast cancers. These advancements suggest 
that artemisinin, when delivered through optimized drug 
delivery systems, holds great promise as a more effective 
treatment for a variety of cancers.

Artemisinin derivatives inhibit cancer progression
Artemisinin derivatives have been shown to exert inhibi-
tory effects on cancer progression through multiple 
mechanisms. Dihydroartemisinin has been demonstrated 
to modulate cytotoxic T lymphocyte (CTL) function 
by influencing Treg cell inhibition, thereby enhancing 
anti-cancer immunity in mice and inhibiting the growth 
of melanoma (B16-F10) cells [172, 173]. Artesunate 
effectively reduces the protein expression of PD-L1 in 
NSCLC (NCI-H1975, NCI-H460, A549, and PC-9)  cells 
[174]. Dihydroartemisinin augments the responsiveness 
of colon cancer (HCT 116 and RKO) cells to oxaliplatin 
[175]. When artesunate and chloroquine are combined, 
they can regulate macrophages, inhibit the proliferation 
of colon cancer (HCT 116 and CT26) cells, and reverse 
the immunosuppressive tumor microenvironment 
[176]. The concurrent delivery of dihydroartemisinin 
and pyrophosphorus-iron induces increased production 
of ROS, thereby triggering ferroptosis. This process not 
only leads to cancer cell death but also enhances tumor 
immunogenicity, rendering previously non-immuno-
genic colon tumors susceptible to anti-PD-L1 checkpoint 
blockade immunotherapy [177]. Dihydroartemisinin 
promotes anti-programmed death-1 (PD-1) action in 
liver cancer (HepG2.2.15) cells [178]. The combination 

of oxaliplatin and dihydroartemisinin has a strong syn-
ergistic effect on ROS generation. The combination of 
ROS generation and immunostimulant using nanomedi-
cal drugs works synergistically with checkpoint blocking 
immunotherapy to treat colon cancer (CT26 and MC38) 
in mice [179]. In glioblastoma multiforme, the combina-
tion of artesunate with lower doses of metformin dem-
onstrates antitumor effects by activating the AMPK/
mTOR pathway and inducing autophagy in human glio-
blastoma (U251 and U118-MG) cells [180]. Artemisinin 
derivatives with piperazine and fluorophore suppresses 
the cell cycle at the G0/G1 phase, increases Bax expres-
sion, decreases Bcl-2 protein expression, induces concen-
tration-dependent apoptosis, and inhibits cell migration 
via E-cadherin and N-cadherin pathways in colon cancer 
(HCT 116) cells [181]. Artemisinin and its derivatives 
inhibit the migration and invasion of cancer cells, and 
have anti-tumor and anti-angiogenic effects on tumor 
xenografts in nude mice [182–185]. Dihydroartemisinin 
influences colitis-associated colon cancer (CACC) at 
multiple stages. Artesunate and sorafenib synergically 
induce lipid peroxidation and ferroptosis in liver cancer 
(Hep G2, SNU-182 and SNU-449) cells [186]. Dihydroar-
temisinin also causes lipid peroxidation and ROS gen-
eration, which leads to ferroptosis in glioma (U251 and 
U373) cells [187]. Dihydroartemisinin@MIL-101 nanore-
actor produces ROS and consumes GSH, resulting in the 
accumulation of lipid peroxide and induction of ferropto-
sis in lung cancer (Lewis) cells [188]. Overall, artemisinin 
derivatives, including dihydroartemisinin and artesunate, 
exhibit a wide range of anti-cancer effects by modulating 
immune responses, enhancing chemotherapy efficacy, 
inducing ferroptosis, and inhibiting cancer cell prolifera-
tion, migration, and invasion across various cancer types.

To sum up, artemisinin and its derivatives exemplify 
the potential of a single phytochemical to modulate 
immunity, overcome drug resistance, and induce cell 
death pathways such as ferroptosis and autophagy. Con-
tinued investigations into synergistic regimens, targeted 
drug delivery, and clinical safety profiles are of utmost 
importance for fully realizing artemisinin’s therapeutic 
potential in cancer treatments.

Berberine
Berberine is an isoquinoline alkaloid, mainly extracted 
from Coptis chinensis or Coptidis Rhizoma (Huanglian in 
Chinese). Berberine has been long-term used for its anti-
inflammatory, antioxidant, anti-diabetic, cardioprotec-
tive, hepatoprotective, and neuroprotective effects [189, 
190]. Regarded as a promising anti-tumor candidate, ber-
berine has diverse pharmacological properties [191–193]. 
Berberine modulates cancer immunity, reduces drug 
resistance, promotes apoptosis and autophagy, inhibits 
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cell cycle progression, and curtails invasion and metas-
tasis in a range of cancers such as lung, breast, colon, 
liver, gastric, prostate, ovarian, and leukemia [194, 195]. 
In silico studies shows that berberine interacts with key 
oncogenic proteins such as p53, EGFR, AKT, p38, and 
ERK1/2, while in  vitro experiments validated its ability 
to decrease the phosphorylation of these proteins, high-
lighting its potential as an effective treatment for oral 
squamous cell carcinoma and breast cancer [196, 197]. 
Ex vivo studies demonstrate that berberine and its eight 
analogs inhibit cancer cell viability in a canine mam-
mary carcinoma cell line and transgenic zebrafish mod-
els through apoptosis induction, while zebrafish embryo 
toxicity experiments are conducted to assess the in vivo 
safety of berberine [198, 199]. In clinical studies, berber-
ine has been tested in various cancers, including lung 
cancer (NCT03486496), colon cancer (NCT03281096), 
and gastric cancer (NCT03609892). However, the clinical 
application of berberine is restricted because of its poor 
water solubility and low bioavailability. To avoid these 
disadvantages, advanced delivery systems such as nano-
particles and liposomes are developed to improve the sol-
ubility and stability of berberine [200–202]. This section 
is dedicated to discussing the current investigations into 
the anti-tumor efficacy of berberine, both as a standalone 
and as part of combination therapies.

Berberine improves tumor immunity
Berberine has indicated significant immunomodula-
tory actions in regulating tumor microenvironment by 
modulating various immune cells, inflammatory media-
tors, and immune checkpoint pathways [203]. For breast 
cancer, by modifying the inflammatory cytokine network 
and immune cell infiltration, berberine has been shown 
to inhibit tumor growth and metastasis in hypoxic envi-
ronments [204, 205]. Berberine enhances the activa-
tion of NK cells, DCs, and CTLs, while  reducing the 
populations of MDSCs and TAMs [206, 207]. Moreo-
ver, berberine suppresses the growth of liver cancer by 
reducing the number of MDSCs in tumor tissues and 
inhibiting angiogenesis [208]. Additionally, berberine 
protects liver cancer progression by modulating intra-
hepatic T cell heterogeneity, potentially improving the 
efficacy of cancer immunotherapy [194, 209]. Berberine 
has been shown to reprogram TAMs from M2 to M1 
phenotype, thereby enhancing the anti-tumor immune 
response [210]. Regarding inflammatory mediators, ber-
berine significantly reduces the levels of inflammatory 
cytokines, including tumor necrosis factor-alpha (TNF-
α), interleukin-6 (IL-6), and IL-1β, and downregulates 
their protein expression [210]. In a breast cancer model, 
berberine inhibits tumor growth under hypoxic condi-
tions by modulating the inflammatory cytokine network 

and immune cell infiltration [210, 211]. Berberine exerts 
antitumor effects by inhibiting PD-L1 activity, improving 
T-cell-mediated immunity. It is achieved by suppressing 
the deubiquitinating of CSN5 and leads to PD-L1 ubiq-
uitination and degradation, reactivating cytotoxic T-cells 
and reducing immunosuppressive cells in the tumor 
microenvironment [210]. Therefore, berberine shows 
great promise as a multi-target agent capable of modulat-
ing the tumor microenvironment to promote anti-tumor 
immunity. Its ability to enhance immune cell function, 
reduce immunosuppressive cells, reprogram TAMs, 
decrease inflammatory mediators, and inhibit immune 
checkpoints, positions it as a valuable compound for can-
cer therapy.

Berberine reverses tumor drug resistance
Berberine has been reported to reverse drug resist-
ance in various cancer types by targeting multiple drug 
resistance mechanisms. One of the key mechanisms 
through which berberine combats multidrug resistance 
is its ability to inhibit drug efflux pumps, particularly in 
regulating the ABC transporter family, including P-gp 
and Multidrug resistance protein 1 (MRP1). Berberine 
has been shown to downregulate the expression of these 
transporters, thereby increasing the intracellular reten-
tion and potency of drugs like doxorubicin. Experimen-
tal evidence indicates that berberine, combined with 
doxorubicin, significantly reduces the efflux of chemo-
therapeutics, and enhances their cytotoxic effects in 
breast cancer [212, 213]. Additionally, berberine can 
reverse drug resistance by activating AMPK, which is 
involved in cellular energy homeostasis. It is a potential 
therapeutic target in drug-resistant cancers. Berberine 
can cause a change in the metabolism of cancer cells 
by activating AMPK. It can reverse the Warburg effect. 
This metabolic reprogramming disrupts the energy sup-
ply of drug-resistant cancer cells. It leads to increased 
sensitivity to chemotherapy. Moreover, the activation 
AMPK can downregulate HIF-1α, which is a hypoxia-
inducible factor that promotes P-gp expression, and 
further enhances chemosensitivity. Studies also demon-
strated that berberine sensitizes drug-resistant breast 
cancer cells to doxorubicin by the modulation of the 
AMPK-HIF-1α-P-gp pathway [214]. Berberine can 
also target mitochondria, which are critical organelles 
in energy production and apoptosis regulation. Due to 
its delocalized positive charge, berberine can disrupt 
mitochondrial membrane potential and upregulate the 
content of ROS. These mitochondrial perturbations 
can stimulate intrinsic apoptosis pathways. It can effec-
tively result in cell death in drug-resistant cancer cells. 
Furthermore, mitochondrial targeting by berberine is 
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increased if combined with nanomedicine platforms, 
such as GSH-responsive paclitaxel-berberine conju-
gates, which can achieve simultaneous drug release 
and targeted delivery. This approach has shown supe-
rior efficacy in reversing resistance in lung and breast 
cancer models [215]. For the synergistic effects with 
chemotherapeutics, berberine can increase the efficacy 
of conventional chemotherapeutic agents. It has been 
indicated across various cancer types, including breast, 
liver, lung, and colon cancers. Its synergistic effects are 
attributed to multiple mechanisms, including enhanced 
drug uptake, efflux transporters inhibition, and cancer 
cell metabolism disruption. For instance, berberine 
can improve doxorubicin uptake in tumor tissues while 
simultaneously down-regulate the protein expression 
of P-gp and MRP1 in breast cancer. This dual action 
not only improves chemotherapeutic efficacy but also 
reduces the likelihood of multidrug resistance develop-
ment [212]. Berberine can reverse the multidrug resist-
ance of breast cancer via the suppression of the efflux 
function of ABC transporters. In vivo experiments have 
shown that berberine can treat Adriamycin-resistant 
breast cancer patient as well [216]. Therefore, berber-
ine shows promise as a treatment for tumors that are 
resistant to various drugs. Upon targeting efflux trans-
porters, reprogramming cancer metabolism, inducing 
mitochondrial apoptosis, and synergizing with chemo-
therapeutic agents, berberine exhibits the multi-faceted 
nature of drug resistance. The integration of innovative 
delivery systems further augments its potential. It paves 
the way for its translation from bench to bedside. Con-
tinued research and clinical trials are recommended to 
fully identify the therapeutic potential of berberine.

Berberine suppresses cancer growth by regulating 
the processes of autophagy and ferroptosis
Berberine could apoptosis and autophagy in cancer cells 
through various mechanisms. Berberine can also act 
as an autophagy regulator to regulate physiological and 
pathological conditions and reduce drug resistance in 
cancer treatment [217]. Regarding apoptosis, berber-
ine primarily upregulates pro-apoptotic proteins while 
down-regulating anti-apoptotic proteins. In liver can-
cer cells, berberine induces apoptosis by activating Cas-
pase-3 and Caspase-9 through the miR-221/ SRY-related 
HMG-box 11 (SOX11) axis [218]. Similarly, in renal cell 
carcinoma, berberine treatment increases ROS levels and 
apoptosis rates, accompanied by the protein upregula-
tion of Bax, Bad, Bak, Cytochrome, the downregulation 
of Bcl-2c and activating Caspase-3, and Caspase-9 [219]. 
Berberine can significantly suppress the proliferation of 
human glioma (U-87 MG) cells and induce the apoptosis 

of U-87 MG and LN-229 cells by down-regulating the 
protein expression of Bcl-2, up-regulating that of Bax and 
activating Caspase-3 [220]. In a study on the anti-cancer 
effect of berberine on Peripheral blood mononuclear cells 
(PBMCs) from patients with chronic lymphocytic leuke-
mia, berberine is found to promote apoptosis by reduc-
ing Bcl-2, ROR1, and mir-21 gene levels [221]. Berberine 
suppresses EMT and promotes apoptosis of colonic epi-
thelial cells induced by tumor-associated fibroblasts by 
regulating TGF-β signaling [222]. Self-assembled mito-
chondria-targeted nano drugs (HA/PEG/BD NDs) from 
9-O-octadecyl-substituted berberine derivatives exhibit 
significant mitochondrial targeting of tumor cells and 
remarkable anti-tumor efficacy in A549 genetically engi-
neered tumor models. HA/PEG/BD NDs induce apopto-
sis through dissipation of the mitochondrial membrane 
potential, release of cytochrome C, and increase in Cas-
pase-9/3 activity, activation of pro-apoptotic Bax, inhi-
bition of anti-apoptotic Bcl-2 and up-regulation of ROS 
levels to induce apoptosis [223]. Based on these reports, 
the anti-cancer properties of berberine can be regarded 
by stimulating both endogenous and exogenous apopto-
sis via increasing the protein expression of pro-apoptotic 
molecules Bax, Bad, Bak, and activating Caspase-3, Cas-
pase-8 and Caspase-9. Berberine also induces autophagy 
in cancer cells, although the effects appear to be context-
dependent and involve multiple signaling pathways. In 
melanoma cells, berberine induces autophagic cell death 
by inactivating the AKT/mTOR signaling pathway [224]. 
Similarly, in acute lymphoblastic leukemia cells, berber-
ine induces autophagy and cell death by inhibiting the 
AKT/mTORC1 signaling pathway [225]. In gastric cancer 
cells, berberine induces autophagy inhibition through the 
regulation of MAPK/mTOR/p70S6K and AKT pathways, 
leading to the suppression of cancer cell growth both 
in  vitro and in  vivo [226]. Berberine has been reported 
to act as a naturally occurring MET inhibitor that syn-
ergizes with ositinib to overcome acquired resistance to 
ositinib caused by MET amplification [227]. Berberine 
synergistically and selectively reduced the survival of 
several MET-amplified Ositinib-resistant EGFR-mutant 
NSCLC cells when used in combination with Ositinib. It 
may enhance the induction of apoptosis through Bim ele-
vation and Mcl-1 reduction [228]. Therefore, berberine’s 
broad spectrum of action against cancer cells through 
the regulation of autophagy and ferroptosis highlights its 
potential as a powerful anticancer agent. Its ability to tar-
get multiple cellular mechanisms responsible for cancer 
progression and survival offers a promising avenue for 
developing more effective cancer treatments.
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Berberine suppress cancer progression via classical 
modalities
Berberine can block the progression of the cell cycle 
at the G0/G1 phase, preventing the transition to the 
S phase, thereby inhibiting cancer cell proliferation. 
Additionally, it can interfere with the S phase and 
G2/M phase, disrupting DNA synthesis and mitosis. 
In breast cancer cells, berberine and its derivatives 
arrested the G2/M phase by inhibiting HIF-1α activity 
and regulating its downstream targets through non-
coding RNAs [205, 229]. Moreover, berberine induced 
S phase arrest in breast cancer (MDA-MB-231) cells. It 
enhances their chemosensitivity to conventional thera-
pies [230, 231]. The molecular mechanisms underlying 
berberine-induced cell cycle arrest include the increase 
of cyclin-dependent kinase (CDKs) inhibitors, such 
as p21 and p27, and the decrease of Cyclin D1 [215]. 
Interestingly, berberine has been found to promote the 
ubiquitination of insulin-like growth factor 2 mRNA-
binding protein 3 (IGF2BP3) through the E3 ubiquitin 
ligase TRIM21. It leads to S phase arrest in colon can-
cer cells [232–234]. Berberine can arrest the cell cycle 
of lymphocytic Jurkat cells at G0/G1 phase, suggesting 
that it may play a positive role in the treatment of leu-
kemia [235]. Studies have shown that for Tca8113 and 
MCF-7, the maximum arrest occurred after 12  h of 
berberine treatment, and for Hela, CNE2 and HT-29, 
the maximum arrest was observed at 24, 36 and 24  h, 
respectively. The results showed that Berberine could 
induce different cancer cells to arrest at G2/M phase 
[236]. Mitochondria-targeted nanomedicines self-
assembled from GSH-responsive paclitaxel-SS-ber-
berine conjugates can upregulate ROS levels in cancer 
cells, arrest cells in the G2/M phase, induce cancer cell 
apoptosis, and inhibit tumor growth [237]. Berberine 
could suppress bladder cancer (BIU-87 and T24) cells 
in a dose- and time-dependent manner. It can promote 
cell cycle arrest at G0/G1 site, and induce cell apoptosis 
in a dose-dependent manner [231].

Recent studies have revealed that berberine can regu-
late cell cycle depending on the cancer type. In bladder 
cancer (T24 and 5637) cells, berberine inhibited cell pro-
liferation and cell cycle progression by down-regulating 
the HER2/PI3K/AKT signaling pathway [238]. Berberine 
inhibits cyclin activity by regulating PI3K/AKT, MAPK, 
and Wnt signaling pathways at the colon prelesion stage, 
thereby slowing down the cell cycle progression of polyp 
or adenoma cells [239]. In addition, berberine affected 
the expression of several proteins important in tumor 
cell cycle progression, These proteins include Cyclin-
D1, Cyclin-B1, Cdc25, CDK1, Epidermal Growth Factor 
(EGF), Raf/MEK/ERK, and Platelet-derived growth factor 
(PDGF), activated enhancer-binding protein-1 (AP-1), 

AP-2, and CD147 [240]. Thus, berberine could arrest 
the cell cycle at different stages, thereby inhibiting the 
growth and proliferation of cancer cells, and is a promis-
ing potential anti-cancer drug.

Berberine has demonstrated significant anti-invasive 
and anti-metastatic effects in various cancer types by 
modulating multiple signaling pathways. In glioma cells, 
berberine suppresses cell proliferation, migration, and 
invasion by inhibiting the TGF-β1/SMAD2/3 signaling 
pathway [220]. Similarly, in osteosarcoma (MG-63 and 
U-2 OS) cells, berberine inhibits tumor cell migration 
and invasion by regulating the MMP/NM-23 and MAPK/ 
c-Jun N-terminal kinase (JNK) signaling pathways [241]. 
Advanced drug delivery systems have further enhanced 
the anti-metastatic potential of berberine. In a breast 
cancer xenograft model (MDA-MB-231), mitochondria-
targeted nanomedicines co-assembled from berberine 
and doxorubicin effectively repairs mitochondrial protein 
defects (Mfn1/Drp1) and inhibits the activity of MMP-2 
and MMP-9, resulting in significant suppression of tumor 
cell proliferation and lung metastasis [242]. Moreover, 
berberine can inhibit glioma cell migration and inva-
sion by suppressing the TGF-β1/COL11A1 activity and 
regulating the actin cytoskeleton arrangement [243]. 
The anti-metastatic effects of berberine are mediated 
through the regulation of multiple signaling cascades, 
including MAPK, PI3K-AKT, and NF-κB pathways 
[205, 220, 229, 231, 238, 241, 244, 245]. Therefore, ber-
berine demonstrates remarkable anti-invasive and anti-
metastatic properties by modulating multiple signaling 
pathways. It can effectively inhibit tumor cell migration 
and invasion by targeting MMPs, regulating cytoskeletal 
dynamics, and repairing mitochondrial protein defects. 
Furthermore, advanced delivery systems, such as mito-
chondria-targeted nanomedicines, further improve their 
therapeutic potential for combating cancer progression.

Synergistic effects of berberine with other drugs
Recent studies have highlighted the potential of com-
bining berberine with conventional cancer therapies 
to enhance treatment efficacy and reduce side effects 
[246]. Berberine-loaded nanoparticles, such as chitosan/
pectin nanoparticles, have shown enhanced cytotoxic-
ity against gastric cancer cells by modulating epigenetic 
factors (miR-185-5p and KLF7) [247]. Berberine, com-
bined with cisplatin, has a synergistic anti-cancer effect 
on the MG-63 osteosarcoma cell line. It can significantly 
promote osteosarcoma cell death by the inhibition of 
the protein expression of MMP-2, Bcl-2, Cyclin D1, and 
CDK4, and up-regulating Bax expression [248]. Ber-
berine is a regulator of the HMGB1- Toll-like receptor 
4 (TLR4) axis and can inhibit breast cancer metastasis 
aggravated by chemotherapy. Doxorubicin and berberine 
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can be assembled into nanomedicines without the help 
of additional carriers. This nanomedicine not only effec-
tively inhibits tumor growth with fewer side effects, but 
also significantly inhibits lung metastasis by blocking the 
HMGB1-TLR4 axis [249]. Janus nanocarrier for doxo-
rubicin and berberine (HA-MSN@DB) can be delivered 
to liver cancer cells via CD44 receptor-mediated target-
ing effect. Berberine significantly reduces adriamycin-
triggered repopulation of liver cancer cells in  vitro and 
in vivo by inhibiting the Caspase-3-iPLA2-COX-2 path-
way. Thus HA-MSN@DB co-delivery attenuates chem-
otherapy-exacerbated liver cancer recurrence [250]. 
Moreover, berberine has also been reported to improve 
the sensitivity of cancer cells to radiotherapy. In ovarian 
cancer (SK-OV-3) cells, berberine significantly increases 
the radiosensitizing effect, potentially improving the 
outcomes of radiotherapy [251]. Therefore, berberine 
demonstrates significant potential as an adjunct to con-
ventional cancer therapies, including enhancing treat-
ment efficacy, overcoming drug resistance, and reducing 
side effects. Berberine has been identified as a flexible 
and attractive candidate for enhancing the results of can-
cer treatment across a range of cancer types due to its 
capacity to work in concert with chemotherapeutics, tar-
geted treatments, and radiation therapy, when combined 
with sophisticated delivery systems.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of berberine
The combination of omics technologies, such as tran-
scriptomics, proteomics, metabolomics, and multi-omics 
methods, could greatly improve the understanding of 
multifaceted activity of berberine [252]. It may aid in the 
development of berberine-based treatments for various 
disorders.

For transcriptomics, high-throughput RNA sequencing 
is useful for determining the effect of berberine on gene 
expression patterns. Berberine has been demonstrated 
to change the expression of critical regulatory genes in 
the liver. It can result in hypolipidemic consequences. 
This modulation includes the activation of genes related 
to lipid catabolism and the downregulation of lipid syn-
thesis-associated genes. It could lead to a lower risk of 
metabolic diseases. Furthermore, transcriptome investi-
gations have demonstrated that berberine modulates the 
expression of genes associated with inflammation and 
glucose homeostasis. It highlights its therapeutic poten-
tial in metabolic illnesses [253]. For the proteomics, mass 
spectrometry-based proteomics has been critical in the 
determination of the protein targets and signaling cas-
cades impacted by berberine treatment. Berberine can 
regulate the expression of proteins involved in mitochon-
drial activity and oxidative stress in colon cancer cells. 

Berberine has been shown to increase mitochondrial 
respiration and energy generation while decreasing oxi-
dative stress and apoptosis. These proteome alterations 
aid in promoting cell death and inhibiting cancer cell 
proliferation. It may highlight berberine’s potential as an 
anti-cancer medication [254]. For metabolomics, metab-
olomic profiling has shed information on the metabolic 
changes caused by Berberine treatment. Significant varia-
tions in bile acid composition have been detected. It sug-
gests that berberine plays a role in modulating gut flora 
and metabolic health. Berberine affects the intestinal 
environment via changing bile acid synthesis and compo-
sition, promoting the growth of beneficial bacteria com-
munities. This alteration of the gut microbiota is related 
with improved metabolic parameters, such as increased 
insulin sensitivity and lower inflammation, highlight-
ing the relevance of the gut-liver axis in the therapeutic 
effects of berberine [255]. For the lipidomic, lipidomic 
investigations have shown that berberine changes lipid 
profiles. It contributes to the therapeutic benefits in 
metabolic diseases. Berberine affects cellular membrane 
composition and function by regulating the amounts of 
various lipid species such as cholesterol esters, phospho-
lipids, and sphingolipids. These alterations can have an 
impact on signaling pathways related to lipid metabolism, 
inflammation, and insulin sensitivity, potentially improv-
ing disorders including hyperlipidemia and nonalcoholic 
fatty liver disease. Furthermore, lipidomic analysis has 
discovered lipid biomarkers that can be regarded as indi-
cations of berberine efficacy. It can help customize per-
sonalized treatment regimens [256]. For epigenomics, 
according to research, berberine effects epigenetic altera-
tions such as DNA methylation and histone acetylation. 
It can influence gene expression patterns linked to cancer 
progression. Berberine can regulate the shape of chro-
matin and the accessibility of transcriptional apparatus 
to certain genes by regulating the activation of enzymes 
involved in various epigenetic pathways. It can inhibit 
cancer cell proliferation and spread. These findings indi-
cate that berberine may function as an epigenetic modu-
lator with potential uses in cancer therapy. According 
to research, berberine can affect epigenetic alterations 
such as DNA methylation and histone acetylation. It 
can influence gene expression patterns for cancer pro-
gression. Berberine can change chromatin structure via 
altering the activity of enzymes in these epigenetic pro-
cesses [257]. For pharmacogenomics, scientists identified 
genetic variants that can regulate berberine metabo-
lism, transport, and target interactions. This information 
allows for adjusting berberine dose regimens and the 
selection of appropriate patient demographics. It may 
improve therapeutic outcomes while reducing the likeli-
hood of treatment failure [258]. For glycomics, scientists 
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have provided insights into the role of berberine in mod-
ulating immune responses and inflammation. By altering 
the glycosylation patterns of immune signaling-related 
proteins, berberine can influence the recognition and 
response of immune cells to pathogens and damaged tis-
sues. This modulation of glycan structures could affect 
processes such as cell adhesion, migration, and cytokine 
production. It can contribute to the anti-inflammatory 
and immunomodulatory effects of berberine [259]. For 
the toxicogenomic, assessments of gene expression alter-
ations associated with toxicity could contribute to a bet-
ter knowledge of the safety of berberine. Toxicogenomic 
studies can predict probable side effects and determine 
safety dose ranges by assessing the expression of genes 
involved in detoxification, oxidative stress response, and 
apoptosis. For chemogenomic techniques, which com-
bine chemical and genomic data, can predict interactions 
between berberine and other proteins. It can explain 
its mode of action. For example, research has found 
that berberine interacts with enzymes involved in lipid 
metabolism and inflammatory processes. It explains the 
molecular foundation for its therapeutic benefits. Such 
information is crucial for the rational creation of berber-
ine compounds with increased efficacy and fewer adverse 
effects [260]. Therefore, these integrative Omics-related 
approaches have not only advanced our understanding 
of berberine’s therapeutic benefits, but also paved the 
path for personalized medicine tactics and the creation of 
innovative therapeutic agents.

Overall, berberine exemplifies how a single phyto-
chemical can orchestrate complex anti-cancer effects, 
extending from reprogramming the tumor microenvi-
ronment and reversing multidrug resistance to reshaping 
metabolic and epigenetic landscapes. Future directions 
lie in harnessing multi-omics insights and advanced 
delivery platforms to optimize berberine’s translational 
potential, aiming to integrate it effectively into personal-
ized cancer therapies. However, it is easy to produce false 
positive data due to the overlap between the emission 
wavelengths of berberine and those of most experimental 
fluorescent probes, so this requires special attention from 
researchers during future studies on berberine.

Curcumin
Curcumin, a phenolic compound extracted from Cur-
cumae longae rhizoma (Jianghuang in Chinese) and 
Curcumae rhizoma (Ezhu in Chinese) [261, 262], demon-
strates a broad array of pharmacological activities. These 
include anti-inflammatory, antioxidant, antibacterial, 
antiviral, and antidepressant qualities, as well as cardio-
protective, hepatoprotective, and neuroprotective ben-
efits [263, 264]. Additionally, curcumin exhibits a wide 
range of anti-tumor properties, proving effective against 

various types of cancer, such as lung, breast, colon, blad-
der, head and neck, prostate, kidney, cervical, thyroid, 
pancreatic cancer cells, and even melanoma, non-Hodg-
kin lymphoma, and leukemia [265, 266]. In silico studies 
show that curcumin, when combined with chemotherapy 
drugs, exhibit strong interactions with target proteins, 
with curcumin achieving the highest interaction scores 
with marker proteins, and curcumin derivatives fitting 
well in the active site of target proteins, suggesting their 
potential as effective anticancer agents for breast cancer 
[267, 268]. It restrains cancer progression by modulat-
ing the host immunity, promoting autophagy and fer-
roptosis, eliciting apoptosis, and inhibiting invasion and 
metastasis. Curcumin affects cancer cells by modulating 
several immune mediators, including cytokines, ROS, 
and cyclooxygenase-2 (COX-2). It also contributes to 
diminishing the activity of oncogenic molecules, protein 
kinases, growth factors, and critical signaling pathways, 
including NF-κB, JNK, and STAT3 [269]. Although cur-
cumin holds promise as an anti-cancer agent, its practical 
application is hindered by its limited water solubility and 
stability in vitro environments as well as its low bioavail-
ability in vivo studies [270–272]. To face these challenges, 
the use of nanocarriers to deliver curcumin to the tar-
geted tissue is suggested as a promising solution in vivo 
experiment [273–276]. In clinical practices, combin-
ing conventional anti-tumor medications with adjuvant 
treatments has shown complementary and supplemen-
tary role that enhanced the safety and effectiveness while 
minimizing adverse effects of the applied therapeutic 
strategies, as evidenced by numerous clinical trials [277–
279], namely on breast cancer (NCT03980509), prostate 
cancer (NCT03769766), cervical cancer (NCT04294836) 
and advanced pancreatic cancer (NCT00094445). The 
following section provides a concise summary of the 
intricate mechanisms and specific targets through which 
curcumin acts against various types of cancer.

Curcumin improves immunity
Curcumin exhibits promising immunomodulatory 
effects by interacting with a range of immune cell types 
(e.g., macrophages, DCs, MDSCs, NK cells, and T cells) 
in lung, breast, colon, liver, head and neck, ovarian, and 
tongue carcinoma [280, 281]. Curcumin enhances the 
activities of NK cells, DC cells, and B cells, and increases 
the quantity of cytotoxic T cells to eliminate cancer 
cells [282]. It also stimulates the proliferation of T cells, 
restores CD8+ T cells function, and revitalizes the defec-
tive T cells to kill cancer cells in colon carcinoma (HCT 
116 and SW620) and head and neck cancer cells [283, 
284]. Curcumin suppresses the development of liver can-
cer and lung cancer by decreasing MDSCs quantity in 
Hep G2 and Lewis lung cancer xenograft models, thereby 
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reducing angiogenesis process [285, 286]. Furthermore, 
curcumin inhibits colon cancer (HCT 116 and SW620) 
and oral squamous cell carcinoma (CAL 27) cells by shift-
ing TAMs from a M2 phenotype to M1 phenotype [287, 
288]. In conclusion, curcumin improves immunological 
activity in cancer treatment or increases the number of 
immune cells, which strengthens innate immunity.

Cytokines play a complex role in tumor microenvi-
ronment, working as mediators of cancer progression 
and therapeutic agents [289, 290]. Curcumin inhibits 
tumor growth by reducing the levels of pro-inflammatory 
cytokines (e.g., TNF-α, IL-8, IL-6, and IL-1) [291–293], 
also down-regulating the protein expressions of these 
cytokines [294]. Additionally, curcumin suppresses the 
secretion of pro-cancer cytokines including stromal cell-
derived factor 1 (SDF-1) and TGF-β1, which inhibits 
tongue fibroblasts from developing into squamous cell 
carcinoma [295].

Curcumin exerts immunomodulatory effects by mod-
ulating various immune checkpoints (PD-1, CTLA-4, 
and CD47, and PD-L2) facilitating the recognition and 
elimination of cancer cells by immune cells [283]. Cur-
cumin enhances T lymphocyte activity to inhibit colon 
cancer (HCT 116 and SW620) and head and neck car-
cinomas (SNU1041 and SCC-15) cell growth by down-
regulating PD-L1 protein expression [296, 297]. It also 
lowers CTLA-4 protein expression in CD4+CD25+ Tregs, 
thereby enhancing the effectiveness of cancer immuno-
therapy [298].

Curcumin’s impact on immunological responses is 
commonly evaluated using in vitro and in vivo assays in 
the above cases. Nevertheless, enhancing the bioavail-
ability and drug delivery of curcumin continues to be a 
crucial matter that needs to be resolved prior to its prac-
tical implementation.

Curcumin reverses multidrug resistance
Curcumin could reverse multidrug resistance in cancer 
cells by inhibiting the function or expression of proteins 
such as P-gp, BCRP, multidrug resistance-related protein 
(MRP), and EGFR. This action helps counter resistance 
to first-line molecular drugs (Doxorubicin, Oxaliplatin, 
Paclitaxel, 5-Fluorouracil, and Cisplatin), or monoclo-
nal antibodies (Cetuximab, Gefitinib, and Erlotinib), and 
immunotherapy drugs (Pembrolizumab and Atezoli-
zumab) in various cancers including lung, colon, liver, 
breast, ovarian, myeloid leukemia, and osteosarcoma 
[299–302].

Specifically, curcumin sensitizes resistant cells of the 
lung (A549/Cisplatin), colon (SW620/DOX) and mye-
loid leukemia (K-562/DOX) to Doxorubicin and Cis-
platin through inhibiting the transport function and 
protein expression of P-gp [303–305]. By preventing the 

accumulation of anti-cancer drugs within the cell, P-gp 
promotes resistance by preventing their cytotoxic or 
apoptotic effects. Its capacity to promote ATP-dependent 
drug translocation across the plasma membrane against 
significant concentration gradients allows it to accom-
plish this. Thus, P-gp inhibition would promote the influx 
of anti-cancer drugs inside the cell and result in cell cyto-
toxicity. Alternatively, the addition of a P-gp substrate in 
conjunction with the anti-cancer drug may have a com-
parable impact by competing for the transport pathway 
[306]. Furthermore, curcumin augments the effectiveness 
of Doxorubicin and Paclitaxel in overcoming MDR in 
lung cancer (A549), ovarian cancer (SK-OV-3), and colon 
cancer (HCT-8) cells by inhibiting both the protein func-
tion and expression of P-gp [307, 308]. Besides, curcumin 
conjugated with anti-P-gp antibody significantly improve 
the capability of targeting P-gp protein, thereby overcom-
ing MDR in cervical cancer (KB-V1/DOX) cells [309].

In addition, curcumin also suppresses MRP in Oxali-
platin (L-OHP) resistance pancreatic cancer (PANC-1 
and MIA PaCa-2) cells through its impacts on miR-
409-3p, its curcumin-related mode of action increases 
L-OHP sensitivity and regulates the expression of 
ERCC1. This approach increases the drug’s sensitivity 
by decreasing the colon cancer cells’ release of L-OHP 
and colon cancer (HCT 116) cells and inhibits BCRP in 
mice model. BCRP is an ATP-binding cassette (ABC) 
transporter that actively extrudes medication into the 
intestinal lumen, hence decreasing the drug’s oral bioa-
vailability. Curcumin boosted Sulphasalazine’s systemic 
exposure in a dose-dependent way [310–312].

Growth of human malignancies is commonly con-
nected with abnormal cellular communication by inap-
propriate activation of receptor tyrosine kinases (RTK) 
following mutation, overexpression or ectopic ligand 
synthesis. RTK, including human epidermal growth fac-
tor receptor 2 (HER2), vascular endothelial growth fac-
tor receptor (VEGFR), and EGFR, can be overexpressed 
or upregulated in cancer cells. This can lead to various 
effects, including altered cell cycle regulation, increased 
cell proliferation, blocked apoptosis, increased motility 
and invasive capacity, metastasis-associated growth, and 
angiogenesis promotion [313].

Gefitinib and Erlotinib are oral tyrosine kinase inhibi-
tors (TKIs) that are particularly effective in patients with 
specific mutations in the EGFR gene. Curcumin signifi-
cantly augments the suppressive efficacy of gefitinib on 
H157, H1299, IEC-18, and NCI-H1975 cancer cells by 
facilitating the degradation of EGFR receptor [314, 315]. 
Curcumin can be used as an EGFR-TKI sensitizer to treat 
NSCLC with wild-type EGFR and a Kirsten rat sarcoma 
viral oncogene homolog (KRAS) mutation.
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Furthermore, curcumin reduces EGFR protein expres-
sion in Erlotinib-resistant NSCLC (H1650) cells, hence 
enhancing the efficiency of Erlotinib, the recommended 
drug to combat lung cancer [299, 316]. The low response 
rate of lenvatinib, which is mostly caused by resist-
ance development, limits its practical utility in treating 
patients with advanced liver cancer, even though it is the 
recommended initial treatment for this condition. Sig-
nificant EGFR activation was seen in lenvatinib-resistant 
cell lines, and a genome-wide transcriptome profiling 
investigation linked lenvatinib resistance to the PI3K-
AKT pathway. The EGFR-PI3K-AKT pathway’s gene and 
protein expression were significantly inhibited by the 
combination therapy of curcumin and Lenvatinib. So, 
curcumin is shown to overcome Lenvatinib resistance 
and strengthens the anti-liver cancer efficacy in Huh-7 
and PLC cells [317].

Besides, curcumin can enhance the therapeutic effect 
of pembrolizumab and atezolizumab by reversing the 
drug resistance [318]. Combining curcumin with an anti-
PD-1 monoclonal antibody enhances the therapy effi-
cacy in melanoma (B16-F10) and colon cancer (MC38) 
xenograft models [300, 319]. The findings indicate that 
curcumin has the capacity to regulate the function and 
expression of these transportation proteins, hence play-
ing a key role in counteracting MDR of cancer cells.

Curcumin suppresses cancer growth by regulating 
the processes of autophagy and ferroptosis
Autophagy and ferroptosis are two different forms of 
cell death that have attracted considerable attention in 
the realm of cancer treatment. Growing evidence shows 
that curcumin induces autophagy and ferroptosis in lung, 
liver, colon, breast, cervical, and renal cell carcinoma, 
which lead to cell death and tumor growth inhibition 
[320, 321].

Autophagy, a key form of cancer cell death, involves 
the breakdown and recycling of the cell’s internal compo-
nents. Multiple studies have shown that curcumin either 
induces or inhibits autophagy in a variety of in  vitro or 
in  vivo settings. Autophagy is frequently triggered by 
curcumin and its derivatives; However, this depends on 
the cellular environment and the stimulus. Furthermore, 
certain research has connected curcumin’s potential to 
its iron-chelating properties. Curcumin has also been 
demonstrated to protect renal function by reducing 
ROS, reduce cancer by inhibiting rather than activating 
autophagy (an effect that may be mediated by the stimu-
lation of miR-143), and lessen hypoxia/reoxygenation 
injury by controlling the activity of certain proteins [322].

Curcumin suppresses renal cell carcinoma (ACHN) 
and cervical cancer (SiHa) cells through the up-regula-
tion of autophagy-related proteins, including p62, LC3B 

and Beclin-1 [323, 324]. Moreover, curcumin diminishes 
cancer stemness in triple negative breast cancer (MCF-7 
and MDA-MB-231) cells by up-regulating gene and pro-
tein expression of ATG5 and ATG2B [325]. Addition-
ally, curcumin causes cytotoxicity in thyroid and ovarian 
cancers [326, 327]. Furthermore, curcumin suppresses 
autophagy flux in breast cancer (MCF-7) and glioblas-
toma (A172 and U-87 MG) cells by decreasing the pro-
portion of LC3-II/LC3-I and up-regulating p62 protein 
expression [328, 329].

Ferroptosis, a form of programmed cell death charac-
terized by iron-dependent lipid peroxidation. Curcumin 
can regulate the ferroptosis-related gene (e.g., MYC, IL-
1β, EZH2, SLCA5, and CAV1) expression to inhibit colon 
cancer (SW480) cell progression [330, 331]. Moreover, 
curcumin down-regulates the protein expression of 
GPX4 and Solute carrier family 7 member 11 (SLC7A11) 
to induce ferroptosis in colon cancer (HCT-8) and folli-
cular thyroid cancer (FTC-133 and FTC-238) cells [332, 
333]. Additionally, curcumin suppresses tumor growth 
in osteosarcoma (Saos-2 and U-2 OS) and breast cancer 
(MCF-7 and MDA-MB-453) cells by producing malon-
dialdehyde (MDA), elevating ROS levels, and enhancing 
Fe2+ accumulation within cells [334]. Furthermore, cur-
cumin decreases the expression of the NCOA4, FTH1, 
and p53 genes, which causes ferroptosis in clear cell renal 
cell carcinoma (A-498-DR and 786-O-DR) cells [335]. 
Through the promotion of lipid peroxidation, disrup-
tion of iron homeostasis, and inhibition of antioxidant 
defenses, curcumin pushes cancer cells towards ferropto-
sis. The impact of curcumin on ferroptosis and autophagy 
offers substantial potential for improving cancer therapy 
approaches.

Curcumin suppresses cancer progression via classical 
modalities
In the field of cancer research, the conventional explo-
ration of anti-cancer strategies has primarily centered 
around studying cellular processes involved in cell cycle, 
apoptosis, and metastasis. In this regard, curcumin has 
been found to induce cell cycle arrest in G0/G1, S, and 
G2/M phases in various cancer types [336]. For exam-
ple, curcumin treatment induces cell cycle arrest at the 
G0/G1 phase in liver cancer (SK-HEP-1 and Hep G2) 
and breast cancer (MCF-7) cells [337, 338]. In addition, 
curcumin treatment leads to cell cycle arrest at the S or 
G2/M phase in colon cancer (MC38 and HCT 116) cells, 
accompanied by a reduction in the protein expression 
of cell cycle-related markers (e.g., cyclin A2, cyclin E1, 
CDK2, and p21) [339, 340].

Curcumin reduces Cyclin D1 protein expression, inhib-
iting cell cycle, particularly at the G0/G1 phase, in colon, 
breast, and prostate cancers. Additionally, curcumin 



Page 30 of 91Cui et al. Chinese Medicine           (2025) 20:82 

enhances p27 and p21 protein expression, thereby 
obstructing cell cycle advancement at the G0/G1 and S 
phases. Notably, curcumin elicits cell cycle arrest in sev-
eral solid malignancies, including lung, colon, and neu-
roblastoma, predominantly affecting the G2/M phase 
[341–343]. Conversely, hematological cancers, includ-
ing lymphoma and leukemia, often demonstrate cell 
cycle arrest at the G0/G1 phase [344–346]. Curcumin 
causes cell cycle arrest at the G2/M phase in both estro-
gen receptor (ER)-negative breast cancer (MDA-MB-231 
and SKBR3) and (ER)-positive breast cancer (T-47D and 
MCF-7) cells [347–350]. Furthermore, HER-2 positive 
breast cancer (SKBR3 and 435eB) undergoes cell cycle 
arrest in the G0/G1 phase [351], while HER-2 nega-
tive breast cancer (MCF-7) cells mainly undergo cell 
cycle arrest at the S phase [352]. In addition, curcumin 
triggers cell cycle arrest at G0/G1 and S phases in triple 
negative breast cancer (BT-549 and MDA-MB-231) cells 
[353–355].

Curcumin triggers cell apoptosis in lung, colon, liver, 
cervical, and pancreatic cancers by up-regulating pro-
apoptotic protein expression (Bax and Bad) or by inhib-
iting anti-apoptotic proteins (Bcl-xL and Bcl-2), as well 
as activating Caspase pathway [340, 356–359]. Specifi-
cally, it induces apoptosis in colon cancer (HCT 116) and 
lung cancer (A549) cells by activating apoptotic proteins, 
notably PARP, Caspase-3, and Caspase-8 [357, 360]. Fur-
thermore, it reduces the protein expression of Bcl-2 and 
increases that of Bax, triggering apoptosis in cervical 
cancer (Ca Ski and Hela) and pancreatic cancer (BxPC-3) 
cells [356, 361].

The main Caspases implicated in cancer cell death 
through apoptosis include Caspase-8, Caspase-9, and the 
executioner Caspases, specifically Caspase-3 and Cas-
pase-7. Curcumin activates Caspase-3 in several cancer 
types, resulting in the breakdown of cellular substrates 
and the successful initiation of programmed cell death 
(apoptosis). Caspase-8 is triggered by death receptors 
in the extrinsic pathway, while Caspase-9 is activated as 
a result of mitochondrial damage in the intrinsic path-
way. Hence, curcumin suppresses cancer progression by 
inducing cell cycle arrest at various phases and promot-
ing apoptosis through the modulation of key regulatory 
proteins, such as cyclins, CDKs, Bax, and Caspases. As 
for lung, liver, colon, breast, ovary, and nasopharyn-
geal tumors, curcumin inhibits migration and invasion 
[362–368]. It decreases the metastasis-related proteins 
(Vimentin, MMP-9, and E-cadherin) in breast cancer 
(MDA-MB-231) and lung cancer (A549) cells [362, 363]. 
These results suggest that curcumin demonstrates anti-
tumor properties through the regulation of the cell cycle 
and the modulation of proteins associated with apoptosis 

and metastasis, hence effectively impeding cancer 
progression.

Curcumin combined with other medications for cancer 
treatment
Curcumin has shown great potential for synergistic 
effects, reversing drug resistance, and enhancing sen-
sitivity when combined with chemotherapeutic agents. 
In recent years, there has been an increasing interest in 
exploring this promising immunotherapy approach [369]. 
Studies have demonstrated that curcumin enhances the 
activity of PD-1/PD-L1 antibodies in murine colon can-
cer (MC38 and CT26) and liver cancer (Hep3B) cells by 
effectively preventing immune evasion [370, 371]. Grow-
ing evidence supports the potential effectiveness of cur-
cumin combined with various chemotherapeutic agents, 
including Lenvatinib, Doxorubicin, Rapamycin, Pacli-
taxel, and Cisplatin, in treating diverse cancers such as 
breast, liver, colon, oral, and osteosarcoma [317, 372–
377]. Besides, a synergistic approach utilizing curcumin 
and doxorubicin demonstrates enhanced anti-tumor effi-
cacy against colon cancer (CT26), breast cancer (MCF-7), 
osteosarcoma (K-7), and head and neck cancer (HSC-3) 
cells [378–381]. A phase II clinical trial (NCT01490996) 
has shown that daily Folinic acid/5-fluorouracil/Oxalipl-
atin chemotherapy, when used alongside oral curcumin 
treatment, is safe and tolerable in patients with meta-
static colon cancer [382]. Additionally, coadministration 
of supplemental curcumin with other first-line chemo-
therapy drugs (Avastin/FOLFIRI/Paclitaxel/Bioper-
ine) demonstrates efficacy in treatment of breast cancer 
(NCT00852332), cervical cancer (NCT05947513), and 
myeloma (NCT00113841). The combination of Doxoru-
bicin (0.4 mg/mL) and curcumin (5 µM) shows a higher 
additive impact by lowering the growth of Hodgkin lym-
phoma (L-540) cells by 79%. According to the pharma-
cokinetic analysis, curcumin (5 mg/kg) may also improve 
Doxorubicin (5 mg/kg) absorption and reduce drug efflux 
in vivo [383, 384]. For metastatic and advanced bladder 
cancer, Cisplatin-based combination therapy has become 
the accepted standard of care. In comparison to cur-
cumin or Cisplatin alone, co-treatment with curcumin 
(10 µM) and cisplatin (10 µM) has demonstrated a strong 
synergistic effect by up-regulating ERK1/2 phosphoryla-
tion and activating Caspase-3 in bladder cancer cell lines 
[385]. It has been demonstrated that Celecoxib (selective 
COX-2 inhibitor) with curcumin together inhibits cancer 
cell progression in vitro more than Celecoxib solely. Cur-
cumin (10–15 µmol/L) andCelecoxib (5 µmol/L) at physi-
ological dosages showed a synergistic inhibitory effect 
against human colon cancer (HT-29) cells [386]. In both 
pre-clinical and clinical trials, these findings suggest that 
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curcumin has substantial synergistic effects in inhibiting 
multiple types of cancer.

Curcumin exerts its anti‑cancer effects via regulating gut 
microbiota
The gut microbiota is crucial in the development and 
progression of various cancers including colon, liver, 
cervical cancers, and myeloid leukemia [387, 388]. Cur-
cumin increases the abundance of beneficial bacteria like 
Bifidobacteria and Lactobacillus. Moreover, curcumin 
strengthens the gut barrier function, preventing the 
leakage of harmful substances that can induce systemic 
inflammation, thereafter, causing apoptosis in colon can-
cer (HT-29 and HCT 116) cells [389, 390]. In addition, 
curcumin sensitizes liver cancer (H22) cells to 5-fluo-
rouracil cytotoxic effects by reducing the abundance of 
harmful bacteria (Helicobacter and Campylobacteria) 
[274]. Clinical research has been undertaken to investi-
gate the physiological effects of curcumin on the microbi-
ota of children with colon cancer and acute lymphoblastic 
leukemia (NCT05472753 and NCT05045443). Overall, 
the way curcumin interacts with the gut microbiota offers 
a potentially effective way to treat cancer. By modulating 
microbial composition, enhancing beneficial metabolites, 
and improving immune function, curcumin contributes 
to cancer prevention and treatment.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of curcumin
Omics technologies encompass a broad range of fields 
including genomics, proteomics, metabolomics, and 
transcriptomics, each offering insights into the molecular 
and cellular processes of organisms. In cancer research, 
these technologies are invaluable because they provide 
comprehensive data about the genetic mutations, pro-
tein dysregulations, and metabolic changes associated 
with cancer [391–394]. Curcumin inhibits tumor growth 
in 4T1 xenograft model by regulating the breast cancer 
metabolism of amino sugars and nucleotide sugars [395]. 
Moreover, curcumin exerts its anti-lung cancer actions 
on A549 cells by regulating 25 differential metabolites 
that influence the fatty acid metabolism, sphingolipid 
metabolism, and glycerophospholipid catabolism in 
cancer cells [396]. Furthermore, curcumin selectively 
alters miRNA and mRNA expression, inducing apopto-
sis in ovarian cancer (A2780 and PA1) and breast can-
cer (MCF-7 and MDA-MB-231) cells, as demonstrated 
through mRNA and miRNA library sequencing [397, 
398]. Furthermore, curcumin triggers cell death in pan-
creatic (BxPC-3) and breast cancer (MDA-MB-231) 
cells, disrupting 227 and 453 proteins, respectively, 
as identified through proteomics [356, 399]. Overall, 

omics technologies provide a holistic view of the cellular 
changes induced by curcumin, highlighting its potential 
as a versatile and effective anti-cancer agent.

Curcumin derivatives inhibit cancer progression
Derivatives such as demethoxycurcumin (DMC), bis-
demethoxycurcumin (BDMC), tetrahydrocurcumin 
(THC), and curcumin difluorinated (CDF) are fascinat-
ing advancements that expand curcumin’s potential in 
fighting lung, colon, ovarian, cervical, and bladder can-
cers [400–402]. DMC induces apoptosis in lung cancer 
(A549) and bladder cancer (RT4 and TCCSUP) cells by 
activating Caspase-3 and Caspase-9 activity, and inhibit-
ing the expression of anti-apoptotic proteins (Bcl-2 and 
Bcl-xL) [402, 403]. In addition, BDMC suppresses breast 
cancer (BT-549, MDA-MB-231, and MCF-7) progression 
through down-regulating cancer metastasis-related pro-
teins (MMP-9 and TWIST1) and inducing pro-apoptotic 
proteins (p53) expression [404, 405]. Besides, a clinical 
trial (NCT06063486) has been performed to assess the 
efficacy of DMC and BDMC in reducing tumor mark-
ers and improving patient survival rates following treat-
ment therapy. In summary, curcumin derivatives have the 
potential to both improve curcumin’s overall efficacy and 
rectify its disadvantages.

Investigating curcumin anti‑cancer effects through drug 
delivery system
The therapeutic efficacy of curcumin, however, is 
restricted by its poor solubility, low absorption from 
the gut, rapid metabolism, and systemic elimination. 
To overcome these challenges, researchers have been 
exploring various drug delivery systems such as nano-
particle encapsulation, liposomes, polymeric micelles, 
dendrimers, hydrogels that can enhance curcumin’s bio-
availability and therapeutic efficacy [406–413]. Nano-
particle-based curcumin drug delivery systems (DDS) 
enhance apoptosis and inhibit cell migration in breast 
cancer (MDA-MB-231) and lung cancer (A549) cells 
[413, 414]. Moreover, curcumin-encapsulated micelles 
induce cancer cell apoptosis, initiate a halt in the cell 
cycle, and enhance cellular uptake of curcumin in gastric 
cancer (BGC-823 and SGC-7901), colon cancer (HT-29 
and HCT 116), breast cancer (MCF-7), and glioblastoma 
multiforme (GL261) cells [407, 412, 415, 416]. In addi-
tion, nanogel loaded with curcumin such as AuNP@Ng/
Cur, hyaluronic acid-grafted poly(N-isopropylacryla-
mide), and PVAS@PEG nanogels shows better target-
ing and low toxicity in breast cancer (MDA-MB-231) 
and melanoma (B16-F10) cells [417–419]. Besides, when 
compared to free curcumin, curcumin-loaded liposomes 
exhibit enhanced cytotoxicity to cancer cells in liver 
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cancer (H22 and Hep G2) and breast cancer (SKBR3 and 
MCF-7) cells [420, 421]. Taking together, these innovative 
carrier materials not only address the limitations associ-
ated with curcumin’s natural properties but also enhance 
its targeting and intake into cancer cells.

Exosomes released by numerous types of cells and 
contain a vast spectrum of bioactive components 
including proteins, lipids, and nucleic acids. Exosomes 
can deliver their payload through direct cell-to-cell 
contact or without it. Exosomes have garnered signifi-
cant interest for medication delivery in clinical settings 
due to their ability to operate as intracellular commu-
nication vehicles, transferring content to targeted des-
tination [422]. Since most exosomes are hydrophobic 
and lipid-enriched, they can be used to deliver thera-
peutic substances like curcumin. Curcumin’s plasma 
concentration and bioavailability were both enhanced 
by the in  vivo injection of curcumin via exosomes. 
When 100  mg/kg body weight curcumin is adminis-
tered orally or intraperitoneally, a plasma concentra-
tion of 1,250 ng/ml is reached after 30 min (5–10 times 
greater than when curcumin is administered alone), 
and this concentration lasts for 12  h [423]. The solu-
bility, stability, and bioavailability of curcumin are all 
increased when it is incorporated into exosomes [424]. 
Curcumin loaded exosomes (Exo-CUR) was admin-
istered orally to nude mice containing the cervical Ca 
Ski-tumor xenograft to assess its in  vivo anti-cancer 
efficacy. Curcumin diet, exosomes by themselves, and 
PBS were used as controls. Exosomes demonstrated a 
slight (25–30%) reduction of tumor growth, whereas 
dietary curcumin had no impact. On the other hand, 
the cervical tumor xenograft growth was significantly 
inhibited by Exo-CUR (61%; p < 0.01). Rats given 
Exosomes or Exo-CUR did not exhibit any signs of 
gross or systemic toxicity [424]. Exo-CUR extracted 
from lung cancer (H1299) cells treated with curcumin 
(10 μM) produced a slowdown in proliferation, colony 
formation, migration, and invasion. By down-regulating 
DNMT1, curcumin via exosomes is able to upregulate 
TCF21 expression and function as a tumor suppressant 
[425]. Curcumin treatment of chronic myelogenous 
leukaemia (CML) cells resulted in a dose-dependent 
rise in phosphatase and tensin homolog (PTEN), the 
miR-21 target. Moreover, curcumin therapy reduces 
VEGF expression and releases AKT phosphorylation. 
Assays for colony formation show that curcumin had 
an impact on CML cells’ ability to survive. Certain 
observations imply that exosomes may be involved in 
the cellular disposal of miRNAs. To determine whether 
curcumin led to a reduction in miR-21 in CML cells 
and its exosome packaging, authors examined the con-
tent of miR-21 in K-562 and LAMA-84 cells as well as 

exosomes following curcumin treatment. Addition-
ally, authors demonstrated that adding curcumin to 
CML cells resulted in an increase in miR-196b cellular 
expression and a downregulation of Bcr-Abl expression 
[426]. Moreover, curcumin-encapsulated grapefruit 
exosomes can alleviate colitis and boost mouse survival. 
When curcumin-encapsulated grapefruit exosomes are 
administered to DSS-induced colitis-affected mice, 
colon tissue extracts showed lower levels of TNF-α, 
IL6, and IL-1β in comparison to other groups, accord-
ing to ELISA analysis [427].

In sum, curcumin can engage multiple anti-tumor 
pathways, spanning immunity, autophagy, ferroptosis, 
and classical cell cycle arrest. It underscores the broad 
therapeutic scope, yet its real-world impact depends on 
overcoming poor pharmacokinetics through innovative 
delivery strategies (nanoparticles and exosomes) and 
synergistic combinations. Emerging multi-omics insights 
reveal how curcumin fine-tunes cancer cell metabolism, 
immune checkpoints, and even microbial ecosystems, 
positioning it as a uniquely adaptable agent in the quest 
for personalized oncology solutions.

Emodin
Emodin is a naturally occurring anthraquinone found in 
the roots and barks of various plants, which is an active 
constituent in medicinal herbs, such as Rhei radix et 
rhizoma (Dahuang in Chinese) and Polygoni cuspidati 
rhizoma et radix (Huzhang in Chinese) [428–430]. Addi-
tionally, emodin is synthesized as a secondary metabo-
lite by molds and lichens [431, 432]. Emodin possesses a 
myriad of pharmacological effects including anti-oxidant, 
anti-inflammatory, anti-tumor, anti-ulcer, hepatopro-
tective, renal-protective, neuroprotective, antidiabetic, 
antibacterial, antiviral, muscle relaxant, immunosuppres-
sive and antifibrotic activities, and therapeutic effects 
on hypertrophic scar [433–435]. Emodin also demon-
strates a broad spectrum of anti-cancer characteristics, 
showing promise against a number of cancers, including 
melanoma, pancreatic, thyroid, nasopharyngeal, cervical, 
endometrial, gastric, prostate, lung, breast, colon, kidney, 
liver, ovarian, and leukemia [436]. The related molecu-
lar mechanisms corresponding to the anti-cancer activi-
ties of emodin are involved in the modulation of tumor 
immunity, induction of apoptosis, inhibition of cell prolif-
eration, and induction of autophagy, necroptosis, ferrop-
tosis and uncoupling, mitigation of drug resistance [437]. 
In addition, in silico methods are employed to predict the 
pharmacological properties of emodin based on its inter-
action with carbonic anhydrase IX, and these predictions 
are subsequently validated through in vitro experiments 
on the HCT 116 and HeLa cell lines [438, 439]. In addi-
tion, zebrafish are utilized to assess the antiangiogenic 
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effects of emodin, which effectively inhibited vascular 
development and tumor angiogenesis in vivo, highlight-
ing its potential for cancer treatment [440]. To address 
the challenges of poor intestinal absorption, rapid elimi-
nation, and low bioavailability of emodin, and to enhance 
its cellular uptake and anti-cancer efficacy, various drug 
delivery systems have been employed to encapsulate 
emodin, resulting in improved antitumor efficacy against 
multiple cancer types [441–444]. The following section 
provides a concise summary of the intricate mechanisms 
and specific targets through which emodin acts against 
various types of cancer.

Emodin regulates tumor immunity
Emodin emerges as a promising anti-cancer agent 
through its multifaceted mechanisms that target neu-
trophils, macrophages [445]. Neutrophil extracellular 
traps (NETs) have emerged as key effectors in neutrophil 
responses to diverse stimuli, which play a pivotal role 
in cancer progression and associated thrombosis. This 
underscores the intricate interplay between neutrophils, 
hypercoagulation, and carcinogenesis [446]. Emodin 
exhibits a novel anti-cancer mechanism by suppressing 
N2 neutrophils, thereby mitigating hypercoagulation and 
preventing lung carcinogenesis. In the urethane-induced 
lung carcinogenic model, emodin reduces hypercoagu-
lation and tumor lesions, accompanied by a decrease in 
N2 neutrophils and modulated cytokine profiles (IFN-γ, 
IL-12 up; IL-6, TNF-α, TGF-β1 down). Immunohisto-
chemical and network pharmacology data further sup-
ported multi-target effects of emodin on N2 neutrophils, 
inhibiting tumor growth and promoting lung health 
[445]. TAMs, an essential subset of immune cells infil-
trated in the tumor microenvironment, is found affected 
EMT and cancer stem cell formation [447]. Further-
more, it inhibits EMT and cancer stem cell formation in 
breast cancer cells to halt metastatic recurrence by dis-
rupting TGF-β1-mediated interactions between TAMs 
and breast cancer cells [448]. Emodin exerts anti-tumor 
effects against liver cancer by modulating M2 mac-
rophage polarization towards M1 phenotype via the miR-
26a/TGF-β1/AKT axis, thereby inhibiting cancer cell 
proliferation and invasion [449]. Furthermore, emodin 
reduces the population of M2-like protumorigenic mac-
rophages within the tumor microenvironment. Moreo-
ver, emodin may act by antagonizing the P2X7 receptor, 
thereby decreasing the activation of M1 macrophages 
and potentially inhibiting their recruitment to the tumor 
microenvironment [450]. Emodin, targeting neutrophils 
and macrophages, exhibits anti-cancer potential by miti-
gating hypercoagulation and modulating cytokine pro-
files in lung cancer. It also disrupts the tumor-promoting 
loop between tumor cells and TAMs, inhibiting tumor 

growth, EMT, cancer stem cell formation, and metastatic 
recurrence in breast cancer. Emodin also has anticancer 
effects by lowering M2-like macrophage numbers and 
altering macrophage polarization.

Emodin suppresses cancer growth by regulating 
the processes of necroptosis, autophagy, ferroptosis 
and uncoupling
Emodin demonstrates anti-cancer activity against pros-
tate, renal, glioma, liver, colon cancers, and melanoma 
by inducing necroptosis, autophagy, and ferroptosis 
through various signaling pathways [451, 452]. Emodin 
significantly reduces viability in prostate cancer (PC-3 
and DU 145) cells. Emodin activates the necroptosis 
pathway, enhancing MLKL and HSP90AA1 expression 
and activating the PGAM pathway, leading to mito-
chondrial fission and ROS generation [453]. Emodin 
can effectively kill renal cancer cells. It induces necrop-
tosis via a ROS-mediated activation of the JNK signaling 
pathway and also inhibits glycolysis by down-regulating 
glucose transporter 1 (GLUT1) through ROS-mediated 
inactivation of the PI3K/AKT signaling pathway [451]. 
Emodin effectively inhibits glioma (U251) cell prolifera-
tion, inducing apoptosis and necroptosis via the TNF-α/
RIP1/RIP3 signaling axis. Its ability to upregulate TNF-
α, RIP1, RIP3, and MLKL both in vitro and in vivo sug-
gests emodin as a potential anti-cancer agent targeting 
glioma through necroptosis [454]. Emodin inhibits liver 
cancer progression by modulating autophagy through the 
miR-371a-5p/PTEN axis, down-regulating miR-371a-5p 
and up-regulating PTEN, thereby enhancing autophagy 
markers LC3-II and reducing p62 [455]. Emodin-induced 
autophagy promoted Snail and β-catenin protein degra-
dation, inhibiting EMT partly through the PI3K/AKT/
mTOR and Wnt/β-catenin pathways. Therefore, emodin 
plays a significant role in inhibiting liver cancer (HepG2) 
cell metastasis via the interplay between autophagy and 
EMT [456]. Emodin inhibits proliferation and induces 
ferroptosis in colon cancer (HT-29, RKO, HCT-15 and 
SW620) cells by inactivating the NF-κB pathway and 
nuclear receptor coactivator 4 (NCOA4)-mediated fer-
ritinophagy. Emodin decreases GSH content, xCT and 
GPX4 expression, increases ROS generation, MDA, and 
lipid peroxidation, effects reversed by ferroptosis inhibi-
tors and autophagy inhibitors, iron chelator DFO, fer-
ostatin-1, and NCOA4 silencing. Emodin is expected to 
be a promising candidate for anti-cancer therapy [452]. 
Emodin exerts antiproliferative effects on melanoma 
(B16-F10) cells by reducing ATP levels and functioning as 
a mitochondrial uncoupler [457]. Emodin stands out as a 
versatile and promising candidate for anticancer therapy 
due to its capacity to engage multiple cell death pathways 
and interfere with cancer cell metabolism and survival. 
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The depth of its impact on cellular mechanisms such as 
necroptosis, autophagy, ferroptosis, and mitochondrial 
function underscores its potential in the clinical setting.

Emodin inhibits tumor recurrence, and cancer‑related 
cachexia
Emodin halts nasopharyngeal carcinoma recurrence, and 
alleviates lung cancer-related cachexia symptoms, dem-
onstrating potential as a chemopreventive and therapeu-
tic agent in nasopharyngeal carcinoma and lung cancer 
[458, 459]. Emodin inhibits SP1 protein expression, sug-
gesting its role in suppressing Epstein-Barr virus (EBV) 
reactivation. Furthermore, emodin inhibits the tumo-
rigenic properties induced by repeated EBV reactivation. 
Emodin administration also restrains tumor growth in 
mice induced by EBV activation, collectively support-
ing its potential as a chemopreventive agent against EBV 
reactivation and nasopharyngeal carcinoma recurrence 
[459]. Emodin inhibits transcription Factor 4 (TCF4)- 
Twist family bHLH transcription factor 1 (TWIST1) 
complex formation, thereby suppressing parathyroid 
hormone-like hormone (PTHLH) protein expression, 
which are implicated in lung cancer cachexia. In lung 
cancer (A549) tumor-bearing mice, emodin-containing 
extract alleviates cachexia symptoms by down-regulating 
fat browning-related genes and skeletal muscle atrophy, 
highlighting its potential as a therapeutic agent for lung 
cancer-related cachexia [458]. Emodin shows promise as 
a chemopreventive and therapeutic agent against can-
cer-related complications such as tumor recurrence and 
cachexia. Its ability to inhibit EBV reactivation and tumor 
growth in nasopharyngeal carcinoma, as well as alleviat-
ing cachexia symptoms in lung cancer, underscores its 
multifaceted therapeutic potential.

Emodin suppresses cancer progression via classical 
modalities
Emodin, a versatile natural compound, exerts its antitu-
mor effects through multiple mechanisms, including cell 
cycle arrest, apoptosis induction, angiogenesis inhibition, 
migration, and invasion suppression and tumor metas-
tasis inhibition in NSCLC, breast, ovarian, endometrial, 
liver, cervical, colon, endometrial cancers, as well as 
melanoma, and papillary thyroid carcinoma [448, 460]. 
Emodin can suppress cell growth through inducing cell 
cycle arrest at G0/G1, S and G2/M stages, such as G0/G1 
arrest in NSCLC cells via hyaluronan synthase 2 (HAS2)-
mediated signaling [461], and S and G2/M phases arrest 
in liver cancer (Hep G2) cells [456]. This cell cycle inhibi-
tion is further supported by its ability to induce mitotic 
catastrophe and G2/M phase arrest in cervical cancer 
(HeLa) cells. It highlights its efficacy in disrupting cell 
division [462]. Furthermore, emodin promotes apoptosis 

through multiple pathways. It increases ROS levels, lead-
ing to DNA damage and apoptosis in NSCLC (NCI-
H520, NCI-H460, and A549) cells [463]. In endometrial 
cancer (KLE) cells, emodin regulates MAPK and PI3K/
AKT signaling to enhance ROS production and apoptosis 
[464]. Similarly, in liver cancer, emodin upregulates oxi-
dative stress defense and tissue homeostasis [465]. Emo-
din exhibits pro-apoptotic effects in melanoma (B16-F10 
and A375) cells by increasing the Bax/Bcl-2 ratio, and 
suppressing the Wnt/β-catenin pathway [466]. Emodin 
effectively suppresses the viability and migration of B16-
F10 cells and may induce apoptosis via the mitochondrial 
pathway or the death receptor-mediated pathway [467]. 
Moreover, emodin exhibits anti-cancer activity in breast, 
colon, and liver cancers by targeting various pathways 
and suppressing VEGF-related angiogenesis and tumo-
rigenesis. In triple-negative breast cancer (MDA-MB-231 
and 4T1)  cells, emodin targets nuclear receptor core-
pressor 2 (NCOR2) to upregulate seryl-tRNA synthetase 
(SerRS), suppressing VEGFA transcription and angio-
genesis [440]. In colon cancer (HCT 116) cells, emodin 
reduces VEGF secretion and VEGFR1/2 protein expres-
sion by down-regulating Acyl-CoA synthetase long chain 
family member 4 (ACSL4) [468], while in liver cancer, 
emodin inhibits tumorigenesis through concurrently 
suppressing the VEGFR2-AKT-ERK1/2 signaling path-
way, and inhibiting the protein expression of SMAD2/4 
by enhancing miR-34a level in Hep G2 cells [469].

In addition, emodin demonstrates anti-migratory, anti-
invasive and anti-metastasis properties. In ovarian cancer 
(SK-OV-3, A2780 and PA1) cells, it hinders migration and 
invasion by inhibiting EMT and altering cadherin protein 
expression [470]. In melanoma (B16-F10 and A375) cells, 
emodin decreases MMP-2 and MMP-9 protein expres-
sion, suppressing migration and invasion [466]. Emodin 
downregulates proliferation, invasion markers in liver 
cancer in vivo [465]. Emodin inhibits tumor metastasis in 
breast cancer by disrupting TGF-β1-mediated TAM-can-
cer cell interactions to halt EMT and stem cell formation 
[448], and modulating AKT/ERK signaling to attenuate 
metastatic potential in obesity/hyperlipidemia [471]. Fur-
thermore, emodin modulates signaling pathways criti-
cal for tumor growth and progression. Emodin inhibits 
breast cancer (MCF-7) cell proliferation in a time- and 
dose-dependent manner. Elevated AhR and CYP1A1 
protein expression post emodin treatment suggests the 
antitumor activity of emodin via AhR-CYP1A1 path-
way activation [472]. In NSCLC (A549, H1650, H460, 
H1975, PC-9, H1299, and CCD-19Lu) cells, it inhibits 
KRAS mutant cell lines by reducing secretory phospho-
lipase A2-IIa (sPLA2-IIa) and NF-κB pathway activity, 
while inhibiting mTOR and AKT while activating AMPK 
[473]. Emodin inhibits endometrial cancer (KLE) cell 
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proliferation by regulating MAPK and PI3K/AKT sign-
aling pathways [464]. Emodin demonstrates efficacy in 
suppressing liver cancer (Hep G2 and Huh7) cell growth, 
metastasis, and CD44+ hepatoma cell proliferation [474]. 
In papillary thyroid carcinoma (TPC-1 and IHH4) cells, 
emodin downregulates NF-κB and TLR4 signaling, inhib-
iting cell proliferation, invasion, and migration [475].

Emodin has the potential to be used as a photosensi-
tizer in photodynamic therapy of skin cancer. Emodin 
mediates photodynamic therapy effectively and distinctly 
on skin cancer cells (SCC-25, MUG-Mel2) and normal 
keratinocyte (HaCaT) cells [476]. In melanoma (B16-
F10 and A375) cells, its ability to decrease MMP-2 and 
MMP-9 protein  expression and suppress the Wnt/β-
catenin pathway suggesting a therapeutic strategy for 
highly metastatic tumors [466].

Emodin inhibits breast cancer metastasis by reducing 
lipid synthesis through the downregulation of triglyc-
eride synthesis-related genes, including Fas, glycerol-
3-phosphate acyltransferase 1 (Gpat1), and stearoyl-CoA 
desaturase 1 (Scd1). Additionally, emodin attenuates the 
high metastatic potential to the liver in the context of 
obesity and hyperlipidemia through modulation of the 
AKT and ERK signaling pathways, involving interaction 
with CSNK2A1 in breast cancer [471].

Therefore, emodin demonstrates antitumor effects 
through mechanisms such as cell cycle arrest, apoptosis 
induction, and angiogenesis and metastasis inhibition. In 
a variety of cancer types, it alters the expression of bio-
markers and targets different signaling pathways.

Emodin combined with other medications for cancer 
treatment
Emodin, when combined with various medications, 
demonstrates synergistic anti-cancer effects by enhanc-
ing apoptosis, inhibiting proliferation, migration, and 
invasion, and reversing drug resistance, and mitigat-
ing chemotherapy-induced testicular toxicity in breast, 
lung, colon, cervical, liver, pancreatic cancers, as well as 
chronic myeloid leukemia and multiple myeloma [477, 
478]. Emodin in combination with berberine significantly 
inhibits salt-inducible kinase 3 (SIK3) activity, reducing 
cell growth and inducing cell cycle arrest and apoptosis 
in breast cancer cells. Mechanistically, the combination 
treatment attenuates SIK3-potentiated mTOR-mediated 
aerobic glycolysis and suppresses AKT signaling, lead-
ing to G0/G1 phase cell cycle arrest and apoptosis in a 
SIK3-dependent manner. These findings suggest that 
the emodin-berberine combination may serve as a novel 
SIK3 inhibitor for the prevention and treatment of breast 
cancer (MDA-MB-231, BT-20, and AU565) cells [479]. 
Thymoquinone and emodin synergistically inhibit breast 
cancer (MCF-7) cell proliferation, enhancing cytotoxicity, 

and inducing apoptosis while curtailing migration and 
stemness [480]. Emodin synergistically enhanced the 
antiproliferative effects of paclitaxel in NSCLC (A549) 
cells, augmenting apoptosis through up-regulating the 
protein expression of Bax, Bcl-2, as well as activating the 
phosphorylation of AKT, and ERK, as well as activating 
Caspase-3. In  vivo, emodin potentiated the antitumor 
effects of paclitaxel in A549 xenografts without signifi-
cant side effects, suggesting a promising combinational 
strategy for NSCLC treatment [481]. Emodin inhibits 
proliferation and drug efflux, enhances Cisplatin (DDP)-
induced apoptosis and DNA damage, and decreases 
P-gp protein expression in a dose-dependent manner 
in NSCLC (A549 and H460) cells. These findings sug-
gest emodin as a potential adjuvant to enhance DDP 
sensitivity in NSCLC [482]. Meanwhile, emodin syn-
ergizes with DDP to enhance lung cancer A549/DDP 
cell apoptosis and impede migration/invasion, likely via 
inhibiting NF-κB signaling and down-regulating drug 
resistance proteins (P-gp, MRP, and GST), thereby revers-
ing DDP resistance and augmenting intracellular drug 
accumulation [483]. Emodin enhances anti-proliferation 
of 5-fluorouracil and inhibits invasion and migration of 
5-fluorouracil-resistant colon cancer (SW480) cells. The 
combination induces apoptosis by regulating the pro-
tein expression of Bcl-2 and Bax, activating Caspase-3, 
and reversing 5-fluorouracil resistance through down-
regulation of the PI3K/AKT pathway. In  vivo, emodin 
reverses 5-fluorouracil resistance in colon cancer xeno-
grafts, indicating its potential as a molecular therapy for 
5-fluorouracil-resistant colon cancer (SW480/5-FU) cells 
[484]. In vivo, emodin and tetrahydropalmatine synergis-
tically reduces colon cancer (HT-29) tumor size, increas-
ing F4/80 expression, decreasing IL-6 and TGF-β levels, 
promoting tumor oxidation, and down-regulating p53 
and STAT3 protein expression. These findings suggest a 
synergistic mechanism involving cytokine regulation and 
p53 pathway inhibition for the treatment of colon cancer 
[485]. The combination of emodin and vinblastine has 
been demonstrated to enhance the sensitivity of cervi-
cal cancer (HeLa) cells to the latter. This combination has 
been shown to potentiate the cytotoxic effect of vinblas-
tine, disrupt mitosis and block cells in the G2/M phase. 
Furthermore, it has been shown to raise ROS production 
and oxidative stress, which causes edema and mitochon-
drial damage. Additionally, the combination of emodin 
and vincristine enhances cell apoptosis by activating 
Caspase-3 and Caspase-7, and decreasing Bcl-2 protein 
expression [486]. Meanwhile, emodin enhances the sen-
sitivity of liver cancer (Hep G2) cells to DDP by inhibiting 
EMT [487]. Emodin inhibits cell activity across cell lines, 
enhancing apoptosis synergistically with gemcitabine in 
pancreatic cancer. Emodin potentiates the anti-cancer 
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effects of EGFR inhibitor on pancreatic cancer (PANC-1 
and BxPC-3) cells by inhibiting STAT3 signaling, pro-
moting apoptosis. The combination of emodin and EGFR 
inhibitor synergistically inhibits cancer cell proliferation 
in  vitro and in  vivo, modulating STAT3 protein expres-
sion [488]. Emodin and berberine combination exhibits 
synergistic anti-tumor effects, inhibiting cell prolifera-
tion, clonogenicity, migration, and invasion in pancreatic 
ductal adenocarcinoma (BxPC-3 and MIA PaCa-2) cells. 
This synergism has significant anti-cancer effects on 
pancreatic ductal adenocarcinoma via targeting EGFR-
signaling through Laminin subunit beta 3 (LAMB3) reg-
ulation [489].

Emodin and 3’‑azido‑3’‑deoxythymidine (AZT) exerts 
the synergistic antitumor effects on human chronic 
myeloid leukemia (K-562) cells. Emodin-AZT combina-
tion reduces toxicity, improving efficacy, and modulat-
ing growth, apoptosis, and Wnt/β-catenin signaling via 
EGR1 [490]. Emodin suppresses imatinib resistance in 
chronic myeloid leukemia (K-562/ADM) cells via Bcr-Abl 
and STAT5 downregulation, alongside allosteric inhibi-
tion mechanisms [491]. Emodin significantly mitigates 
cyclophosphamide-induced testicular toxicity in rats by 
improving sperm function and reproductive hormones 
levels, reversing oxidative stress and inflammation, and 
increasing testicular antioxidant enzymes, demonstrating 
its potential to counteract chemotherapy-related testicu-
lar damage [492]. Emodin synergized with carfilzomib to 
reduce proliferation and viability in multiple myeloma 
cells, increasing ROS production and inducing apopto-
sis and autophagy pathways via activating Caspase-3 and 
PARP [493]. Emodin combined with telomerase inhibitor 
BIBR1532 synergistically enhances telomere dysfunction 
and inhibits 4T1 xenograft tumor growth, highlight-
ing a potential strategy for cancer treatment [494]. The 
combination of emodin with various pharmacological 
agents holds significant promise in cancer therapy, offer-
ing synergistic effects that enhance apoptosis, overcome 
drug resistance, and improve therapeutic outcomes. By 
targeting multiple pathways involved in cancer cell pro-
liferation, migration, and resistance mechanisms, emo-
din enhances the efficacy of conventional and targeted 
therapies.

Emodin derivatives inhibit cancer progression
Emodin derivatives, particularly aloe-emodin, dem-
onstrate broad-spectrum anti-cancer activity against 
multiple tumor types. Emodin derivatives inhibit can-
cer cell proliferation, promotes apoptosis, and disrupts 
oncogenic signaling pathways in prostate, breast, lung, 
colon, melanoma, nasopharyngeal, pancreatic, and gli-
oma cancers [495, 496]. It achieves this through mecha-
nisms such as oxidative stress induction, modulation 

of apoptotic proteins, inhibition of telomerase activ-
ity, and disruption of cell cycle progression. Moreover, 
β-Dihydroartemisinin-emodin and emodin-8-O-gluco-
side can inhibit anti-cancer potential in liver cancer, neu-
roblastoma, and glioblastoma [497, 498], underscoring 
the therapeutic promise of emodin derivatives in cancer 
treatment.

Emodin and aloe-emodin share an isomeric relation-
ship, with their sole distinction lying in the placement of a 
single hydroxyl group. Aloe-emodin demonstrates broad-
spectrum anti-cancer activity against various tumor 
types, including prostate, breast, lung, colon, cervical 
cancer, melanoma, nasopharyngeal, liver, pancreatic can-
cers and glioblastoma [499–510]. In prostate cancer, aloe-
emodin exhibits anti-cancer effects against DU 145 cells 
by inducing ROS-mediated oxidative stress, apoptosis, 
mitochondrial dysfunction, and inhibiting Wnt/β-catenin 
signaling [500]. Similarly, in breast cancer (MCF-7 and 
MDA-MB-231) cells, aloe-emodin selectively inhib-
its proliferation and promotes apoptosis by modulat-
ing Bcl-2 protein levels through miR-15a/miR-16–1 
upregulation [501], competitively inhibiting telomer-
ase and stabilizing G-quadruplex structure, suppressing 
hTERT transcription in breast cancer (MDA-MB-453, 
MDA-MB-231, and MCF-7) cells through E2F1 upregu-
lation and c-Myc downregulation, as well as promoter 
demethylation [502]. At the same time, aloe emodin can 
also inhibit the metastasis of breast cancer (MCF-7) cell 
[503]. Aloe-emodin reverses adriamycin (ADR) resist-
ance in MCF-7/ADR cells by inhibiting P-gp efflux, alter-
ing energy metabolism, and inducing autophagy while 
enhancing apoptosis via DNA damage, ROS generation, 
and Caspase-3 activation [504]. Furthermore, aloe-emo-
din exhibits anti-cancer activity against NSCLC (A549 
and NCI-H1299) through Caspase-dependent apopto-
sis, autophagy induction via MAPK activation and AKT/
mTOR inhibition, and ROS-mediated autophagy-trig-
gered apoptosis, demonstrating its potential as a thera-
peutic candidate and synergize with gemcitabine [505]. 
In colon cancer (HCT 116) cells, aloe-emodin inhibits 
cancer cell proliferation and induces apoptosis via the 
mitochondria-mediated pathway, involving Bax/Bcl-2 
modulation, Caspase activation, and cytochrome C 
release [506]. Additionally, aloe-emodin potently inhibits 
melanoma (A375 and SK-MEL-28) growth and metasta-
sis by enhancing apoptosis, inducing G2 arrest, and mod-
ulating Wnt/beta-catenin signaling [507]. Aloe-emodin 
inhibits nasopharyngeal carcinoma cell (5-8F and CNE1) 
proliferation, migration, and promotes apoptosis by regu-
lating Dual specificity phosphatase 1 (DUSP1), blocking 
ERK-1/2, AKT, and p38-MAPK pathways, and stabilizing 
DUSP1 via ubiquitin–proteasome inhibition [508]. Aloe 
emodin exerts dose-dependent cytotoxicity in pancreatic 
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carcinoma (MIA PaCa-2 and PANC-1) cells, inducing 
apoptosis and autophagy, arresting cell cycle, and dis-
rupting mitochondrial membrane potential, thereby 
inhibiting cancer cell growth [509]. Lastly, in drug-resist-
ant glioma, aloe-emodin enhances the anti-cancer effects 
of temozolomide (TMZ) in drug-resistant glioma (NULU 
and ZAR) cells by restoring drug sensitivity, inhibiting 
colony formation, and slowing migration, indicating the 
potential of aloe-emodin as a natural adjuvant in glio-
blastoma treatment [510].

β-Dihydroartemisinin-Emodin exhibits potent anti-
cancer activity in liver cancer (Hep G2) cells by inhibit-
ing proliferation, promoting apoptosis via cell cycle arrest 
and Caspase-mediated pathways, and inhibiting migra-
tion [498]. Emodin-8-O-glucoside inhibits viability and 
proliferation of neuroblastoma and glioblastoma cells 
(SK-N-AS, T98G, and C6) in a dose-dependent man-
ner [497]. The therapeutic potential of these derivatives 
in the treatment of cancer is shown by the strong action 
of β-Dihydroartemisinin-Emodin in liver cancer and the 
inhibition of neuroblastoma and glioblastoma cell growth 
by Emodin-8-O-glucoside. Therefore, aloe-emodin’s abil-
ity to reverse drug resistance, inhibit metastasis, and 
enhance the effectiveness of other chemotherapeutic 
agents, such as gemcitabine and temozolomide, under-
scores its potential as a valuable adjuvant in cancer 
therapy. Their mechanisms of action, which include the 
induction of oxidative stress, modulation of apoptosis, 
inhibition of telomerase, disruption of cell cycle progres-
sion, and interference with oncogenic signaling pathways, 
make them attractive candidates for cancer treatment.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of emodin
Emodin significantly reduces the viability of lung cancer 
cells and triggers apoptosis. After treatment with emodin, 
the analysis of the transcriptome using RNA-seq reveals 
that 65 genes showed a significant change in expression 
in A549 and H1650 cells. In vitro qRT-PCR results con-
firm the up-regulation of 4 genes and the downregulation 
of 9 genes in A549 and H1650 cells. In  vivo qRT-PCR 
results shows similar gene expression changes in tumor 
tissues compared to the control group: up-regulation of 3 
genes; down-regulation of 6 genes [511].

Aloe emodin and emodin inhibit breast cancer metas-
tasis by suppressing adhesion, invasion, and angiogenesis, 
and inducing anoikis in a co-culture model of MCF-7 and 
HUVEC cells. Metabolomics analysis identifies 27 and 
13 biomarkers for aloe emodin and emodin, respectively, 
implicating pathways such as polyamine metabolism, the 
methionine cycle, the TCA cycle, purine metabolism, 
GSH metabolism, and aspartate synthesis. Quantita-
tive analysis confirmed that the inhibitory effect of aloe 

emodin is better than that of emodin, suggesting distinct 
mechanisms for each compound against breast cancer 
metastasis [503]. Cell metabolomics is used to investi-
gate emodin’s toxicity and mechanism, revealing differ-
ences in 33 and 23 metabolites in Hep G2 cells extracts 
and media, respectively, affecting 8 pathways. The results 
demonstrate the potential of cell metabolomics in clarify-
ing emodin’s toxic effects, mechanisms, and biomarkers, 
aiding in the discovery of drug toxicity targets and sig-
nal network changes [512]. Therefore, omics approaches 
enhance understanding of emodin’s antitumor effects. 
RNA-seq in lung cancer cells shows altered gene expres-
sion post-emodin treatment. The qRT-PCR confirms dif-
ferential gene regulation both in vitro and in vivo.

Emodin exerts its anti‑cancer effects through the drug 
delivery system
Emodin, when encapsulated in various drug delivery 
systems, demonstrating enhanced cancer cell killing effi-
ciency, suppressed tumor cell metastasis, and improved 
antitumor efficacy. effectively improve bioavailability, 
cellular uptake, and anti-cancer mechanisms of emo-
din. These drug delivery systems include magnetic lipo-
somal nanocomposites, targeted liposomes, polymer 
lipid hybrid nanoparticles, pH/ion-responsive hydro-
gels, EGF-modified micelles, hybrid membrane-coated 
nanoparticles, and Fe3O4-PEG-Cy7-coated formulations. 
These systems demonstrate enhanced antitumor efficacy 
against diverse types of cancer, such as breast cancer, 
lung cancer, ovarian cancer, melanoma, pancreatic can-
cer, and gastric cancer [441–444, 513–517].

At low concentrations, the magnetic liposomal emo-
din nanocomposite containing ferromagnetic iron oxide 
nanocubes dramatically increases the effectiveness of 
killing MCF-7 cancer cells [441]. A targeted liposome 
is developed through the modification of arginine-
8-glycine-aspartic acid (R8GD) to encapsulate emodin 
and daunorubicin separately. The combination of these 
R8GD modified liposomes demonstrated potent toxicity 
against highly invasive breast cancer (MDA-MB-435S) 
cells, effectively suppressing the formation of vasculo-
genic mimicry (VM) channels, and inhibiting tumor cell 
metastasis by down-regulating HIF-1α, MMP-2, TGF-β1 
and VE-cad [442]. Emodin-loaded polymer lipid hybrid 
nanoparticles (E-PLNs) exhibited superior anti-cancer 
efficacy against breast cancer (MCF-7) cells by enhanc-
ing uptake, promoting early apoptosis via Bax/Bcl-2 
pathway, and inhibiting tumor growth by over 60% in 
mice. The therapeutic effect of E-PLNs surpasses that of 
free emodin, highlighting their potential as an effective 
anti-breast cancer agent [514]. The γ-irradiated bovine 
albumin nanoparticle, functionalized with folic acid and 
carrying emodin, demonstrates enhanced activity against 
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MCF-7 cancer cells and induced an immune response in 
macrophages [443].

Emodin encapsulated in micelles, surface-modified 
with EGF as a targeting ligand, and formulated in a com-
pound preparation. EGF-modified emodin micelles are 
characterized for their physical and chemical proper-
ties, showing enhanced uptake and antiproliferative 
effects in ovarian cancer (SK-OV-3) cells. The compound 
formulation inhibits ovarian cancer cell invasion and 
metastasis by down-regulating the protein expression of 
HIF-α, MMP-2, MMP-9, and E-cadherin, demonstrat-
ing significantly in vivo pharmacodynamic effects. These 
findings suggest a novel strategy for ovarian cancer treat-
ment using EGF-targeted paclitaxel and emodin micelles 
[516]. Emodin-encapsulated stearic acid-g-chitosan 
oligosaccharide (CSO-SA/EMO) enhances antitumor 
potential of emodin through micelle delivery. CSO-SA/
EMO exhibits distinct physicochemical characteristics 
and efficient cellular uptake in gastric cancer (MGC803 
and BGC823) cells, enabling passive enhanced perme-
ability and retention (EPR) targeting in  vivo. Compared 
to free emodin, CSO-SA/EMO significantly inhibits 
tumor growth, arrests cell cycle, and exhibits substantial 
antitumor activity in  vivo [513]. Emodin-loaded, Cy7-
functionalized, polyethylene glycol (PEG)-coated Fe3O4 
(Fe3O4-PEG-Cy7-Emodin) exhibits enhanced magnetic 
susceptibility, excellent biocompatibility, passive target-
ing to pancreatic cancer (BxPC-3 and hTERT-HPNE), 
capability for dual-modal FI/MR imaging, controlling 
drug loading and release, minimal side effects, and potent 
antitumor efficacy. These characteristic positions it as a 
promising drug delivery system for pancreatic cancer 
[444].

Hydrogels with different reactivity can enhance the tar-
geting properties of emodin [515, 518]. Emodin encap-
sulated in pH/ion responsive self-assembling peptide 
(RADA16-I) hydrogels demonstrates enhanced immu-
notherapeutic potential by significantly inhibiting lung 
cancer (Lewis) cell survival, increasing the uptake, pro-
moting cell apoptosis and inducing cell cycle arrest at 
G2/M phase, and reducing migration, invasion, and 
clonogenicity, while mitigating toxicity to normal cells 
[515]. Emodin encapsulated with glycyrrhizin in hybrid 
membrane (erythrocyte and macrophage to form a 
hybrid membrane)-coated nanoparticles enhanced solu-
bility and antitumor efficacy, achieving an IC50 half that 
of free emodin. Photodynamic therapy using the hybrid 
membrane-derived nano-formulation enhanced ROS 
levels and promoted early death of B16 melanoma cells 
via the Bax/Bcl-2 pathway [517]. Therefore, emodin 
encapsulated in various nanocomposites, liposomes, 
and micelles significantly enhances cancer cell kill-
ing efficiency and exhibits potent anti-cancer activity. 

Targeted modifications improve uptake and efficacy, 
outperforming free emodin in inhibiting tumor growth 
and metastasis. Hydrogel encapsulation and hybrid 
membrane-coated nanoparticles further enhance target-
ing and solubility, with photodynamic therapy increasing 
ROS levels and inducing apoptosis.

In sum, emodin emerges as a multi-dimensional agent 
that aligns a range of cell death pathways (necroptosis, 
autophagy, and ferroptosis) with immune reprogram-
ming to thwart tumor progression and metastasis. It 
tackles difficult challenges such as cancer recurrence 
and cachexia, reshapes the tumor microenvironment 
by modulating macrophages and neutrophils, and over-
comes drug resistance via synergistic combinations with 
both conventional chemotherapeutics and molecularly 
targeted interventions. Through advanced delivery sys-
tems and omics-guided mechanistic insights, emodin 
exemplifies a sophisticated approach to cancer therapy 
that bridges robust biological activity with the promise of 
clinical translation.

Epigallocatechin gallate (EGCG)
Epigallocatechin gallate (EGCG) is a polyphenolic com-
pound that is extracted from Camellia sinensis, widely 
consumed in China and also across the globe [519]. 
EGCG has been demonstrated to possess multiple thera-
peutic benefits. For instance, it exhibits cardioprotec-
tive, hepatoprotective, and neuroprotective effects, and 
is characterized by antioxidant, anti-inflammatory, anti-
bacterial, antiviral, antidepressant properties [520]. Fur-
thermore, it exhibits a broad spectrum of anti-cancer 
activities against various types of cancers, such as lung, 
breast, and colon cancers. It exerts its anti-tumor effects 
through multiple mechanisms, which include the modu-
lation of tumor immunity, reversal of drug resistance, 
and the induction of apoptosis [521]. Several studies 
have investigated the combination of EGCG with con-
ventional anti-cancer treatments. These investigations 
aim to optimize the safety and effectiveness of chemo-
radiotherapy regimens while simultaneously reducing 
the associated side effects [522].Additionally, in silico 
and in  vitro studies have provided evidence that EGCG 
targets NF-κB pathway, highlighting its potential as a 
therapeutic alternative for pancreatic cancer treatment 
by reducing cell growth, inducing apoptosis, and repress-
ing NF-κB target genes [523]. Besides, an ex  vivo study 
has been conducted to develop high-performance micro-
gel assembly bioinks using EGCG-modified hyaluronic 
acid and phenylboronic acid grafted hyaluronic acid. The 
developed bioinks facilitate the high-fidelity 3D bioprint-
ing of complex structures, owing to their excellent rheo-
logical properties. They also hold potential applications 
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in drug testing, particularly when using breast cancer 
organoids [524]. In clinical study, EGCG is utilized in 
the context of colon cancer (NCT02891538), esophageal 
cancer (NCT05039983), breast cancer (NCT02580279), 
and lung cancer (NCT02577393) to evaluate its sup-
portive and chemo preventive effects in cancer patients. 
The following section provides a concise summary of the 
intricate mechanisms and specific targets through which 
EGCG acts against various types of cancer.

EGCG improves tumor immunity
EGCG has been shown to exert an impact on various 
immune cells, including neutrophils, macrophages, cyto-
toxic T-cell, and tumor-infiltrating lymphocytes (TILs), 
within the context of multiple cancer types such as colon, 
breast, bladder cancers, as well as melanoma, leukemia, 
and renal cell carcinoma [525, 526]. For instance, EGCG 
can stimulate T cell and NK cell activity, enhancing the 
function of Tregs to maintain immune tolerance and 
prevent autoimmune reactions in melanoma and colon 
cancer [527, 528]. Furthermore, when combined with the 
inhibitor fragment 1 (FRA), EGCG can directly target 
PD-L1 dimers exerting more effective anti-cancer immu-
nity [529, 530]. Notably, EGCG reduces the accumulation 
of MDSCs by inhibiting the secretion of cytokines such 
as inducible nitric oxide synthase (iNOS), Nox2, NF-κB, 
and STAT3. It also blocks ECM-receptor interactions and 
upregulates critical genes including Cxcl3, Met, Col8a1, 
Oasl2, and Mmp12. As a result, this leads to an increase 
in the proportion of CD4+ and CD8+ T cells in tissue and 
tumor sites in mice bearing 4T1 mammary tumors [531]. 
Overall, EGCG exerts a multifaceted influence on tumor 
immunity. It enhances the activity of immune cells like T 
cells and NK cells, promote immune tolerance through 
the regulation of Tregs, and reduces the accumulation of 
MDSCs while up-regulating critical immune genes. This 
property underscores its potential as a potent immu-
nomodulatory agent in cancer therapy.

EGCG reverses tumor drug resistance
EGCG has been shown to delay the onset of multid-
rug resistance and enhance the efficacy of anti-cancer 
therapies across multiple malignancies, such as lung, 
breast, leukemia, ovarian, head and neck, and skin can-
cers. It achieves this by altering P-gp, MRP, BCRP, and 
EGFR, which play crucial roles in oncological treatment 
[532–534]. Specifically, EC31 reverses drug resistance in 
breast cancer (LCC6/MDR), leukemia (P388/ADR and 
K-562/P-gp) and human oral epidermal cancer (KB-A1) 
cells by inhibiting P-gp-mediated drug efflux and restor-
ing intracellular drug accumulation [535, 536]. Further-
more, EGCG augments the effectiveness of doxorubicin 

and paclitaxel in overcoming MDR in NSCLC (H1975), 
human oral epidermal cancer (KB-A1), and lung cancer 
(H460/PT) cells by inhibiting both the protein function 
and expression of P-gp [537–539]. Moreover, EGCG 
modulates some signaling pathways (e.g., Hedgehog and 
AMPK/AKT/MAPK pathways) in human rhabdomyosar-
coma cells and NSCLC to overcome drug resistance [534, 
540, 541]. Pivotally, the assembled EGCG and daunoru-
bicin nanocomplex-mediated disassembly enhances the 
treatment effect by synergistically reversing chemoresist-
ance in leukemia (HL-60 and HL-60/MX2) and lung can-
cer (A549) cells [542, 543]. Overall, EGCG represents a 
promising therapeutic agent for overcoming drug resist-
ance in cancer treatment. Its ability to inhibit key drug 
efflux pumps, modulate resistance-related signaling path-
ways, and restore the effectiveness of standard chemo-
therapies highlights its potential as an adjuvant in cancer 
therapy.

EGCG suppresses cancer progression via classical 
modalities
EGCG has been shown to regulate the cell cycle in vari-
ous cancer types, including breast, prostate, lung, and 
colon cancers [544, 545]. Its primary mechanism of action 
involves inducing cell cycle arrest at different phases, 
thereby impeding cancer cell proliferation. Specifically, 
EGCG can trigger cell cycle arrest at the G2/M phase, 
preventing the transition to the S phase. Additionally, it 
is capable of inducing G2/M phase arrest, which disrupts 
mitotic progression and ultimately leads to apoptosis. For 
instance, in liver cancer cells (Hep G2 and Huh7), EGCG 
induces G2/M phase arrest by up-regulating the protein 
expression of p21 waf1/Cip1 and down-regulating cell 
cycle-related genes such as CDC25A, CCNB, CCNB2, 
and  CCND [546, 547]. Studies have provided evidence 
that EGCG can block DNA replication in prostate can-
cer (DU 145) and colon cancer (HCT 116) cells through 
the targeting of multiple cell cycle regulators [548–552]. 
Moreover, EGCG induces G0/G1 phase arrest in oral 
squamous cell carcinoma (HSC-3) cells [553]. In gastric 
carcinoma (CRL-1739 and TSGH 9201) cells, EGCG 
induces G2/M arrest by activating the CDK1/cyclin B1 
complex [554]. Notably, EGCG modulates WEE1 kinase, 
which is overexpressed in numerous cancers including 
lung, colon, breast, liver cancer, bladder, and brain can-
cers, and plays a crucial role in the G2/M DNA repair 
checkpoint [555–557]. Furthermore, EGCG suppresses 
key signaling pathways such as the PI3K/AKT/mTOR 
and AMPK pathways, and also inhibits factors like ROS, 
iNOS, Cox-2, NF-κB, Senescence-associated secretory 
phenotype (SASP), and p53-mediated cell cycle regula-
tion in preadipocytes [558]. In ovarian cancer (SK-OV-3 
and OVCAR3) and esophageal squamous cell carcinoma 
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(KYSE150 and KYSE510) cells, EGCG induces apoptosis 
by increasing the levels of pro-apoptotic proteins (Bax 
and Cytochrome c), activating Caspase-3 and Caspase-9, 
and stimulating tumor suppressor genes (PTEN and SER-
PINB2), while simultaneously decreasing the expression 
of anti-apoptotic proteins (Bcl-2 and Bcl-xL) [559, 560]. 
EGCG also demonstrates enhanced growth inhibition 
and apoptosis induction in SK-OV-3 cells, accompanied 
by the upregulation of PTEN protein expression [561, 
562]. In human melanoma cell line A375, EGCG induces 
apoptosis via mitochondrial signaling pathway and 
downregulates autophagy through the AMPK/mTOR and 
PI3K/AKT/mTOR signaling pathway [563]. EGCG also 
disrupts the STAT3/CXCL8 signaling pathway, thereby 
inhibiting the formation of NETs and reducing motility 
and invasion in colon cancer (SW480) cells [564]. More-
over, it curtails VEGF-dependent angiogenic pathways 
and significantly reduces endoglin/pSmad1 levels, which 
inhibits tumor growth in human liver cancer (PMECs) 
and gastric cancer (SGC7901) cells and alleviates asthma 
symptoms [565–567]. Furthermore, EGCG inhibits TGF-
β-induced EMT in human cervical cancer (Hela and 
SiHa) and anaplastic thyroid carcinoma (8505C) cells via 
the ROS/Smad signaling [568–570]. Additionally, in glio-
blastoma (U87), EGCG can inhibit the induction of EMT 
[570–572]. Overall, EGCG suppresses cancer progression 
through a diverse array of classical mechanisms, encom-
passing cell cycle arrest, apoptosis induction, inhibition 
of angiogenesis, and disruption of EMT. By precisely 
targeting key cell cycle regulators, apoptosis-related pro-
teins, and signaling pathways that are integral to tumor 
progression and metastasis, EGCG exhibits significant 
potential as a therapeutic agent for various malignancies.

Investigating EGCG anti‑cancer effects through drug 
delivery system
Due to its inherent chemical instability, EGCG is fre-
quently combined with metals or other substances to 
form nanoparticles, which enhances its applicability 
in cancer treatment [573, 574]. For example, MXene@
EGCG can inhibit the expression of HSPs in tumor cells 
[575]. Moreover, EGCG-encapsulated micelles induce 
cancer cell apoptosis, trigger cell cycle arrest, and 
enhance the cellular uptake of EGCG in multiple can-
cer cell lines, including gastric cancer (BGC-823 and 
SGC-7901), colon cancer (HT-29 and HCT 116), breast 
cancer (MCF-7), and glioblastoma multiforme (GL261) 
cells [407, 412, 415, 416]. Additionally, EGCG-loaded 
liposomes have been demonstrated to enhance cytotox-
icity compared to free EGCG in breast cancer (SKBR3 
and MCF-7) and liver cancer (H22 and Hep G2) cells 

[420, 421]. These innovative carrier materials not only 
effectively overcome the limitations associated with 
the natural properties of EGCG but also significantly 
enhance its therapeutic efficacy against diverse forms of 
cancer, thereby representing a promising approach for 
improving cancer treatment outcomes.

EGCG regulates cytotoxicity for its anti‑cancer activity
The term "cytotoxic" refers to a cell that is eliminated by 
chemicals or other cells rather than necrosis or apoptosis. 
Cytotoxicity has been demonstrated to be correlated with 
EGCG’s anti-cancer activity [576, 577]. In various can-
cer cell lines such as human pancreatic cancer (PANC-1, 
MIA PaCa-2, and BxPC-3), human colon cancer (SW480, 
HCT-15, and HT-29), and human lung cancer (HT1975, 
H358, and A549) cells, EGCG has been demonstrated to 
increase the cytotoxicity of chemotherapy drugs [578, 
579]. Through mechanisms such as promoting the eleva-
tion of oxidative stress within diseased cells [580] and 
the enhancing cytotoxic T-cell responses, EGCG palmi-
tate exhibits specific cytotoxicity towards cancer cells. 
At higher dosages (≥ 125 μg/mL), EGCG exhibits a cyto-
toxic effect, leading to the death of approximately 30% of 
J774A.1 cells while simultaneously inducing the produc-
tion of substantial amounts of lysozyme and IL-1β, which 
can contribute to the reduction of inflammation [568, 
581]. By exploiting the vulnerability of cancer cells to the 
accumulation of toxic metabolites, cytotoxicity medi-
ated by EGCG can effectively prevent cancer cells from 
surviving under the burden of harmful byproducts. This 
approach holds the potential to precisely and effectively 
eradicate tumors while minimizing damage to healthy 
and non-cancerous cells. Future research on EGCG may 
focus on identifying and inhibiting enzymes that are 
responsible for eliminating harmful byproducts of cancer 
cell metabolism, thereby further enhancing its anti-can-
cer potential.

EGCG exerts its anti‑cancer effects through combining 
with other medications
Recent investigations into the synergistic effect of EGCG 
in combination with various agents have yielded signifi-
cant findings. Specifically, when combined with mon-
oclonal antibodies, first-line chemotherapy (such as 
doxorubicin, oxaliplatin, paclitaxel, 5-fluorouracil, and 
cisplatin), targeted drugs (including cetuximab, gefitinib, 
and erlotinib), immunotherapy drugs (like pembroli-
zumab and atezolizumab) and other natural products 
(e.g., curcumin), EGCG has demonstrated its potential 
in inhibiting multiple cancer types. For instance, stud-
ies have shown its inhibitory effects on pancreatic can-
cer (PANC-1), cervical cancer (HeLa and C-33A), and 
colon cancer (HCT 116) cells, primarily by reducing drug 
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resistance and enhancing treatment sensitivity [582–
585]. In addition, the combination of high-dose celecoxib 
and EGCG has been found to decrease the number of 
tumor cells induced by cisplatin [586]. Of note, it has 
been observed that EGCG in combination with other nat-
ural products exhibits enhanced efficacy in tumor treat-
ment compared to its use alone [587–590]. For example, 
when cilantro is combined with EGCG, it can reduce 
the proliferating cell nuclear antigen at both mRNA and 
protein levels, thereby inhibiting the activity of human 
uterine fibroid cells [591]. Moreover, a conjugate com-
posed of curcumin, EGCG and resveratrol has demon-
strated a potent killing effect on head and neck cancer 
(TU212) cells [592]. In recent years, the combination of 
vitamins and EGCG has also played an important role in 
tumor treatment, especially in female patients [593, 594]. 
The ability of EGCG to synergize with a diverse range of 
therapeutic agents—spanning from conventional chemo-
therapies to targeted therapies, immunotherapies, and 
natural products, underlines its potential as an adjunct in 
cancer treatment. By mitigating drug resistance and aug-
menting treatment sensitivity, EGCG could potentially 
play a pivotal role in improving the outcomes of existing 
therapies. Its combinations with other natural products, 
such as curcumin, resveratrol, and cilantro, suggest that 
integrating EGCG into multi-modal treatment regimens 
may offer greater therapeutic benefits than using it as a 
standalone agent.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of EGCG​
Through the integration of transcriptomics and metabo-
lomics investigations, it has been revealed that EGCG 
can interfere with glycerophospholipid metabolism and 
thereby inhibit the growth of colon cancer (HT-29) cells 
[595]. Metabolomics studies have further demonstrated 
that EGCG exerts anti-lung cancer benefits by regulat-
ing 33 differential metabolites in A549 cells, which are 
involved in various metabolic processes including glu-
cometabolic, amino acid metabolism, nucleotide metab-
olism, and vitamin metabolism [596, 597]. Moreover, 
mRNA and miRNA library sequencing studies have 
indicated that EGCG specifically modifies mRNA and 
miRNA expression, leading to cell death in lung cancer 
and breast cancer (MCF-7) cells [598, 599]. However, the 
precise mechanism through which EGCG alters miRNA 
expression remains elusive, which presents an interesting 
area for further research [600]. By influencing key meta-
bolic pathways, such as glycerophospholipid metabolism 
and glucometabolism, EGCG alters the metabolic profile 
of cancer cells, contributing to its anti-cancer properties. 
Additionally, EGCG’s capacity to modulate mRNA and 
miRNA expression highlights its potential in regulating 

gene expression networks that are implicated in cancer 
progression. While much has been uncovered, the exact 
mechanism by which EGCG influences miRNA expres-
sion still requires further in-depth investigation.

Overall, EGCG is notable for its capacity to modu-
late tumor immunity, overcome drug resistance, and 
orchestrate classical anti-cancer pathways, ranging from 
cell cycle arrest to apoptosis. By bridging multi-omics 
insights with advanced formulation techniques and syn-
ergistic regimens, EGCG exemplifies a promising model 
of how a single polyphenol can exert multifaceted control 
over tumor while minimizing the associated toxicities.

Ginsenosides
Ginsenosides, characterized by their triterpenoid nature, 
constitute one of the active constituents within Ginseng 
radix et rhizoma or Panax ginseng (Renshen in Chinese) 
[601, 602]. Among these ginsenosides, ginsenoside Rg3, 
ginsenoside Rh2 and ginsenoside compound K have 
demonstrated potent and diverse pharmacological activi-
ties, particularly in the context of breast cancer treatment 
[603, 604]. Rg3 is a saponin compound with two distinct 
enantiomers: 20 (S)-ginsenoside Rg3 and 20 (R)-ginse-
noside [605]. This compound exhibits a broad spectrum 
of pharmacological characteristics, among which its 
antioxidant and anti-inflammatory effects are especially 
prominent. Ginsenoside Rg3 is capable of diminishing 
lung inflammation, averting damage to liver and kidney 
functions, lessening neuroinflammation, averting cer-
ebral and myocardial ischemia–reperfusion injury, and 
ameliorating symptoms of hypertension and diabetes 
[606]. Ginsenoside Rg3 has a wide range of anti-cancer 
properties, which are related to its functions in immune 
regulation, anti-angiogenesis, induction of mitochon-
drial autophagy, induction of tumor cell apoptosis, and 
inhibition of metastasis and invasion [605, 607]. The anti-
inflammatory, antioxidant and anti-cancer properties of 
ginsenoside Rg3 have been validated through numerous 
in vivo and in vitro studies. It has been shown to be effec-
tive in the treatment of various diseases, including colon, 
breast, gastric, and liver cancers, as well as atherosclero-
sis, liver fibrosis, Huntington’s disease, cardiac hypertro-
phy, heart failure and various skin diseases [608–612]. 
In silico analysis shows that ginsenoside Rg3 and gin-
senoside Rh1 exert anticancer effects through different 
mechanisms: Ginsenoside Rg3 activates miR-424-5p by 
down-regulating ATXN8OS, while Rh1 inhibits metas-
tasis by targeting RhoA and ROCK1, with both showing 
cytotoxic and pro-apoptotic effects in breast and lung 
cancers [613, 614]. And in vivo study shows that ginseno-
side Rg1 exhibits strong cytotoxicity against lung cancer 
cells and suppresses oncogene expression in a zebrafish 
model [615]. In clinical trials, ginsenoside Rg3 is used 
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to treat liver cancer (NCT01717066 and NCT04523467) 
and gastric cancer (NCT01757366). Ginsenoside Rh2, 
which is the predominant bio-active ginsenoside derived 
from the root of Panax ginseng, has been demonstrated 
to possess a diverse range of pharmacological activi-
ties [616]. These activities encompass antitumor effects, 
enhancement of cardiac function, mitigation of fibrosis, 
anti-inflammatory actions, antidepressant effects, and 
thus exhibit remarkable medicinal potential [617–621]. 
In cancer treatment, ginsenoside Rh2 shows multi-
ple activities against tumor cells, such as influencing 
tumor immunity and autophagy [621, 622]. Compound 
K, which is one of the metabolites of ginsenoside Rb1, 
exhibits antioxidant, anti-inflammatory, anti-cancer, and 
hypolipidemic properties [623–625]. Compound K exerts 
an inhibitory effect on tumor growth through ferropto-
sis as well as the delay of cell cycle [626, 627]. The subse-
quent part presents an overview of the mechanisms and 
molecular targets through which ginsenoside exerts its 
actions against diverse forms of cancer.

Ginsenosides improve tumor immunity
The anti-cancer efficacy of ginsenoside Rg3 is closely 
related to its immunomodulatory function. In clini-
cal studies, ginsenoside Rg3 has been demonstrated to 
effectively increase the counts of CD3+ T, CD4+ T, and 
CD8+ T lymphocytes. It also enhances the activity of NK 
cells, thereby augmenting the treatment effectiveness for 
NSCLC patients [628]. In  vivo experiments regarding 
gliomas (C6), Rg3 induces the transformation of TAMs 
from the protumor M2 phenotype to the antitumor M1 
phenotype. This alteration activates the immune micro-
environment, promotes the T cell immune response, ele-
vates the M1/M2 ratio, and simultaneously reduces the 
proportion of Tregs and myeloid suppressive cells [629]. 
In tumor microenvironment, ginsenoside Rg3 exerts reg-
ulatory effects on immune inflammatory cells, cytokines, 
as well as relevant signaling pathways. Specifically, it 
has been demonstrated that ginsenoside Rg3 regulates 
STAT3 and suppresses the secretion of CCL2 by tumor 
cells. As a result, the recruitment of MDSCs and TAMs 
is decreased. This facilitates the immune system in rec-
ognizing circulating tumor cells, thereby impeding their 
colonization and proliferation [630]. Moreover, ginseno-
side Rg3 also regulates TGF-β/Smad signaling pathway 
and inhibits the secretion of TGF-β by tumor cells. Con-
sequently, cancer-related fibroblasts are inactivated and 
revert to a dormant state, which weakens the robustness 
of the matrix barrier [631]. Ginsenoside Rh2 also exhib-
its remarkable effects in the tumor microenvironment. 
In colon cancer (MC38) cells, it initiates the infiltration, 
multiplication and activation of T cells. For breast cancer 
(MDA-MB-231 and 4T1) cells, it enhances the immune 

surveillance of NK cells. In pancreatic cancer (Panc02 
and PANC-1) cells, it promotes the infiltration of DCs 
[621, 632, 633]. Meanwhile, compound K can regulate the 
balance between Tregs and T helper cell in lung cancer 
(A549 and Lewis) cells, modulate the tumor microenvi-
ronment by means of targets, such as STAT3 and PD-L1 
in prostate cancer (DU 145, PC-3, and LNCaP) cells [634, 
635]. Thus, ginsenosides, including ginsenoside Rg3, gin-
senoside Rh2, and compound K, significantly enhance 
tumor immunity through a variety of mechanisms, 
including the activation of T cells, modulation of mac-
rophage phenotypes, regulation of immune pathways and 
cytokines, and reprogramming of the tumor microenvi-
ronment. By shifting immune cells towards more potent 
anti-cancer phenotypes, inhibiting immunosuppressive 
factors, and strengthening the immune system’s ability to 
detect and eliminate tumor cells, these compounds effec-
tively promote anti-tumor immune responses.

Ginsenosides reverse tumor drug resistance
Ginsenoside Rg3 has been the subject of extensive inves-
tigations regarding its potential to counteract the mul-
tidrug resistance of cancer cells. This encompasses the 
resistance of first-line chemotherapeutic agents such as 
paclitaxel, temozolomide, tamoxifen, osimertinib, gem-
citabine, and icotinib in various malignancies including 
breast, lung, pancreatic cancers, as well as glioblastoma 
multiforme [636–638]. The resistance to paclitaxel, 
whether inherent or acquired during the course of treat-
ment, represents a significant hurdle in breast cancer 
chemotherapy. Ginsenoside Rg3 exerts its effects in two 
aspects: it directly targets tumor cells and simultaneously 
participates in the remodeling of the tumor microenvi-
ronment. When combined with paclitaxel, this treatment 
suppresses the activation of the IL-6/STAT3 pathway. 
Moreover, it facilitates the transformation of the initial 
tumor M2 macrophages into an anti-tumor M1 type, 
suppresses MDSCs, reduces tumor related fibroblasts 
and collagen fibers in tumor microenvironment, pro-
motes tumor cell apoptosis, and effectively reverses the 
MDR of breast cancer (MCF-7/PTX) xenograft model 
[639]. Tamoxifen is a commonly used first-line drug for 
clinical treatment of breast cancer. Enhanced glycoly-
sis has been identified as a crucial factor contributing to 
tamoxifen resistance, and ginsenoside Rg3 can effectively 
address this issue. The presence of ginsenoside Rg3 leads 
to an elevation in the levels of 6-phosphofructose-2-ki-
nase/fructose-2,6-bisphosphatase 3 (PFKFB3) in breast 
cancer (MCF-7/TamR and T-47D/TamR) cells [640]. 
Additionally, ginsenoside Rg3 also attenuate the resist-
ance of NSCLC cells to osimertinib by suppression of the 
stemness that relies on the Hippo pathway [637]. In lung 
cancer cells, ginsenoside Rg3 inhibits ROS production, 
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leading to NF-κB and HIF-1α-mediated downregulation 
of PTX3, and inhibits gemcitabine induced MDR of lung 
cancer cells [638]. In glioma cells, 20 (S)-Rg3 effectively 
downregulates O6-methylguanine DNA-methyltrans-
ferase expression through the Wnt/β-catenin pathway, 
significantly reversing MDR [636]. In pancreatic cancer 
cells, ginsenoside Rg3 upregulates the expression levels 
of long noncoding RNA cancer susceptibility candidate 
2 (CASC2) and PTEN, leading to the suppression and 
programmed cell death of pancreatic cancer cells that 
are resistant to gemcitabine [641]. Ginsenoside Rh2 also 
demonstrated significant effects in overcoming drug 
resistance. In pancreatic cancer (MIA PaCa-2 GR) bear-
ing mice, it overcomes the resistance to gemcitabine by 
restraining LAMC2-Modulated ABC transporters. In 
paclitaxel-resistant breast cancer (MCF-7/PTX) cells, 
it suppresses cell proliferation by inhibiting the protein 
expression of P-gp [642]. Overall, ginsenosides, particu-
larly ginsenoside Rg3 and ginsenoside Rh2, play a critical 
role in reversing tumor drug resistance through various 
mechanisms. By targeting key signaling pathways such as 
IL-6/STAT3, autophagy, glycolysis, and Wnt/β-catenin, 
as well as by modulating the tumor microenvironment, 
ginsenosides enhance the efficacy of chemotherapy 
drugs in cancer types that exhibit resistance, including 
breast, lung, pancreatic cancers, and glioblastoma. Their 
capacity to regulate drug resistance proteins, metabolic 
pathways, and immune cell phenotypes renders them 
promising candidates for combination therapies aimed at 
overcoming MDR and improving the outcomes of cancer 
treatment.

Ginsenosides suppress cancer growth by regulating 
the processes of autophagy and ferroptosis
In the existing body of research, ginsenoside Rg3 has 
been shown to affect cellular autophagy, which consti-
tutes one of the underlying mechanisms for its tumor 
suppressive effects. Specifically, studies have shown that 
20 (S)-Rg3 blocks the late stage of autophagy (lysosomal 
fusion and autophagic lysosomal degradation) in cervical 
cancer cells, preventing them from maintaining a stable 
state through autophagy and inducing apoptosis in cer-
vical cancer (HeLa) cells [643]. Moreover, ginsenoside 
Rg3 has been found to inhibit the protective autophagy 
of breast cancer (MCF-7) cells under hypoxic conditions 
[644]. In addition, in certain cancers, the tumor inhibi-
tory effect of ginsenoside Rg3 is related to its ability to 
promote autophagy. For instance, ginsenoside Rg3 sup-
presses the growth, infiltration, and motility of osteo-
sarcoma (MG-63 and U-2 OS) cells, while boosting their 
apoptosis and autophagy processes [645]. In human 
colon cancer cells, ginsenoside Rg3 induces mitochon-
drial autophagy. The action of ginsenoside Rg3 triggers 

the PINK1-Parkin signaling pathway, which leads to the 
recruitment of Parkin and ubiquitin proteins to the mito-
chondria, thereby initiating mitochondrial autophagy. 
During this process, GAPDH is involved and plays a 
role in regulating Parkin translocation to mitochondria 
[607]. Apart from autophagy, ginsenoside Rg3 influences 
ferroptosis, which is another form of programmed cell 
death. The dynamic nano-catalyst protected by ginse-
noside Rg3 can activate apoptosis pathways, resulting in 
the elimination of pancreatic cancer (L3.6pl) cells [646]. 
However, ginsenoside Rh2 inhibits autophagy and pro-
motes apoptosis of cervical cancer (HEK 293  T, HeLa, 
and C-33 A) cells under starvation conditions [647]. 
Meanwhile, ginsenoside compound K triggers the apop-
tosis of human cervical cancer (HeLa) cells by modu-
lating autophagy, and induces ferroptosis through the 
FOXO pathway in liver cancer (Hep G2 and SK-HEP-1) 
cells [648]. Overall, ginsenosides, particularly ginsenoside 
Rg3, ginsenoside Rh2, and compound K, exhibit versatile 
and potent anti-cancer effects through the regulation of 
autophagy and ferroptosis. These compounds can either 
promote or inhibit autophagy depending on the specific 
cancer type and cellular conditions, such as the presence 
of hypoxia or nutrient starvation.

Ginsenosides suppress cancer progression via classical 
modalities
In terms of classic pathways for anti-cancer, ginseno-
side Rg3 triggers a halt in the cell cycle across different 
cancer types. A common manifestation is that ginseno-
side Rg3 increases the ratio of cancer cells at the G0/G1 
phase. In detail, research has revealed that ginsenoside 
Rg3 disrupts the cell cycle at G0/G1 phase via the EGFR/
Ras/Raf/MEK/ERK pathway in lung cancer (A549), liver 
cancer (Hep G2) cells, and the formation of Cyclin D1, 
CDK2, and CDK4 in colon cancer (SW620 and LoVo) 
cells [649, 650]. Furthermore, ginsenoside Rg3 interferes 
with the G1/S transition in prostate cancer (PC-3) cells 
by modulating ROS [651], triggers a halt in the mela-
noma (B16) cell cycle during the S phase, and reduces 
the levels of the proliferating cell nuclear antigen [652]. 
In lung cancer (A549 and NCI-H1299) cells, ginsenoside 
Rg3 increases the ratio of cells at G2/M phase [653]. Sim-
ilarly, ginsenoside Rh2 induces cell cycle arrest at G0/G1 
phase in oral cancer (YD10B and Ca9-22), colon cancer 
(HCT-15, HCT 116, and DLD-1) and melanoma (A375 
and B16-F10) cells [654–656]. Compound K blocks the 
G0/G1 phase in liver cancer (Hep G2, SMMC-7721, BEl-
7404, and Huh7) and cervical cancer (HeLa) cells [648, 
657].

Ginsenoside Rg3 triggers cell death through apopto-
sis in a range of cancer cells, which involves the regula-
tion of various proteins by ginsenoside Rg3. For example, 
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ginsenoside Rg3 triggers cell death and suppresses cell 
growth by reducing TIGAR protein levels in rat gastric 
precancerous areas [658]. In NSCLC cells, ginsenoside 
Rg3 may increase Bax level and activate Caspase-3 in 
cells and decrease the expression of the anti-apoptotic 
protein (Bcl-2) [659]. Caspase-3 is a commonly studied 
pro-apoptotic protein in the context of the pro-apoptotic 
mechanism of ginsenoside Rg3. When administered in 
combination with 5-fluorouracil, ginsenoside Rg3 can 
significantly increase the apoptosis rate in colon can-
cer (SW620 and LoVo) cells through the activation of 
the Apaf1/Caspase-9/Caspase-3 pathway [650]. In addi-
tion, the pro-apoptotic effect of ginsenoside Rg3 on 
cancer cells has also been studied in models of liver, ovar-
ian, gastric cancers, as well as renal cell carcinoma and 
melanoma [660–664]. Through miR-429, Rg3 regulates 
genes associated with apoptosis in gastric cancer (AGSR-
CDPP) cells resistant to cisplatin [662], regulates cancer 
cell apoptosis via the MEK signaling pathway in mela-
noma (A375.S2) cells [663], and promotes p53 demeth-
ylation and histone acetylation of p21 and p16 to enhance 
apoptosis of renal cell carcinoma cells [664]. Ginsenoside 
Rh2 can affect the expression of apoptotic proteins such 
as Bcl-2 in osteosarcoma (U-2 OS) and esophageal can-
cer (ECA109 and TE-13) cells, thereby inhibiting tumor 
progression [665, 666]. In addition, compound K can 
promote the activities of Caspase-3 and Caspase-9 in 
prostate cancer (PC-3) cells [667].

Ginsenoside Rg3 primarily inhibits cell migration by 
reducing the protein levels of MMPs such as MMP-2, 
MMP-7, and MMP-9, and by obstructing the EMT pro-
cess in cancer cells [652, 668–670]. Specifically, ginseno-
side Rg3 inhibits Notch-Hes1-EMT signaling to suppress 
the cell migration and metastasis in colon cancer [668]. 
In osteosarcoma cells, the mechanism underlying ginse-
noside Rg3’s inhibition of migration is also related to the 
Wnt/β-catenin pathway [669]. Furthermore, ginsenoside 
Rg3 plays a key role in preventing liver cancer cells from 
migrating and invading by increasing the protein lev-
els of ARHGAP9 [671]. Ginsenoside Rh2 inhibits tumor 
growth via ERβ-TNFα pathway in breast cancer (MCF-7) 
cells [672]. Compound K inhibits the proliferation and 
invasion of esophageal cancer (ECA109) cells through 
the VEGF-A/PI3K/AKT pathway [625]. Therefore, these 
compounds modulate key signaling pathways such as 
EGFR/Ras/Raf/MEK/ERK, ROS, MEK, and PI3K/AKT, 
thereby exerting control over cancer cell proliferation, 
survival, and metastasis.

Ginsenosides combined with other medications for cancer 
treatment
The combined application of PD-L1 has demonstrated 
notable anti-cancer outcomes, which can be attributed 

to the activation of memory T cells and the reduction in 
adaptive PD-L1 enrichment within breast cancer (4T1) 
cells [673]. At present, ginsenoside Rg3, recognized for its 
multifunctional anti-tumor properties, has also received 
attention for its combined application with first-line anti-
cancer drugs. When ginsenoside Rg3 is combined with 
5-fluorouracil, a significant enhancement the suppression 
of multiple aspects related to cancer progression, includ-
ing proliferation, invasion, migration, and angiogene-
sis, is observed in both lung and colon malignancies. In 
lung cancer (A549 and SPC-A-1) cells, this combination 
achieves its effects through the suppression of the NF-κB 
signaling pathway’s functionality and the downregulation 
of VEGFA expression [674]. In colon cancer (SW620 and 
LoVo) cells, the dual treatment of ginsenoside Rg3 and 
5-fluorouracil triggers the Apaf1/Caspase-9/Caspase-3 
pathway, leading to a marked increase in apoptosis, ele-
vating the levels of Cyclin D1, CDK2, and CDK4 levels 
to halt G0/G1 cell cycle, and suppresses the PI3K/AKT 
signaling pathway [650]. Within liver cancer (SMMC-
7721) cells, ginsenoside Rg3 potentiates oxaliplatin’s 
anti-cancer properties, curbing liver cancer growth and 
facilitating cell death through the control of PCNA and 
Cyclin D1 expression [675]. Ginsenoside Rg3 combined 
with sorafenib exhibits a synergistic effect. Administer-
ing ginsenoside Rg3 and sorafenib together markedly 
reduces the survival, glucose uptake, and lactate con-
centrations in liver cancer (Hep G2 and BEL7404) cells, 
a process linked to the glycolysis mediated by HK2 and 
the PI3K/AKT signaling pathway [676]. Ginsenoside Rg3 
is also capable of augmenting the cancer-fighting proper-
ties of gefitinib and doxorubicin. In NSCLC (A549 and 
H1299) cells, ginsenoside Rg3 enhances gefitinib’s cyto-
toxic effect, with variations depending on the dosage and 
treatment duration. Moreover, it significantly inhibits the 
migration of these cells [659]. When combined with dox-
orubicin, ginsenoside Rg3 suppresses tumor expansion 
and lung cancer metastasis in an osteosarcoma (143B and 
U-2 OS) xenograft model. This is achieved through their 
combined ability to regulate mTOR/HIF-1α/VEGF and 
EMT signaling pathways [677]. In addition, ginsenoside 
Rg3 can also be used in combination with certain active 
natural products to achieve a more potent anti-cancer 
effect. For instance, 20 (S)-Rg3 and curcumin suppress 
the proliferation of breast cancer (MDA-MB-231) cells 
in a dose- and time-dependent manner and enhance 
the radiosensitivity of cancer cells [678]. Ginsenoside 
Rh2 enhances anti-PD-L1 immunotherapy by promot-
ing the infiltration, proliferation, and activation of CD8+ 
T cells in colon cancer (MC38) cells [621]. Ginseno-
side Rh2 combined with EGFR-targeted liposomes can 
inhibit tumor growth and metastasis in breast cancer 
[679].Thus, the combination of ginsenosides with other 
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therapeutic agents, including chemotherapy drugs, tar-
geted therapies, natural products, and immunotherapies, 
significantly enhances their anti-cancer effects. These 
combinations work through various mechanisms, such 
as modulation of signaling pathways (e.g., NF-κB, PI3K/
AKT, and mTOR/HIF-1α/VEGF), induction of apoptosis, 
inhibition of metastasis, and enhancement of immune 
responses.

Ginsenosides exert its anti‑cancer effects 
through regulating gut microbiota
The occurrence and progression of cancer are associ-
ated with an imbalanced gut microbiota. For instance, a 
nanoparticle coupling of ginsenoside Rg3 reshapes the 
imbalanced gut microbiota in  vivo and interferes with 
metabolism processes, thereby inhibiting the occurrence 
and metastasis of liver cancer [680]. Although there are 
reports in the literature regarding the regulatory effects 
of ginsenoside Rh2 and compound K on gut microbiota, 
the research focusing on their specific roles in cancer 
remains relatively limited [681–683].

Investigating ginsenosides anti‑cancer effects 
through drug delivery system
Ginsenosides inherently possess limitations in terms 
of bioavailability and typically require special delivery 
systems to be developed with other carriers to func-
tion effectively. The process of encapsulating Rg3 within 
PLGA nanoparticles (Ginsenoside Rg3-PLGA) and envel-
oping them in a membrane made of microcapsules from 
tumor cells results in Ginsenoside Rg3-PLGA@TMVs, 
which is notably capable of stimulating CD86 and CD80 
DCs in a laboratory setting [684]. In comparison to cho-
lesterol liposomes (C-LPs), ginsenoside Rg3-LPs not 
only markedly enhance cellular uptake and the capacity 
to penetrate glioma spheroids (C6) cells, but also sig-
nificantly strengthen the active targeting of glioma and 
the intertumoral diffusion ability in vivo [629]. The self-
micro emulsifying drug delivery system (RGO-SMEDDS) 
incorporating ginsenoside Rg3, ganoderma lucidum 
polysaccharides, and oridonin A restores immune func-
tions by suppressing immunosuppressive cytokines and 
M2 polarized macrophages. Moreover, it can reduce 
angiogenesis through the downregulation of vascular 
endothelial growth factor and its receptors, and delay cell 
growth by obstructing the EGFR/AKT/protein kinase B/
GSK3 signaling pathway in liver cancer (Huh7 and Hep 
G2) cells [685]. A ginsenoside Rg3-based nanoparticle 
formulated with folate, polyethylene glycol, and cyclo-
dextrin has been validated to induce the transformation 
of immunosuppressive tumor microenvironment [608]. 
Polyethylene glycol-ginsenoside ginsenoside Rh1 and 
ginsenoside Rh2 conjugates as well as self-assembled 

micelles loading with ginsenoside Rh2 enhance water 
solubility and enable passive targeted delivery in lung 
cancer (A549) cells [686, 687]. Ginsenoside Rh2-irrigated 
nano-in-thermogel can also reduce the multidrug resist-
ance of breast cancer (MCF-7/PTX) cells [688]. Micelles 
modified with homing peptides derived from chitosan, 
gold nanoparticles and multifunctional liposomes can 
effectively deliver compound K to cancer cells, thereby 
enhancing the anti-cancer effects [689–691]. Overall, the 
development of advanced drug delivery systems (DDS) 
is crucial for optimizing the therapeutic potential of 
ginsenosides in cancer treatment. Encapsulation within 
nanoparticles, liposomes, self-emulsifying systems, and 
conjugation with targeting ligands such as folate and 
PEG significantly enhance the bioavailability, solubil-
ity, and targeted delivery of ginsenosides to tumor sites. 
These systems not only improve the anti-cancer efficacy 
of ginsenosides but also assist in overcoming challenges 
like poor solubility and multidrug resistance. The combi-
nation of DDS with ginsenosides represents a promising 
strategy for enhancing the outcomes of cancer treatment.

In summary, ginsenosides exert multifaceted anti-can-
cer effects through various mechanisms. They modulate 
immune cell polarization, reverse drug resistance by tar-
geting key signaling and metabolic pathways, and regu-
late cell death processes such as apoptosis, autophagy, 
and ferroptosis. Ginsenosides can also reshape the 
tumor microenvironment through remodeling of TAMs 
and TGF-β–related fibroblast activation. By integrat-
ing ginsenosides into advanced DDS, researchers have 
successfully overcome challenges like low bioavailability 
and multidrug resistance, thereby amplifying therapeu-
tic outcomes. These attributes position ginsenosides as 
versatile candidates for combination therapies, leverag-
ing immunomodulatory, metabolic, and signaling cross-
talk to elicit robust anti-tumor responses across multiple 
malignancies.

Icariin/icaritin
Icariin is one of flavonoids derived from Epimedii folium 
or Epimedium brevicornu (Yinyanghuo in Chinese) [692, 
693]. Icaritin, a bioactive metabolite of icariin hydroxy-
lated at the 3,7-positions, is the main metabolite of 
icariin in the body. Both icariin and icaritin are used 
for the treatment of sexual dysfunction, osteoporosis, 
Alzheimer’s disease, and exhibit anti-inflammatory and 
anti-cancer effects [694, 695]. They demonstrate pow-
erful inhibitory effects on many cancers such as liver, 
prostate, breast, cervical, breast, pancreatic cancers, 
as well as leukemia and melanoma [696–699]. Icariin 
and icaritin achieve their anti-cancer effects by induc-
ing autophagy and apoptosis, disrupting the cell cycle, 
modulating tumor immunity, and inhibiting cell invasion 
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and metastasis. To improve extraction rates, whole-
cell catalysis demonstrates superior production perfor-
mance, with Aspergillus sp.y 848 being used to isolate 
purer icaritin [700, 701]. Additionally, the combination 
of icaritin with chemotherapy drugs can inhibit NK 
cell or T cell lymphoma growth in vivo [702]. In China, 
combination therapies involving icaritin are the subject 
of numerous ongoing clinical trials for the treatment of 
hepatocellular cancer (NCT03236636, NCT03236649, 
ChiCTR2300077991, and ChiCTR2300077987) and pan-
creatic ductal adenocarcinoma (ChiCTR2300077907). 
It is noteworthy that the China National Medical Prod-
ucts Administration has granted approval for the use of 
icaritin (trade name acoradine) as a treatment option 
for patients with advanced liver cancer, emphasizing its 
safety, efficacy, and broad therapeutic potential in 2022 
[703]. In summary, icariin and icaritin possess a wide 
range of pharmacological effects and show great promise 
in future anti-cancer treatments.

Icariin and icaritin improve tumor immunity
Icariin and icaritin both enhance the anti-cancer 
response by modulating the function of CD4+ and CD8+ 
T cells, macrophages, and MDSCs in melanoma, breast, 
prostate, pancreatic and liver cancers [698, 704, 705]. 
Icariin increases the proportion of tumor-infiltrating 
CD4+ and CD8+ T cells, reduces the number of MDSCs, 
and induces their differentiation into macrophages and 
DCs, restores CD8+ T cell function in 4T1 breast cancer 
xenograft model in vivo [697, 706]. Furthermore, icariin 
exhibits dual anti-cancer mechanisms by decreasing 
polymorphonuclear-MDSCs and inhibiting macrophage 
differentiation from the M1 to M2 phenotype in pancre-
atic cancer (Panc02) cells [698, 704]. However, icaritin 
suppresses liver cancer by reducing hematopoietic stem 
cells and PMN-MDSCs in liver cancer (Hepa1-6) cells 
and exerts anti-cancer effects by reducing the proportion 
of MDSCs and restoring CD8+ T cell function in breast 
cancer (4T1) cells as well [706, 707].

Icariin enhances macrophage phagocytosis, reduces 
spleen and thymus indices, downregulates pro-inflam-
matory cytokines (IL-6, IL-8, IL-1β) in cervical cancer 
(SiHa) cells, and inhibits TGF-β1 protein expression 
in breast cancer (MDA-MB-231) cells, suggesting its 
immunomodulatory effects [708, 709]. In contrast, 
icaritin inhibits the release of TNF-α and IL-6 in lung 
cancer (A549) cells, preventing bone metastasis [710]. 
Icaritin downregulates the mRNA and protein expres-
sion of PD-L1 in liver cancer (SMMC-7721) and mela-
noma (B16-F10) cells, enhancing anti-cancer immune 
responses and prolonging patient survival [699, 711, 712]. 
In addition, icaritin upregulates CXC chemokines (e.g., 
CXCL9 and CXCL10) and T cell marker factors (e.g., 

CD8 and IFN-γ), facilitating the recruitment of immune 
cells to tumors, and formed a "hot" tumor microenviron-
ment in lung cancer (Lewis) cells [713]. Therefore, icariin 
and icaritin promote the infiltration of immune cells, 
inhibit various immune checkpoints, reduce the lev-
els of inflammatory cytokines and enhance anti-cancer 
immunity.

Icariin and icaritin reverse tumor drug resistance
Icariin and icaritin enhance the sensitivity of resist-
ant liver, breast, ovarian, and osteosarcoma to first-line 
chemotherapy drugs (doxorubicin, tamoxifen and cis-
platin) by inhibiting P-gp, MDR1 or MRP1 [714, 715]. 
Icariin specifically improves breast cancer (MCF-7/ADR 
and MCF-7/TAM) cells response to adriamycin and 
tamoxifen by blocking P-gp and autophagy [714, 716]. 
In contrast, icaritin targets MDR1 and downregulates 
the protein expression of P-gp in liver cancer (Hep G2/
ADR) cells, meanwhile, it decreases the mRNA and pro-
tein levels of MDR1 and MRP1 in osteosarcoma (MG-63/
DOX) cells to sensitize them to adriamycin and doxoru-
bicin, respectively [717, 718]. Therefore, icariin and icari-
tin hold significant promise in overcoming tumor drug 
resistance by targeting and inhibiting key drug efflux 
pumps, including P-gp, MDR1, and MRP1. These com-
pounds enhance the sensitivity of cancer cells to first-line 
chemotherapy drugs, such as adriamycin, tamoxifen, and 
cisplatin, by blocking the mechanisms that facilitate drug 
resistance.

Icariin and icaritin suppress cancer growth by regulating 
the processes of autophagy
Both icariin and icaritin can prevent breast, liver, cervi-
cal, colon and oral squamous cancer through autophagy 
[696, 719]. Icariin induces the emergence of autophago-
somes and modulates autophagy-related proteins (e.g., 
p62, Beclin-1, LC3-I, and LC3-II) in breast cancer (MDA-
MB-468 and 4T1), cervical cancer (Hela) and ovarian 
cancer (SKVCR) cells [720–722]. Aside from autophagic 
vesicles, icaritin degrades mitochondrial proteins (e.g., 
MNF1,  MNF2, HSP60, TOM20, and TiM23) in liver 
cancer (SK-Hep1) cells [696]. It also causes the accumu-
lation of endogenous LC3 dots, modulates autophagy-
related proteins, and subsequently increases autophagy 
flux in breast cancer (MDA-MB-468 and MCF-7), oral 
squamous cell carcinoma (CAL 27 and SCC-9) and 
liver cancer (Hepa1-6 and Huh7) cells [723–725]. Thus, 
icariin and icaritin exert anti-cancer effects by regulat-
ing the process of autophagy in various tumor types. 
Icariin enhances autophagy by inducing autophago-
some formation and modulating key autophagy-related 
proteins, leading to the inhibition of cancer cell prolif-
eration and promoting cell death. On the other hand, 
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icaritin promotes mitochondrial autophagy and increases 
autophagy flux, inducing cell death in cancer cells.

Icariin and icaritin suppress cancer progression via classical 
modalities
Icariin and icaritin have been identified to induce cell 
cycle arrest at G0/G1, S, and G2/M phases in breast, 
liver, prostate, ovarian, lung, colon, retinal pigment epi-
thelial, nasopharyngeal, gallbladder, nasopharynx, mul-
tiple myeloma and NK/T-cell lymphoma [715]. Icariin 
triggers cell cycle arrest at the G0/G1 phase in multiple 
cancer types, including ovarian cancer (SK-OV-3), lung 
cancer (A549), cervical cancer (SiHa), breast cancer 
(MDA-MB-468 and 4T1), retinal pigment epithelial and 
gallbladder cancer (GBC-SD) cells [708, 721, 726–729]. 
Meanwhile, icariin downregulates the protein expres-
sion of Cyclin D1, further inducing G1/S phase arrest 
in ovarian cancer (SK-OV-3) cells [730]. In contrast, 
icaritin upregulates the protein expression of p21, caus-
ing in G0/G1 arrest in liver cancer (Hep G2 and Huh7) 
cells [731], induces G0/G1 or S phase arrest via regu-
lating cell cycle markers (p27Kip1, p16Ink4a, and  pRb) in 
prostate cancer (PC-3), endometrial carcinoma (RL95-2 
and Ishikawa), nasopharyngeal carcinoma (HONE1 and 
HNE1) and multiple myeloma (U266), liver cancer (PLC/
PRF/5) and colon cancer (HT-29) cells [732–734]. Addi-
tionally, icaritin demonstrates inhibitory effects on cell 
cycle arrest at G2/M phase in endonodal NK/T-cell lym-
phoma (SNT-8 and SNK-10) cells and cervical cancer 
(Hela) cells [735, 736]. Icariin and icaritin induce apopto-
sis in multiple cancers, such as breast, liver, ovarian, lung, 
colon, cervical, neuroblastoma and NK/T-cell lymphoma 
by enhancing pro-apoptotic proteins and reducing anti-
apoptotic proteins [697, 708, 735–745]. Icariin activates 
Caspase-3, Caspase -9, PARP, DR4 and DR5, inducing 
apoptosis through the death receptor pathway in colon 
adenocarcinoma (HCT 116) cells [745]. It also modulates 
mitochondrial proteins to trigger apoptosis in lung ade-
nocarcinoma (A549 and H1975) cells [741]. Additionally, 
icaritin demonstrates pro-apoptotic effects in extranodal 
NK/T-cell lymphoma (SNT-8 and SNT-10), cervical can-
cer (Hela), liver cancer (Hep G2) cells and neuroblastoma 
(TDP-43-transfected SH-SY5Y) cells [735, 736, 742–744]. 
In order to trigger apoptosis through the mitochondrial 
pathway, icariin and icaritin can both release Cytochrome 
C from mitochondria, triggering the Caspase cascade. 
Moreover, they activate death receptors (e.g., TNFR-1, 
DR4, and DR5), and Caspase-8, thereby initiating apop-
tosis via the death receptor pathway. Icariin suppresses 
migration and invasion in breast cancer (4T1, Hs 578 T, 
and MDA-MB-468), lung cancer (A549), and ovarian 
cancer (SK-OV-3) cells [721, 726, 739, 746]. It upregu-
lates E-cadherin and downregulates Vimentin, inhibiting 

cell migration and invasion of cervical cancer (SiHa) cells 
[708]. Besides, icariin inhibits osteoclast generation and 
significantly suppresses the bone metastasis of prostate 
cancer (RM-1) cells [704]. Similarly, icaritin modulates 
metastasis-related proteins (e.g., MMP-9, E‐cadherin, N‐
cadherin, and Vimentin) and exhibits inhibitory effects 
in multiple myeloma (RPMI 8226 and OPM-2), ovarian 
cancer (A2780), esophageal cancer stem cells (ECA109) 
and endometrial cancer (RL95-2 and Ishikawa) cells 
[732, 747–749]. Icariin and icaritin exert potent anti-
cancer effects through classical mechanisms, including 
regulation of the cell cycle, induction of apoptosis, and 
inhibition of migration and invasion. By modulating key 
proteins involved in these processes, such as cyclins, Cas-
pases, death receptors, and metastasis-related proteins, 
both compounds significantly suppress tumor growth 
and metastasis across a range of cancer types.

Icariin and icaritin combined with other medications 
for cancer treatment
Studies have shown that combinations of icariin and 
icaritin can enhance the treatment of prostate, liver, 
breast, and nasopharyngeal cancers by boosting effi-
cacy and reducing side effects [750–752]. The icariin 
and P815AB peptide combination notably enhances the 
activity index of CTLs in mastocytoma (P815)-bearing 
mouse model, boosts CD8+ T cell cytotoxicity against 
prostate cancer (PC-3, DU 145, and RM-1) cells, upregu-
lates immune-related proteins for lymphoma protection, 
and inhibits autophagy in ovarian cancer (SKVCR) cells, 
sensitizing it to cisplatin [720, 753]. Moreover, icaritin, 
combined with anti-PD-1 antibodies notably ampli-
fies the immune response and suppresses melanoma 
(B16-F10 and B16) and liver cancer (Hepa1-6) bear-
ing models in  vivo [699, 707]. Icaritin also synergizes 
with doxorubicin to induce immunogenic cell death in 
liver cancer (Hepa1-6) cells, enhances the anti-cancer 
immune response with unmethylated cytosine-guanine 
oligodeoxynucleotide in melanoma (B16-F10), over-
comes drug resistance in breast cancer (4T1) cells with 
epigenetic drugs (JQ1), and induces ferroptosis in naso-
pharynx cancer (HONE1 and HNE1) cells with gamma 
irradiation [724, 752, 754, 755]. Thus, the combination of 
icariin and icaritin with other medications or treatment 
modalities significantly enhances the immune system, 
sensitize tumors to chemotherapy, overcome drug resist-
ance, and promote cell death through mechanisms such 
as autophagy inhibition, immunogenic cell death, and 
ferroptosis.

Icariin and icaritin derivatives inhibit cancer progression
Icariin can be rapidly metabolized in the body into a 
variety of active ingredients like icariside I and icariside 
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II, making impressive progress in treating a wide range 
of bladder, lung, prostate and breast cancers [756–759]. 
Icariside I enhances beneficial gut bacteria, upregulates 
immune cells, and inhibits melanoma (B16-F10) cell 
growth [760, 761]. In contrast, icariside II targets various 
cancer types, including bladder cancer (BIU-87 and T24), 
cervical cancer (Hela), lung cancer (A549 and Lewis), 
prostate cancer (DU 145), colon cancer (SW620), and 
melanoma (A2058 and A375R) cells resistant to BRAF 
inhibitors, by blocking cell cycles, inducing autophagy 
and apoptosis, and modulating the tumor microenviron-
ment when combined with anti-PD-1 [756–758, 762–
766]. Notably, icariside II also induces ferroptosis in renal 
cell carcinoma (ACHN and Caki-1) and promotes dif-
ferentiation in acute myeloid leukemia (HL-60 and THP-
1) cells [767, 768]. Distinct from icariin, icaritin and its 
derivatives demonstrate unique anti-cancer mechanisms. 
Icaritin derivative IC2 triggers autophagy and apoptosis 
by targeting the SCD1 enzyme in breast cancer (MCF-
7) cells in  vitro and in  vivo [759, 769]. Additionally, the 
modified icaritin isopentenyl derivative C3 induces cell 
apoptosis and cell cycle arrest at S phase in multiple mye-
loma (RPMI 8226), while another semi-synthetic deriva-
tive 11c inhibits the proliferation of liver cancer (Hep G2 
and SMMC-7721) cells by inducing cell apoptosis and cell 
cycle arrest at G0/G1 phase [770, 771]. Therefore, icariin, 
icariside I, icariside II, and icaritin derivatives demon-
strate broad-spectrum anti-cancer activity particularly 
effective in overcoming drug resistance and enhancing 
the therapeutic outcomes of existing treatments. Icaris-
ide II, in particular, shows promise in combination with 
immunotherapies, such as anti-PD-1, while other deriva-
tives, such as IC2, C3, and 11c, offer new strategies for 
targeting specific cancer pathways, such as lipid metabo-
lism, the cell cycle, and apoptosis.

Icariin and icaritin exert anti‑cancer effects 
through regulating gut microbiota
Although its entire potential in cancer treatment has not 
yet been investigated, it has been discovered that icariin 
regulates the human intestinal microbiota. Specifically, 
icariin treatment group leads to a significant increase 
in beneficial bacteria (e.g., bifidobacterium and lactoba-
cillus) counts, while decreasing harmful bacteria (e.g., 
enterococcus and enterobacteriaceae) counts, thereby 
improving the intestinal flora imbalance of cervical can-
cer (U14) bearing mice [708].

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of icariin and icaritin
Transcriptomic analysis reveals distinct roles for icariin 
and icaritin in cancer regulation. Icariin downregulates 

NF-κB-related genes in breast cancer (MDA-MB-231) 
cells [697]. Icariin emerges as a pivotal anti-cancer agent 
in liver cancer (Hep G2 and SMMC-7721) cells, with 
metabolomics suggesting arachidonic acid and other 
metabolites may contribute to its mechanisms [772]. 
Meanwhile, icaritin regulates PLK1 and induces apop-
tosis in NK or T-cell lymphoma (SNT-8, SNK-10, and 
NK-92 MI) cells, while activating the PI3K/AKT pathway 
to inhibit endometrial cancer (HEC-1-A) cell prolifera-
tion [702, 773]. Proteomic studies identify 1024 differ-
ential proteins enriched in autophagy and mitochondrial 
apoptosis pathways in liver cancer (SK-Hep1) cells [696]. 
Transcriptomic and metabolomic results show that icari-
tin increases white blood cells, alleviating cancer-induced 
leukopenia [774]. Pharmaco-omics and proteomics indi-
cate that icaritin exerts its anti-lung cancer (Hep G2) 
cells by up-regulating FYN protein [775]. Therefore, the 
integration of multi-omics techniques has significantly 
advanced the understanding of the anti-cancer mecha-
nisms of icariin and icaritin.

Investigating icariin and icaritin anti‑cancer effects 
through drug delivery system
The utilization of various delivery platforms, includ-
ing phospholipid complexes, cyclodextrin complexes, 
micellar formations, nano-carriers, and solid materials, 
significantly enhance the bioavailability of icariin and 
icaritin, exhibiting remarkable potential in the treatment 
of breast, lung and gastric cancers [776–778]. Nanoma-
terials coated with icariin facilitated drug release, induce 
apoptosis, and show strong cytotoxicity against ovarian 
cancer (SK-OV-3 and Caov-3) cells [776]. A novel gela-
tin/polylactic acid (PLA) coaxial fiber membrane con-
taining icariin enhances osteogenic effect and effectively 
suppresses the activity of human osteosarcoma (MG-63) 
cells [779]. The IRGD-functionalized RBCM-mimicking 
nanoparticles carrying icariin exhibits potent inhibitory 
effects on lung cancer (A549) cell proliferation [777]. 
Furthermore, nano-micelles formulated with icariin, cur-
cumin and carrier material notably suppress the prolif-
eration of breast cancer (MCF-7) cells in vitro and in vivo 
[780]. The optimized icariin-loaded bilosome-melittin 
(ICA-BM) formulation markedly enhances the anti-pan-
creatic cancer efficacy of icariin in PANC-1 cells [781]. In 
contrast, icaritin-based nanoparticle DDS demonstrate 
significant substantial promise in cancer treatment. For 
instance, the system FLA@GNPs induces apoptosis in 
lung cancer (A549) cells [782]. Co-loaded with icaritin 
and JQ1, within ARNP nanoparticles, the system inhib-
its breast cancer (4T1) cells and alleviates bone and 
lung metastasis [755]. Icaritin-laden micelles efficiently 
deliver the drug to oral squamous cell carcinoma (CAL 
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27) cells, inducing apoptosis and inhibiting proliferation 
in liver cancer (HCCLM3) in vitro and in vivo [783, 784]. 
Micelles containing icaritin and doxorubicin reshape 
the immune microenvironment and hinder the growth 
of liver cancer (Huh7 and Hepa1-6) cells [724]. Notably, 
the heat-sensitive IC-ML complex, supported by icari-
tin and Coix seed oil, triggers cell apoptosis and cycle 
arrest, enhancing the therapeutic efficacy against liver 
cancer (Hep G2) in vitro and in vivo [785]. Furthermore, 
PLGA@icaritin activates anti-cancer immune response, 
elicits immunogenic cell death in gastric cancer (MFC) 
cells [778]. The development of advanced DDS for icariin 
and icaritin has significantly improved the bioavailability, 
targeting, and therapeutic efficacy of these compounds in 
cancer treatment. By utilizing various platforms such as 
nanomaterials, micelles, and nanoparticles, these deliv-
ery systems enhance the controlled release of icariin and 
icaritin, promote apoptosis, and increase cytotoxicity in a 
range of cancers.

In sum, Icariin and its metabolite icaritin offer multi-
ple anti-tumor mechanisms, including immunomodu-
lation, drug resistance reversal, induction of autophagy 
and apoptosis, and cell cycle arrest. Icariin can also syn-
ergize with chemotherapy agents or immunotherapies 
to enhance efficacy and reduce toxicity. Across vari-
ous malignancies—breast, liver, cervical cancers, and 
more—icariin and icaritin demonstrate a notable ability 
to inhibit tumor proliferation and metastasis. Advanced 
drug delivery platforms (e.g., nanoparticles, microcap-
sules, and microspheres) further improve their solubil-
ity and bioavailability. Additionally, derived compounds 
such as icariside I/II excel at triggering ferroptosis and 
boosting immune responses, while multiple ongoing clin-
ical trials (particularly for liver cancer) continue to con-
firm their safety and therapeutic promise.

Resveratrol
Resveratrol, a naturally produced polyphenolic molecule, 
has garnered considerable amounts of interest in recent 
decades due to its possible medicinal uses [786]. Res-
veratrol can be extracted from more than 70 plant spe-
cies and is particularly abundant in grape, blueberry and 
raspberry, as well as Polygoni cuspidati rhizoma et radix 
(Huzhang in Chinese) [787], and several synthetic routes 
are also available to provide high quality and yield of res-
veratrol [788, 789]. Resveratrol is known for its antioxi-
dant, anti-inflammatory and cardioprotective properties 
[790–792] and has a wide range of anti-cancer properties 
in oral, gastric, liver, pancreatic, breast, prostate, colon, 
lung, and skin cancers [793]. Resveratrol enhances tumor 
immunity, reverses tumor drug resistance, and regulates 
autophagy and cell cycle [794–796]. It can be used as a 
chemo preventive agent as well as a therapeutic agent 

involved in inhibiting the developmental stages of tumors 
[797, 798]. Thus, resveratrol can function as a com-
plementary drug to conventional chemotherapy [799]. 
Besides, it can also be used as a combination of other 
therapies, acting synergistically with other anti-cancer 
drugs [800, 801]. In silico analysis investigates the binding 
of resveratrol to tumorigenic proteins, providing the first 
in silico characterization of its interactions with HIF-1α, 
and offering detailed insights into their structural con-
figurations and potential therapeutic roles in NSCLC and 
pancreatic cancers [802, 803]. Additionally, the organoid-
based ex  vivo model is emerging as an innovative tech-
nology for assessing the efficacy and toxicity in bladder 
cancer treatment [804]. Moreover, clinical studies have 
evaluated the safety, pharmacokinetics, and pharmaco-
dynamics of resveratrol in subjects with colorectal cancer 
and multiple myeloma, as well as its potential for can-
cer prevention in healthy participants (NCT00920803, 
NCT00920556, and NCT00098969). This section sum-
marizes the complex mechanisms and specific targets of 
resveratrol against various types of cancer in the follow-
ing sections.

Resveratrol enhances tumor immunity
Resveratrol has a critical role in modulating the immune 
system and enhancing its ability to recognize and attack 
cancer cells. It affects various immune cells, including B 
cells, TAMs, MDSC, T cells and NK cells, and regulates 
the tumor immune microenvironment and exerts anti-
tumor effects in lung, breast, and oral cancers by increas-
ing the number and activity of immune cells [805, 806]. 
Resveratrol inhibits cancer proliferation by reversing the 
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)-induced 
increase in the number and the immunosuppressive 
function of MDSCs in mice [807]. Also, resveratrol acts 
on TAMs, promoting the M1/M2 macrophage polariza-
tion ratio, inhibiting the conversion of TAMs from M1 
to M2 subtype, and exerting an inhibitory effect in the 
microenvironments of tumor cells in lung, breast, and 
oral cancers [808–810]. Resveratrol also affects T cell 
function by inhibiting tumor growth through activation 
of effector T cells [811], as well as influencing T cell func-
tion by increasing the proliferation of cytotoxic CD8+ T 
cells and enhancing their ability to produce cytokines, 
such as IFN-γ, to kill tumor cells [812–814]. NK cells are 
also crucial for targeting and destroying tumor cells and 
are suitable targets for cancer immunotherapy. Resvera-
trol enhances the cytotoxic activity of NK cells, upregu-
lates the expression of NK cell activation receptors to 
improve their ability to recognize and kill cancer cells 
[815, 816]. Resveratrol can modulate the tumor immune 
microenvironment by altering cytokine production. It 
reduces the levels of pro-inflammatory cytokines (e.g., 
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IL-6 and TNF-α) [817] and pro-carcinogenic cytokines 
(TGF-β1, TNF-β, and  CXCL12) [818] which exerts an 
inhibitory effect on pancreatic cancer associated fibro-
blasts (CAF) and colon cancer (HCT 116) cells [819, 
820]. Resveratrol exerts immunomodulatory effects by 
acting on multiple immune checkpoints (PD-L1, PD-1, 
CTLA-4, NKG2A, TIM-3, and BTLA). It includes alter-
ing the tumor immune microenvironment to inhibit the 
value-added of ovarian and oral cancer cells [821, 822], 
as well as weakening the inhibitory function of Tregs on 
effector T-cells [823], to promote the killing of cancer 
cells. Therefore, resveratrol plays a multifaceted role in 
enhancing anti-cancer immunity by modulating various 
immune cells, cytokine production, and immune check-
points. By promoting the activity of cytotoxic T cells, NK 
cells, and macrophages, while simultaneously inhibiting 
the immunosuppressive functions of MDSCs and Tregs, 
resveratrol creates a more favorable immune microenvi-
ronment for anti-tumor immunity. Additionally, its abil-
ity to regulate cytokines and immune checkpoints further 
strengthens its potential as an immune-modulatory agent 
in cancer treatment.

Resveratrol reverses tumor drug resistance
Resveratrol has been shown to inhibit drug transport-
ers, thereby increasing the intracellular concentration 
of chemotherapeutic drugs. Also, resveratrol can inhibit 
prostate cancer and of oral squamous cell carcinoma 
drug resistance by down-regulating EGFR. This prop-
erty allows it to participate in the therapeutic process of 
various anti-cancer drugs (paclitaxel, celastrol, adriamy-
cin, rapamycin, and cetuximab) [824–827]. Specifically, 
resveratrol reduces the protein expression levels of P-gp, 
MRP1, BCRP, CYP3A4, GST and mRNA expression 
of hPXR to restore the sensitivity of NSCLC and colon 
cancer cells to polyphenols. The combination of querce-
tin-resveratrol can reduce the levels of EGFR, EGR3 
and IL6, and increase the levels of IGFBP7 and NKX3.1, 
which can play an anti-prostate cancer role [825]. Res-
veratrol administration also increases the sensitivity of 
oral squamous cell carcinoma to cetuximab by decreas-
ing the protein expression of uPAR, which inhibits the 
signaling molecule ERK1/2 downstream of EGFR [828]. 
Thus, resveratrol plays a crucial role in reversing tumor 
drug resistance by targeting drug transporters, down-
regulating EGFR expression, and enhancing the efficacy 
of chemotherapeutic agents. By inhibiting drug efflux 
pumps and modulating key signaling pathways, resvera-
trol restores the sensitivity of cancer cells to chemo-
therapy and targeted therapies, improving treatment 
outcomes.

Resveratrol inhibits cancer progression by regulating 
the process of autophagy and ferroptosis
Resveratrol has been shown to induce autophagy and fer-
roptosis in lung, breast, pancreatic, ovarian cancers, as 
well as myeloma, leading to cell death and tumor growth 
inhibition [829, 830].It activates key autophagy-associ-
ated proteins, such as Beclin-1 and LC3, which promote 
the degradation of damaged organelles and proteins 
[831–833], as well as increasing the phosphorylation of 
AMPK and decreasing the phosphorylation of mTOR 
and its downstream substrates in a dose-dependent 
manner, leading to autophagy [832]. Resveratrol targets 
neuroblastoma by inducing intrinsic apoptosis, which 
is mediated by the intracellular ROS axis and ER stress 
[834]. In the context of autophagy as a survival mecha-
nism, resveratrol can sensitize cancer cells to chemother-
apy by inducing lysosomal membrane permeabilization 
(LMP) which attenuates the fusion of autophagosomes 
and lysosomes [835]. Resveratrol induces iron death 
in carcinoma cells by regulating the expression of iron 
death-related genes [836, 837]. In the lung squamous cell 
carcinoma (LUSC) tumor immune microenvironment, 
resveratrol regulates SLC7A11-HMMR interaction, acti-
vates iron death and potentiates the cytotoxicity of CD8+ 
T cells to exert antitumor effects. In addition, RSV can 
induce iron death in colon cancer cells by promoting 
lipid peroxidation and inhibiting the protein expression 
of SLC7A11 and GPX4 [838]. Thus, resveratrol’s ability 
to regulate both autophagy and ferroptosis plays a criti-
cal role in its anti-cancer effects. By inducing autophagy, 
resveratrol promotes the degradation of damaged cellu-
lar components, leading to cell death and inhibition of 
tumor growth. Moreover, its ability to induce ferroptosis 
through lipid peroxidation and the regulation of ferrop-
tosis-related genes makes resveratrol a potent therapeu-
tic agent in cancers that are susceptible to this form of 
cell death.

Resveratrol inhibit cancer in classical modalities
Resveratrol exerts its anti-cancer effects in colon, breast, 
and liver cancers by disrupting cell cycle and preventing 
proliferation of cancer cells [839–844]. For instance in 
colon cancer and lymphoma, it induces cell cycle arrest at 
G0/G1 phase [813, 845], and in cervical cancer and mel-
anocytoma, it stops in G1 phase [846, 847]. This effect 
is mediated by the regulation of cyclin and CDK, which 
are important regulators of cell cycle progression. Res-
veratrol increases the protein expression of CDK inhibi-
tors (p15), which block cell cycle progression and induce 
growth arrest [848]. Resveratrol’s ability to regulate the 
cell cycle involves several molecular targets: In cells with 
functional p53, resveratrol enhances p53 activity, leading 
to cell cycle arrest and apoptosis [849]. Resveratrol also 
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affects the checkpoint kinase Chk2, which is involved in 
the DNA damage response and cell cycle regulation and 
plays a crucial role in maintaining the stability of the 
tumor microenvironment [850]. Resveratrol activates 
Caspase-3 and Caspase-8, and up-regulates the pro-
tein expression of Bax [851–853], while inhibiting anti-
apoptotic proteins like Bcl-2 [854], in order to induce 
apoptosis in luminal squamous cell carcinoma, cervical 
carcinoma, colon carcinoma, ovarian carcinoma, and 
uterine leiomyoma cells. Specifically, it activates Cas-
pase-3 to exert anti-tumor effects in luminal squamous 
cell carcinoma and ovarian cancer [855, 856]. In colon 
cancer and uterine leiomyoma, it promotes apopto-
sis through Bcl-2 protein expression and increases Bax 
protein expression [853, 857]. Resveratrol can activate 
Caspase-3 in breast cancer (MCF-7) cells, leading to the 
breakdown of cellular substrates and successful initiation 
of apoptosis [858]. Moreover, resveratrol has been shown 
to inhibit the protein expression of fibronectin, N-calmo-
dulin, waveform protein and increase the protein expres-
sion level of E-calmodulin in breast and colon cancer 
cells to inhibit tumor cell invasion or migration [798, 
834, 859]. Therefore, resveratrol exerts its anti-cancer 
effects through the regulation of the cell cycle, induction 
of apoptosis, and inhibition of tumor cell migration and 
invasion. By arresting the cell cycle at various stages and 
enhancing the expression of pro-apoptotic proteins while 
inhibiting anti-apoptotic ones, resveratrol effectively sup-
presses cancer cell proliferation and induces cell death.

Resveratrol exhibits synergistic effects in cancer treatment
Resveratrol can significantly boost the anti-cancer 
impact when combined with a range of chemothera-
peutic drugs. Studies have shown that resveratrol and 
curcumin have emerged as effective chemopreventive 
and chemoprotective compounds [860]. Their com-
bination can effectively reduce bladder cancer (T24-
GCB), colon cancer cell survival induced stronger ER 
stress and upregulation of the pro-death UPR molecule 
CHOP and exerted stronger cytotoxic effects [795, 800, 
861]. Besides, resveratrol in combination with 5-fluoro-
uracil induced S-phase cell cycle arrest and apoptosis of 
CD133+ colon cancer stem cells by regulating Bax gene 
[862]. Resveratrol also sensitizes colon cancer (Caco-2) 
and lung cancer (NSCLC) cells to paclitaxel by induc-
ing apoptosis. This combination leads to increased 
cytotoxicity by increasing ROS levels, inducing oxida-
tive DNA damage and decreasing cellular antioxidant 
defenses, resulting in effective apoptosis induction 
in cancer cell lines [863]. In various cancer cell lines 
and in  vivo tumor models, resveratrol enhances the 
antitumor efficacy of rapamycin (An inhibitor of 
the autophagy inducer of mTORC1) by reducing the 

autophagy induced by AKT phosphorylation in thyroid 
cancer (KTC-1 and TPC-1) cells [801]. Thus, resvera-
trol’s ability to enhance the effects of various chemo-
therapeutic drugs provides a compelling rationale for 
its use in combination therapies. By inducing oxidative 
stress, modulating apoptosis pathways, and regulating 
the cell cycle and autophagy, resveratrol synergistically 
enhances the efficacy of drugs like curcumin, 5-fluoro-
uracil, paclitaxel, and rapamycin.

Resveratrol derivatives in cancer treatment
Derivatives of resveratrol exhibit strong anti-cancer 
potential, and some of them have been used in colon 
and breast cancer therapy. Astragalus is a dimethylated 
derivative of resveratrol, which inhibits Top1 enzyme 
activity and treats colon cancer through the Top1/Tdp1-
mediated DNA repair pathway with low toxicity [864]. 
Moreover, astragalus achieves its inhibitory effect on the 
tumor ball formation and migratory capacity of HeLa 
cancer stem-like cells by inhibiting the protein expression 
levels of stemness markers (e.g., CD133, Oct4, Sox2, and 
Nanog), as well as STAT3 signaling [865]. Besides, res-
veratrol derivatives inhibits human topoisomerase II and 
induces apoptotic cell death, and shows antitumor activ-
ity in different types of breast cancer (ER-positive MCF-7 
and ER-negative SKBR3) cells [866]. Overall, these classes 
of derivatives have been designed to be more readily 
absorbed and retained in the body, thereby increasing 
their effectiveness in reaching and acting on target tis-
sues, as well as the need for smaller doses sufficient to 
achieve the desired therapeutic effect [867, 868]. Thus, 
resveratrol derivatives, including astragalus, demonstrate 
strong anti-cancer potential by targeting critical molec-
ular pathways involved in DNA repair, cancer stem cell 
maintenance, and apoptosis. These derivatives exhibit 
enhanced bioavailability and tissue targeting, making 
them more effective in treating cancers such as colon 
and breast cancer. By improving pharmacokinetics and 
reducing toxicity, resveratrol derivatives offer a promis-
ing avenue for developing more efficient and less toxic 
cancer therapies.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of resveratrol
Thirty-eight target proteins are identified by proteomics 
analysis, which shows that the targets are mainly involved 
in cytoskeletal remodeling and EMT. It shows that res-
veratrol can inhibit A549 cell migration by binding to 
multiple targets to regulate cytoskeletal remodeling and 
inhibit EMT in order to exert anti-cancer effects [869].



Page 52 of 91Cui et al. Chinese Medicine           (2025) 20:82 

Investigating resveratrol anti‑cancer effects through drug 
delivery system
Pharmacokinetic studies have demonstrated that 
despite being absorbed after oral administration, res-
veratrol undergoes rapid and extensive Phase I and 
Phase II metabolism in rodents and humans. Therefore, 
researchers have designed novel DDS (nanoparticles, 
micelles, gels, and  liposomes) to improve the bioavail-
ability and therapeutic efficacy of resveratrol in cancer. 
Nanoparticle-based resveratrol delivery systems include 
resveratrol-loaded nanocrystals (NANO-RSV), silica 
mesoporous nanoparticle (MSN)-based DDS, and bio-
compatible resveratrol-conjugated gold nanoparticles 
(Res-AuNPs) [870–872]. Their advantages are commonly 
demonstrated by the prolonged release of resveratrol at 
the tumor site and significant in vitro therapeutic effects 
[871, 873]. Besides, hydrogels co-doped with dopamine-
reduced graphene oxide (DOPA-rGO; a photothermal 
nano-agent) and resveratrol exhibit injectability and 
in  situ gelation, along with suitable physicochemical 
properties and good cytocompatibility. Chemo-photo-
thermal therapy (RES + DOPA-rGO@Gel + NIR light) 
of the hydrogel was able to reduce the viability of breast 
cancer cells to only 31% [874]. In addition, resveratrol-
loaded cationic liposomes (RLs) achieved specific deliv-
ery in liver cancer cells, as evidenced by a significant 
reduction in liver marker enzymes [875]. Therefore, 
resveratrol-loaded nanocrystals, silica mesoporous nan-
oparticles, gold nanoparticles, hydrogels, and cationic 
liposomes represent promising DDS platforms that can 
be further optimized for clinical use. These systems not 
only overcome the pharmacokinetic limitations of resver-
atrol but also enable targeted and controlled drug release 
at tumor sites, enhancing the drug’s anti-cancer effects.

Overall, resveratrol exerts multi-faceted anti-cancer 
effects by modulating tumor immunity (e.g., boosting 
cytotoxic T cells and NK cells), reversing drug resist-
ance (via down-regulating EGFR and P-gp), inducing 
autophagy and ferroptosis, and arresting cell cycle pro-
gression while promoting apoptosis. It also enhances the 
efficacy of standard chemotherapies (e.g., 5-fluorouracil 
and paclitaxel) through synergistic mechanisms involving 
oxidative stress and apoptosis pathways. Furthermore, 
resveratrol derivatives (e.g., astragalus) show improved 
bioavailability and strengthen anti-cancer outcomes by 
inhibiting DNA repair or stemness markers in tumor 
cells. Leveraging multi-omics findings and advanced 
DDS (nanoparticles, hydrogels, and liposomes) further 
increases its therapeutic impact and addresses pharma-
cokinetic limitations.

Silibinin
Silibinin, a flavonolignan derived from the seeds and 
fruits of Silybi fructus or Silybum marianum (Shuifeiji 
in Chinese), exhibits a diverse array of pharmacological 
effects, including hepatoprotective, anti-inflammatory, 
antioxidative, anti-fibrotic, and anti-tumorigenic prop-
erties [876–878]. Research indicates that silibinin effec-
tively inhibits tumor growth across a broad spectrum 
of cancers such as breast, ovarian, lung, colon, pancre-
atic, liver, renal cell, endometrial, and bladder cancers 
[879]. Silibinin has multi-anticancer effects in  vitro and 
in vivo, it inhibits cancer progression through regulating 
tumor immunity, overcoming drug resistance, boosting 
autophagy and ferroptosis, triggering apoptosis, induc-
ing cell cycle arrest, and so on. It achieves these effects 
through targeting various cellular molecules—including 
TNF-α, IL-6, and VEGF—and impacting several signal-
ing pathways such as the Wnt/β-catenin and PI3K/AKT/
mTOR pathways [880–882]. Moreover, silibinin shows 
potential as an adjuvant in mitigating numerous side 
effects of anti-cancer therapies, such as hepatotoxicity 
and neurotoxicity [883, 884]. In silico analysis reveals 
ENO1, GLUT4 and ID3 as potential targets for disrupt-
ing the metabolic network in breast cancer cells, with 
silibinin promoting cytotoxicity, apoptosis, and lipid 
metabolism reprogramming [885, 886]. In clinical stud-
ies, silibinin shows promising anti-cancer activity with 
minimal toxicity in conditions including colon and head 
and neck cancers [887, 888]. Recent clinical research 
focus on its efficacy in treating brain metastases from 
cancers like leptomeningeal carcinomatosis, lung cancer, 
and breast cancer (NCT05793489, NCT05689619). The 
following section is a summary of the relevant pharmaco-
logical mechanisms of the anti-cancer effect of silibinin.

Silibinin improves tumor immunity
Silibinin inhibits tumor growth through immunomodu-
latory activities, such as regulating immune cells (Tregs, 
macrophages, DCs, NK cell), inhibiting inflamma-
tory cytokines (IFN-γ, IL-2, IL-6, IL-10, IL-12, TNF-α, 
and TGF-β), and modulating immune check points (PD-
L1 and PD-1) [889–893]. Silibinin can regulate the pro-
liferation, differentiation, and function of immune cells. 
Silibinin improves cancer immunity by promoting T 
cell proliferation, increasing the quantity of T cells, and 
enhancing T cell responses and function [894, 895]. Sili-
binin effectively remodels the tumor microenvironment 
by enhancing the activation of NK cells, which boosts 
their ability to recognize and eradicate breast cancer 
(4T1, MCF-7, and MDA-MB-231) cells [890]. Addition-
ally, it facilitates the polarization of macrophages towards 
the M1 phenotype, augmenting their phagocytic and 
antigen-presentation capabilities, thereby strengthening 
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the body’s antitumor immune response [891, 896]. Sili-
binin also regulates cytokine secretion, increasing IL-12 
and IFN-γ levels while reducing TGF-β, SDF-1, IL-6, and 
TNF-α, all of which play crucial roles in immune regu-
lation and anti-cancer immunity in 4T1 breast cancer 
bearing mice [890]. Moreover, silibinin mitigates immu-
nosuppression and inhibits tumor progression by lim-
iting PD-L1 protein expression in lung cancer (A549, 
H292, and H460), papillary thyroid cancer (TPC-1), and 
nasopharyngeal carcinoma (C666-1) cells [889, 892, 
897]. It also induces immunogenic cell death (ICD) in 
colon cancer (CT26) and melanoma (B16-F10) cells by 
elevating the protein expression of CRT, HSP70, and 
HMGB1, which are important in anti-tumor responses 
[895]. Furthermore, silibinin may modulate immunity 
by suppressing HIF-1α in colon cancer (CT26) and ovar-
ian clear-cell carcinoma (HAC-2, OVISE, and RMG-1) 
cells, influencing the tumor immune landscape [878, 
898]. Thus, silibinin demonstrates significant poten-
tial as an immune-modulatory agent in cancer therapy. 
By enhancing T cell proliferation, NK cell activation, 
and macrophage polarization, silibinin strengthens the 
body’s immune response against tumors. Additionally, 
its ability to regulate cytokine secretion, inhibit immune 
checkpoints, and induce immunogenic cell death fur-
ther supports its potential in cancer treatment. Silibinin’s 
effects on HIF-1α also suggest that it can modulate the 
tumor microenvironment, improving immune cell func-
tion and tumor recognition.

Silibinin reverses tumor drug resistance
Emerging evidence suggests that silibinin can reverse 
tumor drug resistance through blocking P-gp and MRP1 
and inhibiting transcriptional activation in prostate, 
ovarian, lung, and liver cancers [899]. Silibinin aug-
ments the efficacy of cisplatin and paclitaxel by dimin-
ishing cell adhesion to the extracellular matrix in ovarian 
cancer (A2780) and colon cancer (CT26) cells, thereby 
increasing drug sensitivity [900, 901]. Furthermore, sili-
binin modulates lung cancer (H3122 and H2228) cells 
by enhancing the therapeutic effects of nintedanib, bri-
gatinib, and lorlatinib through the inhibition of STAT3 
activity [902, 903]. Additionally, silibinin improves 
radiosensitivity in prostate cancer (DU 145) cells by 
mitigating DNA damage, particularly following EGFR 
knockdown [904]. Therefore, silibinin offers significant 
promise as a therapeutic agent in reversing tumor drug 
resistance through various mechanisms, including inhibi-
tion of drug efflux pumps, modulation of cell adhesion, 
and regulation of key signaling pathways like STAT3. 
Its ability to enhance the efficacy of both conventional 
chemotherapy and targeted therapies, as well as improve 
radiosensitivity.

Silibinin inhibits cancer progression by regulating 
the process of autophagy and ferroptosis
Silibinin has been shown to induce autophagy in several 
cancer types by modulating various molecular pathways. 
Specifically, silibinin decreases phosphorylated mTOR 
protein levels, which in turn induces autophagy and 
inhibits the progression of liver cancer, breast cancer, 
and glioma [905–907]. Notably, silibinin also influences 
the autophagic degradation of YAP in castration-resist-
ant prostate cancer (PC-3 and C4-2) and breast cancer 
(MCF-7 and MDA-MB-231) cells, highlighting its poten-
tial in autophagy modulation [882, 908]. Additionally, it 
down-regulates the Wnt/β-catenin signaling pathway, a 
key regulator of autophagy, and prevents EMT in renal 
cell carcinoma (786-O and ACHN) and liver cancer (Hep 
G2) cells [909, 910]. In breast cancer (MCF-7) cells, silib-
inin triggers nuclear translocation of apoptosis-inducing 
factor (AIF), mediated by the inhibition of the ERα path-
way and enhanced autophagy [911]. Moreover, silibinin’s 
interaction with PINK1 and Parkin promotes mitophagy, 
reduces ROS levels, and enhances cellular resilience in 
liver cancer (Hep G2) and breast cancer (MCF-7 and 
MDA-MB-231) cells [912, 913]. Silibinin also impacts the 
process of ferroptosis by modulating various signaling 
pathways and molecular mechanisms, including NF-κB 
and STING pathways [914, 915]. It regulates intracel-
lular oxidative stress and iron metabolism, influencing 
the occurrence of ferroptosis by decreasing the protein 
expression of ACSL4 [915]. Thus, by modulating the 
mTOR pathway, inducing autophagic degradation of YAP, 
and inhibiting the Wnt/β-catenin signaling pathway, sili-
binin suppresses tumor growth and metastasis in vari-
ous cancers. Furthermore, silibinin’s ability to regulate 
mitophagy and ferroptosis enhances cellular resilience 
and modulates oxidative stress, further contributing to its 
anti-cancer effects.

Silibinin inhibits cancer progression via classical modalities
Silibinin exerts cell cycle arrest across various phases 
including G0/G1, S, or G2/M, across multiple cancer 
types such as endometrial carcinoma, cervical, and lung 
cancer [916]. Substantial evidence confirms silibinin’s 
predominant action in inducing G2/M phase arrest in a 
range of cancers including endometrial, cervical, blad-
der, prostate, renal, and colon cancers [917]. Specifically, 
in human epithelial colon adenocarcinoma (Caco-2) 
cells, silibinin decreases S phase populations and inhib-
its mitosis (G2/M) [918]. Furthermore, it suppresses 
cell proliferation and enforces G0/G1 phase arrest by 
targeting Cyclin D, cyclin E, and CDK4 in cholangio-
carcinoma (HuCCT-1 and CCLP-1) and NSCLC (A549, 
H292, and H460) cells [889, 919]. Numerous researches 
have reported that silibinin can promote the apoptosis by 
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regulating apoptotic-related proteins (e.g., Bax, Bcl-2, and 
Bcl-xL) and activating Caspases in lung, colon, renal, oral, 
pancreatic cancers, as well as endometrial carcinoma 
[920, 921]. It effectuates tumor cell apoptosis through the 
activation of the JNK/c-Jun and JNK/SAPK pathways, 
leading to reduced Bcl-2 levels and elevated Bax, as well 
as activated Caspase-3 and PARP in oral cancer (YD10B 
and Ca9-22) and pancreatic cancer (SW1990) cells [922, 
923]. Additionally, silibinin induces apoptosis in oral can-
cer (YD10B, Ca9-22, and SCC-25) cells and renal tissues 
from carcinogenesis models by releasing Cytochrome 
c [922, 924, 925], and triggers mitochondrial damage in 
human epidermal cancer (A-431) cells [926]. Silibinin 
also modulates mitochondrial dynamics by up-regulating 
DRP1, and down-regulating OPA1, MFN1, ATP content, 
and mitochondrial biogenesis regulatory factors (TFAM, 
PGC1α, and NRF2), which promotes both extrinsic and 
intrinsic pathways of apoptosis in breast cancer (MCF-7 
and MDA-MB-231) cells [927].

Silibinin’s capacity to inhibit tumor progression is 
further demonstrated through its anti-angiogenic and 
anti-metastatic effects in colon, rectal, lung, prostate, 
bladder, breast, oral, and papillary thyroid cancers 
[928]. It obstructs the nuclear translocation of YAP/
TAZ, leading to apoptosis in breast cancer (MCF-7 
and MDA-MB-231) cells [908], and mitigates migra-
tion and invasion in breast cancer (MDA-MB-231) 
cells by reducing oxidative stress, suppressing NLRP3 
inflammasome activation, enhancing mitochondrial 
fusion, and down-regulating RAC1 mRNA [927, 929]. 
Moreover, silibinin curtails migration and invasion in 
oral and prostate cancer cells by inhibiting EMT and 
modulating the protein level of N-cadherin, vimentin, 
and E-cadherin [882, 922]. It also reduces prolifera-
tion and migration in lung cancer (A547) cells by tar-
geting RHBDD1 [930]. Therefore, silibinin exerts its 
anti-cancer effects through multiple classical mecha-
nisms, including cell cycle arrest, apoptosis induc-
tion, and the inhibition of angiogenesis and metastasis. 
By targeting key molecular pathways such as cyclin/
CDK complexes, JNK/c-Jun signaling, and mitochon-
drial dynamics, silibinin effectively suppresses tumor 
growth and progression. Furthermore, its ability to 
modulate tumor cell migration and invasion, particu-
larly through the regulation of EMT and mitochon-
drial fusion.

Silibinin combined with other medications for cancer 
treatment
The combination of silibinin with first-line chemother-
apy drugs has shown potential to enhance the efficacy 
of cancer treatments while mitigating drug-related side 

effects [931, 932]. Silibinin combined with neratinib or 
etoposide significantly promotes apoptosis in breast 
cancer (4T1, MCF-7, and MDA-MB-231) cells by up-
regulating the protein expression of p53 and p21 [932, 
933]. Furthermore, the combination of silibinin with 
paclitaxel or metformin enhances anti-cancer effects 
in lung cancer (A549) in  vitro and in  vivo by increas-
ing chemotherapy sensitivity, modulating the tumor 
microenvironment, and effectively inducing apoptosis 
[931, 934, 935]. Moreover, co-treatment with silibinin 
and IPI-549 improves anti-cancer efficacy in breast 
cancer by inhibiting cell migration in vitro and in vivo, 
while significantly reducing Tregs and MDSCs [936]. 
Additionally, combining silibinin with other natu-
ral compounds further inhibits tumor cell migration. 
For example, silibinin combined with curcumin sig-
nificantly downregulates Ob-R protein expression in 
breast cancer (MCF-7) cells [937]. Likewise, silibinin 
and epigallocatechin-3-gallate synergistically suppress 
lung cancer (A549) cell migration by down-regulating 
pro-angiogenic factors associated with the miR-17–92 
cluster and up-regulating anti-angiogenic factors linked 
to miR-19b [938].

Silibinin also demonstrates protective effects against 
chemotherapy-induced toxicity. It reduces hepatotoxic-
ity and neurotoxicity caused by drugs such as cisplatin 
and paclitaxel by mitigating DNA damage and restor-
ing cellular proliferative potential in ovarian cancer 
(A2780/DDP) cells and cisplatin-treated mice [883, 
900]. In addition, silibinin-loaded PLGA nanoparticles 
alleviate dacarbazine (DTIC)-induced hepatotoxicity 
in a melanoma mouse model by lowering liver enzyme 
and bilirubin levels and upregulating detoxification 
enzymes like NQO1 and GSTP1 [884]. Clinical studies 
further underscore the potential of silibinin in reducing 
side effects associated with cancer therapies, improv-
ing chemotherapy and radiotherapy responses, and 
enhancing overall clinical outcomes [902, 939, 940].

Silibinin derivatives inhibit cancer progression
Based on the promising anti-cancer properties of silib-
inin, various silibinin derivatives have been extensively 
studied in recent years, including oxidized derivatives 
such as 2,3-dehydrosilybin, carbamate-modified sili-
binin, 2,3-dehydrosilybin derivatives with carbamate 
groups, and glycosylated silibinin derivatives. These 
derivatives improved solubility and enhanced biological 
activity compared to silibinin, demonstrating stronger 
anti-cancer and sensitization effects. Mechanistically, 
they enhance anti-proliferative and anti-inflammatory 
activities, induce cell cycle arrest (G2/M phase), pro-
mote cell apoptosis, and modulate the activity of pro-
teins such as P-gp and acetylcholinesterase [941–943]. 
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Notably, several 7-O-tyrosyl silibinin derivatives have 
shown significant anti-prostate cancer efficacy by induc-
ing pronounced G0/G1 phase arrest and apoptosis [944]. 
Compared to silibinin, these derivatives provide superior 
solubility, enhanced biological activity, and exert their 
anti-cancer effects through diverse mechanisms, includ-
ing targeted cell cycle arrest and induction of apoptosis. 
This highlights the potential of silibinin derivatives as 
improved therapeutic agents in cancer treatment.

Investigating silibinin anti‑cancer effects through drug 
delivery system
The low water solubility and poor bioavailability of sili-
binin limit its therapeutic efficacy at tumor sites. To 
address these challenges, various nano-based delivery 
systems, including nanoparticles, cationic liposomes, 
smart nano-caged carriers, and other nano-formulations, 
have been developed to replace traditional formulations 
and effectively inhibit the progression of cancers such as 
breast, ovarian, and prostate cancers [945].

Silibinin encapsulated in nano-carriers can enhance 
the effects of drugs on apoptosis and immunogenic cell 
death in melanoma (B16-F10) cells [946]. For instance, 
PEG 400-OA as a nano-carrier significantly enhances the 
bioavailability and stability of silibinin [947]. Silibinin-
gold nanoparticles (Sb-GNPs) prepared through physi-
cal adsorption and inhalable silymarin-loaded solid lipid 
nanoparticles exhibit narrow size distributions, increased 
bioavailability, and enhanced cytotoxic effects, increas-
ing the cell-killing efficacy by 4–5 times in human lung 
adenocarcinoma (A549) cells [948, 949]. Chitosan nano-
particles loaded with silibinin significantly upregulate 
the gene expression of Bax and Caspase-3 in glioma (C6) 
cells, effectively inducing apoptosis [950]. Similarly, sili-
binin-loaded magnetic niosome nanoparticles minimize 
systemic drug distribution side effects while maximizing 
therapeutic effects by improving targeting and cytotoxic-
ity in colon cancer (HT-29) cells [951]. Therefore, nano-
based formulations of silibinin demonstrate significant 
improvements in drug bioavailability, stability, and apop-
totic efficacy across various cancer models, highlighting 
their potential as cutting-edge therapeutic alternatives.

Silibinin intervenes in cancer through epigenetic 
modifications
Silibinin exerts its anti-cancer effects via epigenetic 
mechanisms, notably through the modulation of miRNA 
expression and the consequent dysregulation of their 
target genes, alongside alterations in DNA methylation 
patterns [947, 952, 953]. MicroRNAs (miRNAs) are a 
highly conserved class of RNAs, whose improper regula-
tion has been associated with human diseases, including 

cancer. Research indicates that silibinin can reduce the 
levels of miRNAs (miR-125b, miR-182, and miR-20b), 
and up-regulate the levels of pro-apoptotic genes (p53, 
Bax, Caspase-9, PTEN, and Bcl2L11), decrease the level 
of anti-apoptotic gene (Bcl-2), thereby inducing apop-
tosis in breast cancer cells (T-47D, MCF-7, and MDA-
MB-231) [947, 954]. In pancreatic cancer cells (MIA 
PaCa-2 and PANC-1), slibinin induces apoptosis and 
suppresses migration by downregulating certain onco-
miRNAs (miR-155, miR-222, and miR-21) and their 
associated targets (Bcl-2, CD34, AKT3, MASPINE, EGF, 
and BMP7). Additionally, it promotes the expression of 
tumor-suppressor miRNAs (miR-34a, miR-126, and miR-
let7b) and enhances the gene levels of Caspase-9, p53, 
APAF1, and Bax [952, 955]. Moreover, silibinin induces 
programmed cell death in human hepatocarcinoma (Hep 
G2) cells by promoting the secretion of specific miRNAs 
(miR223-3p and miR16-5p) that potentially target the 
PTEN/AKT signaling pathway, and enhances the cyto-
toxic effect of sorafenib through the downregulation of 
miR-92a [956]. Thus, silibinin’s ability to modulate epi-
genetic mechanisms, particularly through the regulation 
of miRNA expression and DNA methylation, enhances 
its anti-cancer potential. By down-regulating oncogenic 
miRNAs and up-regulating tumor suppressor miRNAs, 
silibinin induces apoptosis and inhibits cell migration in 
various cancers, including breast, pancreatic, and liver 
cancers. Furthermore, its ability to modulate the PTEN/
AKT pathway and enhance the efficacy of chemotherapy 
drugs such as sorafenib underscores its potential in com-
bination therapies.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of silibinin
Recent advancements in omics technologies, including 
genomics, transcriptomics, proteomics, and metabo-
lomics, have significantly enhanced the capability to 
elucidate the anti-cancer mechanisms of silibinin [957, 
958]. For instance, transcriptomic analysis have provided 
a more precise understanding of silibinin’s influence on 
gene expression within various lung cancer (H1650, 
H1975, A549, H838, and H2030) cells, identifying a con-
nection between silibinin and the modulation of key 
STAT3 target genes (BIRC5, BRCA1, and FOXM1) that 
contribute to its anti-cancer effects [958]. Proteomics 
identified proteins that were highly expressed when sili-
binin intervened in basal cell carcinoma, and further ana-
lyzed their pathways, discovering a new target of RAC2 
[959]. Metabolomics analysis based on nuclear mag-
netic resonance (NMR) and mass spectrometry showed 
that silibinin restrains glucose metabolism to impede 
the biosynthetic requirements of breast cancer cells and 
increases levels of BCAAs isoleucine, leucine, and valine, 
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thereby inducing apoptosis in breast cancer (MDA-
MB-468, MDA-MB-231, and BT-549) and prostate can-
cer (PC-3) cells [960, 961]. Therefore, the application of 
multi-omics techniques has provided a deeper under-
standing of silibinin’s anti-cancer properties, revealing 
its complex interactions with cancer cell molecular, pro-
tein, and metabolic networks. By modulating key signal-
ing pathways like STAT3, targeting novel proteins such as 
RAC2, and interfering with cancer cell metabolism, sili-
binin demonstrates its potential as a multifaceted thera-
peutic agent.

In sum, silibinin stands out for its ability to orches-
trate multiple anti-cancer pathways, spanning immunity, 
autophagy, and epigenetic control, while also optimiz-
ing standard therapies and alleviating their toxicities. 
By reshaping key signaling axes (e.g., PI3K/AKT and 
Wnt/β-catenin) and rewiring metabolic and microRNA 
networks, it imposes broad restraint on tumor progres-
sion. These insights from multi-omics profiling under-
score silibinin’s translational promise across various 
malignancies.

Triptolide
Triptolide, a diterpenoid triepoxide, is extracted from 
Tripterygium wilfordii (Leigongteng in Chinese) [962]. 
Triptolide demonstrates a wide range of activities, such 
as anti-inflammatory, immunosuppressive, neuropro-
tective, prevention of bone loss and anti-tumor effects 
[963, 964]. Triptolide has been shown to possess a broad 
spectrum of anti-cancer characteristics and to be effica-
cious against several cancer types, including lung, breast, 
colon, bladder, liver, gastric, head and neck, thyroid, pan-
creatic cancers, as well as glioblastoma, melanoma, and 
leukemia [965]. In silico analysis identifies key targets 
such as CDKN1A, c-JUN, RELA, and TP53, suggest-
ing that triptolide may treat thyroid cancer by inhibiting 
cell proliferation, inducing apoptosis, and modulating 
inflammatory pathways like NF-κB and MAPK [966]. 
Furthermore, ex  vivo study demonstrates that triptolide 
effectively inhibits the growth of colorectal cancer orga-
noids, indicating its potential to disrupt cancer cell prolif-
eration and tumor formation at the organoid level [964]. 
Additionally, triptolide impedes muscle development and 
cell proliferation in zebrafish larvae by interfering with 
several signaling pathways, including Notch1 and STAT3, 
which are also involved in cancer cell regulation [967]. 
Meanwhile, the prodrug of triptolide, has been devel-
oped in clinical trials for patients with advanced solid 
tumors (NCT03129139) and refractory pancreatic malig-
nancy (NCT03117920 and NCT04896073).  The subse-
quent section presents a succinct synthesis elucidating 
the intricate modalities and precise molecular targets by 

which triptolide manifests its therapeutic actions across a 
spectrum of malignancies.

Triptolide improves tumor immunity
Triptolide exerts notable immunomodulatory effects by 
engaging with various immune cell populations, such 
as macrophages, NK cells and T cells, across different 
cancer types including glioma, oral, breast, and colon 
cancers [963, 968]. Recent study demonstrated that trip-
tolide directly affects the tumor microenvironment by 
selectively depleting TAMs, inhibiting the function of M2 
macrophage differentiation and viability, and suppressing 
M2 marker expression and anti-inflammatory cytokine 
secretion, leading to reduced tumor burden in experi-
mental models of cancer [969, 970]. Specifically, trip-
tolide reduces TAM infiltration in colon cancer (HT-29 
and CT26) cells by down-regulating CXCL12 gene and 
protein expression via the NF-κB-ERK1/2 signaling axis, 
while delaying M2 polarization. In combination with 
aspirin, triptolide further blocks NF-κB activation in can-
cer cells through distinct mechanisms involving p53 and 
ERK1/2, contributing to a reduction in cancer incidence 
[971, 972]. Furthermore, triptolide suppresses M2 polari-
zation of TAMs in  vitro functioning as an integrin β3 
inhibitor [973]. For T cells, triptolide is reported to over-
turn T cell suppression, particularly CD4+ T cells subset 
in glioma (T98G) cells under IFN-γ treatment, while sig-
nificantly decreases the proportion of Tregs in the spleen 
and axillary lymph nodes of melanoma (B16-F10) bear-
ing mice, thereby impairing their suppressive function 
through the down-regulation of Foxp3, IL-10, and trans-
forming growth factor in both protein and mRNA levels 
[974, 975]. While triptolide presents challenges due to its 
water-insolubility and high cytotoxicity, innovative deliv-
ery systems and derivatives have enabled diverse anti-
cancer mechanisms, suggesting promising avenues for 
future research and therapeutic development.

Dextran-conjugated triptolide and triptolide nano-
MOFs enhance TNF-α levels, promoting an immune 
response that ultimately inhibits tumor progression in 
pancreatic cancer with KRAS mutation, while also reduc-
ing toxicity compared to free triptolide [976, 977]. Trip-
tolide attenuates IL-6-induced activation of STAT3 target 
genes, such as Mcl-1 and Bcl-2, by decreasing STAT3 
phosphorylation and inhibiting its nuclear transloca-
tion in NSCLC (PC9 and A549) cells, while also revers-
ing IL-4 or LPS-induced up-regulation of IL-6 at the gene 
level, thereby reducing cell survival, apoptosis, and the 
polarization of myeloid cells into immunosuppressive 
macrophages and MDSCs within the tumor microen-
vironment [978, 979]. In a colitis-induced colon cancer 
model, triptolide further suppresses IL-6 secretion and 
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reduces the expression of IL-6 receptor (IL-6R), JAK1, 
and phosphorylated STAT3 proteins. By inhibiting the 
IL-6R-JAK/STAT signaling pathway, triptolide impedes 
tumor cell proliferation, survival, and the inflammatory 
response, which are critical for cancer progression [980]. 
Moreover, triptolide inhibits CXCL12 gene expression 
within the tumor microenvironment, leading to the sup-
pression of the CXCL12/CXCR4 axis and a reduction in 
TAM infiltration. This is achieved through downregula-
tion of tumor-derived CXCL12 via the NF-κB/ERK1/2 
signaling pathway, which delays macrophage polariza-
tion towards the M2 phenotype. As a result, there is a 
decrease in the gene expression of immunosuppressive 
markers such as Arg-1, CD206, and IL-10 in both human 
and mouse colon tumors [971, 981]. Therefore, triptolide 
demonstrates multifaceted anti-tumor effects across vari-
ous cancer models by inhibiting cytokine production, 
tumor progression, and angiogenesis, while also modu-
lating the tumor microenvironment to enhance anti-can-
cer immunity and minimize toxicity.

Triptolide treatment significantly suppresses PD-L1 
expression in oral squamous cell carcinoma and NSCLC, 
modulating the immune checkpoint response and effec-
tively inhibiting tumor growth in PDTX models and 
an IFN-γ-modulated environment, while its combina-
tion with IFN-γ in locoregional treatment enhances 
antitumor immunity in triple negative breast cancer by 
reversing IFN-γ-induced PD-L1 expression and activat-
ing cytotoxic CD8+ T lymphocytes, resulting in syner-
gistic tumor growth inhibition [982–984]. Interestingly, 
in glioma (U251-MG, T98G, U-87 MG, A172, LN-229, 
and LN-18) cells, triptolide downregulates PD-L1 protein 
expression induced by IFN-γ on the cell surface, helping 
to reverse T cell inhibition, particularly affecting CD4+ 
T cells, and counteracting immunosuppression within 
the tumor microenvironment [974]. Moreover, treated 
with triptolide resulted in a significant reduction in the 
protein expression of CD47 and CD126 in the THP-1 
macrophage cell line and the KG-1 erythroleukemia cell 
line, with the fold changes for CD47 were 0.3 (THP-1) 
and 0.55 (KG-1) in  vitro [985]. Thus, triptolide exhib-
its multifaceted anti-cancer effects by modulating the 
tumor immune microenvironment, depleting immuno-
suppressive macrophages, promoting T cell activity, and 
inhibiting immune checkpoint proteins like PD-L1. It 
also impacts critical signaling pathways, such as NF-κB, 
ERK1/2, and IL-6/STAT3, to reduce tumor progression 
and promote anti-cancer immunity. Although challenges 
exist due to its solubility and cytotoxicity, advancements 
in DDS have shown promise in improving its therapeutic 
application.

Triptolide reverses tumor drug resistance
Triptolide holds promise for reversing drug resistance 
across cancers, including NSCLC, prostate, and liver 
cancers, by enhancing chemosensitivity through mecha-
nisms such as down-regulation of P-gp at both mRNA 
and protein levels, inhibition of the HNF1A/SHH and 
Keap1/NRF2 pathways [986]. Triptolide influences the 
EGFR primarily through modulation of protein expres-
sion and signaling pathways; it down-regulates ADAM12 
in pituitary adenoma (TtT/GF and AtT-20) cells, thereby 
inhibiting ADAM12/EGFR signaling, and directly targets 
EGFR in bladder cancer (5637) cells, disrupting the PI3K/
AKT pathway, while also enhancing the efficacy of EGFR 
tyrosine kinase inhibitors in NSCLC (H1975) cells by 
up-regulating E-cadherin and down-regulating proteins 
associated with EMT, highlighting its potential as a ther-
apeutic agent in overcoming drug resistance and improv-
ing treatment outcomes [983, 987–990]. Therefore, 
triptolide’s ability to down-regulate drug efflux pumps, 
inhibit survival pathways (e.g., HNF1A/SHH and Keap1/
NRF2), and target the EGFR/PI3K/AKT axis establishes 
its potential for overcoming chemo-resistance and tar-
geted therapies resistance. Notably, its synergy with 
EGFR tyrosine kinase inhibitors in NSCLC highlights its 
value in combination therapies.

Triptolide attenuates cancer cells by regulating the process 
of autophagy and ferroptosis
Triptolide has been shown to exhibit antitumor effects 
in ovarian cancer (SK-OV-3 and SK-OV-3/DDP) cells by 
inducing autophagy through ROS generation and JAK2/
STAT3 pathway inhibition, enhancing chemotherapy 
sensitivity and inhibiting tumor growth, as well as by 
inducing apoptosis and reducing the protein expression 
of MMP-2, Sorcin, and VEGF, thereby disrupting the 
Mcl-1/Beclin1 interaction and highlighting its multifac-
eted therapeutic potential [991, 992]. It also alters the 
autophagic protein expression, notably reducing mTOR 
and AKT levels [993]. Furthermore, triptolide induces 
glioma cell growth via autophagy through ROS/JNK 
activation and inhibition of the AKT/mTOR signaling 
pathway. Besides, it can also induce autophagy in glioma 
(U87 and U251) cells, as evidenced by increased LC3-II/
LC3-I ratio, upregulating protein expression of Beclin-1 
and ATG7, and a notable increase of autophagosomes 
number observed via immunofluorescence [994]. Inter-
estingly, triptolide is found to enhance the sensitivity of 
tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) in pancreatic cancer cells by autophagy activa-
tion through Pumilio RNA-binding family member 1 
(PUM1) downregulation, suggesting a potential strategy 
to increase tumor sensitivity to TRAIL [995]. There-
fore, triptolide demonstrates versatile anti-cancer effects 
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across various cancer types, highlighting its potential as a 
promising therapeutic agent with broad-spectrum activ-
ity against tumors.

Triptolide induces ferroptosis in various cancers by 
modulating key pathways at both gene and protein levels; 
it downregulates NRF2 in leukemia (K-562 and HL-60) 
cells, increasing ROS and lipid oxidation to sensitize 
cells to doxorubicin (DOX), inhibits GPX4 in glioblas-
toma (U-87 MG and U251-MG) cells through the NRF2/
SLC7A11/GPX4 axis to promote lipid peroxide accumu-
lation, and enhances ferroptosis in NSCLC (A549) cells 
by increasing ROS via the NF-κB pathway while simul-
taneously reducing drug resistance proteins such as P-gp 
and GPX4 [977, 996–998]. Triptolide nano-MOFs induce 
cancer cells ferroptosis, which releases a lot of DAMPs, 
allowing DCs to present antigens and to multiply into 
CTLs, thereby preventing lung metastasis of melanoma 
[977]. An acid and GSH dual-controlled nanoplatform 
enhances cancer treatment by using triptolide to regu-
late NRF2 and inhibit GSH protein expression, reducing 
GPX4 activity and promoting ferroptosis, while minimiz-
ing toxicity [999]. However, one of its adverse effects is 
triptolide-induced cardiotoxicity, which involves fer-
roptosis [1000]. Although triptolide holds promise as a 
potential therapeutic agent, its cardiotoxicity associated 
with ferroptosis underscores the importance of targeted 
tumor approaches to mitigate adverse effects.

Triptolide suppresses cancer progression via classical 
modalities
Triptolide can regulate the cell cycle in various cancer 
types, including breast, lung, prostate, and liver can-
cers. Triptolide exerts its effects by inducing cell cycle 
arrest at the G0/G1 phase, preventing the transition 
to the S phase, which inhibits cancer cell proliferation. 
Additionally, it can induce G2/M phase arrest, disrupt-
ing mitosis and promoting apoptosis. Triptolide exerts 
significant effects on the cell cycle across various can-
cer types, predominantly inducing G0/G1 phase arrest 
by enhancing the expression of cell cycle inhibitors in 
multiple myeloma (RPMI 8266) cells and suppressing 
proliferating cell nuclear antigen and Cyclin D1 in air-
way smooth muscle (ASMCs) cells in response to PDGF 
stimulation, thereby decreasing cell proliferation [1001, 
1002]. In bladder cancer cells, the combination of trip-
tolide and hydroxycamptothecin significantly enhances 
G0/G1 phase arrest by inhibiting CDK4, CDK6, and 
Cyclin D1. It also suppresses laryngocarcinoma HEp-2 
cell proliferation by inducing G0/G1 phase arrest and 
apoptosis via Caspase activation and increased p53 sta-
bility. In NSCLC, triptolide further strengthens this 
arrest by reducing ribosomal protein L4, which disrupts 
the MDM2-p53 signaling pathway, thereby boosting its 

effects on inhibiting proliferation and promoting apopto-
sis [1003, 1004]. Additionally, triptolide induces G1 phase 
arrest in esophageal squamous cell cancer (KYSE150 and 
KYSE180) cells by regulating Cyclin D1 and CDKs [1005]. 
In triple negative breast cancer (BT-549 and MDA-
MB-231) cells, human nasopharyngeal carcinoma (NPC-
TW 039 and NPC-TW 076) cells and paclitaxel-resistant 
A549 cells, triptolide induces S phase arrest by causing 
DNA strand breaks, suppressing cyclin A-CDK2 com-
plex formation and enhancing chemosensitivity to cispl-
atin and paclitaxel [1006–1008]. Furthermore, in glioma 
(U251) cells, triptolide triggers G2/M phase arrest while 
promoting apoptosis and autophagy, associated with the 
activation of ROS/c-JNK signaling pathways and inhibi-
tion of AKT/mTOR signaling [1009]. Collectively, these 
findings illustrate that triptolide modulates cell cycle 
progression primarily by inducing G0/G1 phase arrest 
through mechanisms such as enhancing cell cycle inhibi-
tors and suppressing cyclins and CDKs, while also affect-
ing S and G2/M phases, highlighting its potential as a 
multifaceted anti-cancer agent targeting diverse cell cycle 
regulatory pathways.

Triptolide’s potent cytotoxicity indicates the influ-
ence in cancer therapy, and its principal mechanism is 
the induction of cell apoptosis. Triptolide demonstrates 
its effectiveness against gastric cancer (AGS and IM95) 
cells by increasing ROS levels, which trigger endoplasmic 
reticulum stress and induce cytoprotective autophagy, 
leading to the promotion of apoptosis. Additionally, in 
TNF-α-stimulated gastric cancer (AGS and MKN45) 
cells, triptolide enhances apoptosis via modulation of the 
H19/miR-204-5p/NF-κB/FLIP axis, suggesting that its 
ability to induce apoptosis is multifaceted and includes 
both the promotion of ROS generation and the regu-
lation of specific signaling pathways [1010, 1011]. The 
AS1411-triptolide conjugate shows promising potential 
as a targeted therapy for triple negative breast cancer, 
demonstrating high specificity and cytotoxicity against 
MDA-MB-231 cells, leading to significant tumor reduc-
tion and enhanced apoptosis in mouse models, with 
minimal toxicity to major organs [1012]. Additionally, 
triptolide promotes apoptosis and inhibits metastasis 
in glioblastoma cells in a dose-dependent manner by 
upregulating p21 and Bax protein expression while sup-
pressing MMP-2 and MMP-9 protein levels, with PROX1 
transcriptional inhibition elucidated as a mechanistic 
pathway, while in NSCLC, triptolide induces apoptosis 
and mitigates metastasis by targeting the IL-6/STAT3 
signaling axis, characterized by reduced STAT3 phos-
phorylation and downregulation of STAT3 target genes, 
including c-Myc, Bcl-2, Mcl-1, and MMP-9, which are 
implicated in cell survival and migratory processes [978, 
1013]. Thus, triptolide exhibits multifaceted anti-cancer 
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effects by effectively inducing apoptosis and modulating 
critical signaling pathways across various cancer types.

Triptolide combined with other medications for cancer 
treatment
Triptolide has demonstrated as a synergistic agent in 
combination therapies across various cancers, including 
lung and breast cancers, as well as renal cell carcinoma 
and nasopharyngeal carcinoma. Triptolide combined 
with first-line treatment for recurrent nasopharyngeal 
carcinoma significantly enhances therapeutic efficacy 
and improves patients’ life quality compared to single 
chemotherapy [1014]. In lung cancer, triptolide enhances 
the efficacy of EGFR tyrosine kinase inhibitors such as 
gefitinib, erlotinib, and icotinib, which are standard tar-
geted therapies for NSCLC with EGFR mutation cell 
carcinoma [988]. These combinations highlight the ver-
satility of triptolide in cancer therapy, effectively target-
ing key pathways and improving therapeutic outcomes. 
Given the disappointing outcomes of Bcl-2 inhibitor 
ABT-199 monotherapy in chronic lymphocytic leukemia, 
the combination of triptolide with ABT-199 has emerged 
as a promising strategy for acute myeloid leukemia treat-
ment, as it enhances cytotoxicity by effectively targeting 
antiapoptotic proteins (Bcl-2 and Mcl-1), which may help 
improve therapeutic efficacy [1015]. Therefore, the com-
bination of triptolide with chemotherapy, targeted thera-
pies, and apoptosis-inducing agents has demonstrated 
significant potential in enhancing treatment outcomes, 
overcoming drug resistance, and improving patients’ 
quality of life across various cancer types. The synergis-
tic effects of triptolide when used alongside other medi-
cations, such as EGFR inhibitors in lung cancer, TRAIL 
receptor agonists in renal cell carcinoma, and Bcl-2 
inhibitors in leukemia, further highlight its therapeutic 
promise.

Triptolide derivatives inhibit cancer progression
Due to its water-insolubility and high cytotoxicity, trip-
tolide derivatives have been developed to enhance the 
therapeutic efficacy and safety profile of the parent com-
pound by addressing issues such as high toxicity and poor 
solubility. These modifications include mitochondrial-
targeting strategies, such as conjugation with lipophilic 
cations (e.g., TPP+ or F16) for selective accumulation in 
tumor mitochondria, and biomimetic delivery systems 
like adipocyte-encapsulated triptolide derivatives com-
bined with photosensitizers for melanoma treatment 
[1016]. Derivatives like LA67, triptolide-succinic acid 
ester, and compound 33 demonstrate increased bioavail-
ability, targeted cytotoxicity, and innovative therapeutic 
options, including photodynamic therapy and NO-
releasing capabilities, thus broadening triptolide’s clinical 

application potential in cancer treatment [1017, 1018]. 
Additionally, biomimetic delivery systems like pTP-Ce6-
Apo, where adipocytes encapsulate a palmitic acid-con-
jugated triptolide derivative (pTP) and a photosensitizer 
(Ce6), enable cytotoxic and photodynamic effects spe-
cifically in melanoma cells [1019]. Thus, triptolide 
derivatives can overcome the solubility and cytotoxicity 
limitations of the parent compound, enhancing bioavail-
ability, targeting specificity, and reducing toxicity, while 
also providing innovative therapeutic modalities such as 
photodynamic therapy and optical imaging capabilities 
for improved cancer treatment outcomes.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of triptolide
Triptolide exhibits significant anti-cancer effects as 
revealed through various omics studies. RNA sequencing 
and RNAPII-ChIP-Seq analyses demonstrate triptolide’s 
biphasic impact on gene expression in pancreatic cancer 
(MIA PaCa-2) cells and cancer-associated fibroblasts, 
highlighting transcriptional down-regulation and spe-
cific alterations in histone acetylation [1020, 1021]. In an 
oncogenesis model (MCF10A-ErSrc), triptolide induces 
both down-regulation and up-regulation of tumorigen-
esis-associated genes, illustrating its complex regulatory 
influence [1022]. Metabolomics in CT26 tumor-bear-
ing mice identifies alterations in amino acid and ketone 
body metabolism, with potential biomarkers indicating 
triptolide’s multifaceted impact on tumor metabolism. 
Additionally, proteomics reveals 54 triptolide-interacting 
proteins, including Annexin A1 and Peroxiredoxin I/II, 
suggesting novel therapeutic strategies for colon cancer 
[1023]. Collectively, by employing a multi-dimensional 
omics strategy, the intricate effects of triptolide on can-
cer cells have been meticulously characterized. The syn-
thesis of this comprehensive analysis positions triptolide 
as a potent candidate for oncotherapy, harnessing its 
mechanisms that span across transcriptional modulation, 
metabolic reengineering, and the precise engagement of 
oncogenic proteins. By taking these three steps, precision 
oncology can advance in novel ways.

Investigating triptolide anti‑cancer effects through drug 
delivery system
Recent developments in nanocarrier systems for trip-
tolide have significantly advanced the treatment of 
tumor, such as liver cancer and malignant mesothe-
lioma and leukemia. One approach involves a biomi-
metic nano-system that combines cancer cell-platelet 
hybrid membranes to co-deliver sorafenib and triptolide, 
achieving targeted delivery and prolonged circulation, 
which enhances tumor cell apoptosis and synergistic 
effects [1024]. Another innovation is the platinum/gold 



Page 60 of 91Cui et al. Chinese Medicine           (2025) 20:82 

bimetallic nanoshell-coated triptolide liposomes (Pt@
Au-TP-Lips), which utilize near-infrared light for che-
mophotothermal therapy, demonstrating higher pho-
tothermal conversion efficiency and substantial tumor 
growth inhibition [1025]. Additionally, a pH/ROS dual-
responsive nanoparticle system for co-delivery of TP and 
the photosensitizer Chlorin e6 (Ce6) amplifies the effects 
of chemo-photodynamic therapy by enhancing oxidative 
stress and facilitating drug release in the tumor micro-
environment [1026]. Moreover, an antibody–drug con-
jugate combining the anti-CD26 monoclonal antibody 
YS110 with triptolide (Y-TR1) selectively targets CD26-
positive cancer cells (malignant mesothelioma and leu-
kemia), effectively inhibiting RNA polymerase II activity 
[1027]. Together, these innovative nanocarrier strategies 
highlight the potential for improving liver cancer treat-
ment through enhanced therapeutic efficacy and reduced 
toxicity. To address the limitations of triptolide’s phar-
macokinetics and toxicity, a novel antibody–drug conju-
gate, Cet-triptolide, is developed for targeted delivery to 
EGFR-overexpressing cancers, showing enhanced tumor-
specific cytotoxicity and reduced toxicity compared to 
triptolide or cetuximab alone [987]. The triptolide nano-
particle with a CRPPR peptide-modified micelle to tar-
get the tumor microenvironment, following the priming 
action of a-mangostin-loaded nanoparticles that target 
CAFs and disrupt TGF-β signaling, leading to robust 
tumor growth suppression through a sequential target-
ing approach [1028]. The development of galactosylated-
chitosan-triptolide-nanoparticles (GC-TP-NPs) for liver 
cancer enhanced antitumor efficacy by inducing apopto-
sis through the TNF/NF-κB/Bcl-2 pathway, while mini-
mizing systemic side effects [1029]. Overall, nanocarrier 
systems for triptolide, including antibody–drug conju-
gates and targeted nanoparticles, show great promise in 
enhancing therapeutic efficacy and minimizing toxicity. 
Future research should focus on optimizing these deliv-
ery methods to maximize triptolide’s potential in clinical 
oncology.

Overall, triptolide orchestrates multi-front tumor sup-
pression by reshaping the immune microenvironment, 
subverting drug resistance, and provoking autophagy-or 
ferroptosis-related cell death. It tampers with key sig-
nals, including IL-6/STAT3, NF-κB, and ERK1/2, to limit 
immunosuppressive macrophages and disable cancer-cell 
survival pathways. Although its inherent toxicity con-
strains clinical use, novel derivatives and smart delivery 
vehicles (e.g., nano-formulations and antibody–drug con-
jugates) have expanded triptolide’s therapeutic window. 
Multi-omics analyses further reveal extensive transcrip-
tional, metabolic, and protein-network remodeling, sug-
gesting deeper translational opportunities across diverse 
malignancies.

Ursolic acid (UA)
UA, a hydroxy pentacyclic triterpene acid, is prevalent 
in various plants such as Crataegi fructus or Cratae-
gus pinnatifida (Shanzha in Chinese) [1030, 1031]. This 
compound showcases a wide array of pharmacological 
effects, including anti-cancer, anti-bacterial, antioxidant, 
and anti-diabetic properties [1032]. It is particularly 
noted for its extensive anti-cancer capabilities, proving 
effective against a diverse range of cancers, including 
lung, breast, colon, prostate, stomach, and liver cancers, 
as well as melanoma [899, 1033]. The robust anti-cancer 
properties of UA are ascribed to its capacity to suppress 
tumor cell proliferation, facilitate apoptosis, induce cel-
lular autophagy, and specifically target drug-resistant 
cancer cells [1034, 1035]. In silico analysis of UA binding 
to key EMT markers, including Snail, Slug, and Fibronec-
tin, using quantum-polarized-ligand (QM/MM) docking, 
shows strong binding affinities and interactions, support-
ing its potential as an anticancer agent by regulating these 
markers in breast cancer [1036]. Moreover, in zebrafish 
models, UA significantly inhibits the growth and metas-
tasis of breast cancer without causing detectable toxicity, 
supporting its potential as a therapeutic agent for breast 
cancer [1037]. Currently, UA nanoliposomes are under-
going clinical trials for various applications, including 
treatments for liver cancer (CTR20230593), gastric can-
cer (CTR20140180), and colon cancer (CTR20140395). 
The following discussion will concentrate on UA’s anti-
cancer properties and mechanisms.

UA improves tumor immunity
UA has shown promising immunomodulatory effects in 
breast and colon, liver cancers by interacting with a vari-
ety of immune cell types and in modulating the tumor 
microenvironment [1038, 1039]. In breast cancer, UA 
inhibits cancer progression by augmenting the population 
of immune cells, promoting apoptosis, and restraining 
tumor-promoting immune cells, thereby regulating the 
tumor microenvironment [1040–1042]. It also inhibits 
breast cancer (4T1) tumor growth by reducing the num-
ber of Treg and MDSCs in tumor tissue through inhibit-
ing STAT5 phosphorylation and IL-10 secretion [1043]. 
In addition, UA improves the tumor microenvironment 
by regulating tumor-associated fibroblasts (CAFs) in the 
tumor microenvironment, and it inhibits proliferation, 
migration and invasion of cancer cells by down-regulat-
ing the secretion of CXCL12 and decreasing the protein 
expression of CXCR4 and CXCR7 on the surface of colon 
cancer (HCT 116 and SW480) cells [1044]. Therefore, 
by targeting immune cell populations such as Tregs and 
MDSCs and modulating signaling pathways that regulate 
tumor cell migration and immune suppression, UA offers 
a promising strategy for enhancing anti-tumor immunity.
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UA reverses tumor drug resistance
UA exhibits the ability to reverse multidrug resistance in 
cancer cells through various mechanisms. It can enhance 
the anti-tumor effects of drugs like first-line molecular 
drugs (adriamycin, cisplatin, and paclitaxel) and targeted 
drugs (sorafenib) in breast cancer (MCF-7 and MDA-
MB-231), ovarian cancer (SK-OV-3 and A2780), osteo-
sarcoma (HOS and 143B), lung cancer (A549), and liver 
cancer (Hep G2) cells [1045].

Adriamycin remains a prevalent therapeutic agent for 
breast cancer (MCF-7/ADR); however, MDR poses sig-
nificant challenges in its efficacy, with UA emerging as 
a potential modulator of this resistance [1046]. Further-
more, UA has demonstrated the capacity to potentiate 
adriamycin’s anti-tumor effects by inhibiting prolifera-
tion and migration of breast cancer (MDA-MB-231/DOX 
and MCF-7/ADR) cells, as well as by inducing mitochon-
drial dysfunction via the AMPK/mTOR/PGC-1α sign-
aling pathway [1047]. Besides, in studies on adriamycin 
resistance in ovarian cancer, UA has been linked to the 
HuR/MDR1 axis, where it not only mitigates resist-
ance but also enhances the sensitivity of ovarian cancer 
(SK-OV-3 and A2780) cells to adriamycin [1048]. UA 
enhances the anti-tumor effects of cisplatin through 
multiple mechanisms. In osteosarcoma (HOS and 143B) 
cells, UA promotes autophagic degradation of ferritin, 
leading to iron overload, lipid peroxidation, and ferrop-
tosis, thereby increasing cisplatin’s effectiveness [1049]. 
Additionally, in lung cancer (A549) cells, UA inhibits the 
JAK2/STAT3 pathway, reducing cancer stem cell marker 
expression and tumor stem cell populations, which sen-
sitizes these cells to cisplatin [1050]. Paclitaxel is also a 
common drug used in the treatment of breast cancer. UA 
enhances paclitaxel sensitivity in breast cancer (MDA-
MB-231/PTX) cells by up-regulating miR-149-5p, which 
down-regulates MyD88 protein expression and reverses 
drug resistance [1051]. Additionally, by down-regulating 
ING5 protein expression and inhibiting the PI3K/AKT 
signaling pathway, UA reverses liver cancer (Hep G2) 
cells resistance to sorafenib [1052]. Overall, UA demon-
strates a broad capacity to reverse multidrug resistance 
in various cancer types, thereby enhancing the efficacy 
of common chemotherapy and targeted drugs. Through 
mechanisms such as inhibition of drug efflux pumps, 
modulation of metabolic pathways, regulation of miR-
NAs, and manipulation of key signaling pathways, UA 
sensitizes cancer cells to drugs like adriamycin, cisplatin, 
paclitaxel, and sorafenib.

UA suppresses cancer growth by regulating the processes 
of autophagy and ferroptosis
UA exhibits a unique mechanism of action inhibiting 
cancer growth, which is particularly critical through the 

regulation of autophagy and ferroptosis processes. Grow-
ing evidence shows that UA induces autophagy and fer-
roptosis in esophageal squamous cell carcinoma (TE-8 
and TE-12), colon cancer (HCT-8/5-FU), breast cancer 
(MDA-MB-231 and BT-549) and osteosarcoma (HOS 
and 143B) cells [899, 1053]. One of the key mechanisms 
of UA involves regulating autophagy, a cellular process 
that can either promote or inhibit cancer progression, 
depending on the cellular environment and the type of 
cancer [1054, 1055]. UA regulates live ROS-mediated 
autophagy through the AKT/mTOR signaling pathway, 
and acts on esophageal squamous cell carcinoma (TE-8 
and TE-12) cells to inhibit proliferation, migration, inva-
sion, and induce apoptosis [1056]. Furthermore, UA 
regulates autophagy by inhibiting mTOR phosphoryla-
tion, and acts on 5-FU-resistant human colon cancer 
(HCT-8/5-FU) cells to induce apoptosis and autophagy, 
inhibit proliferation, and reverse multidrug resistance in 
cancer cells, which provides a rationale for colon cancer 
treatment [1057]. It also inhibited autophagosome matu-
ration in breast cancer (MCF-7) cells, impaired cellular 
lipid homeostasis and lysosomal membrane integrity, and 
combined with cationic amphiphilic drugs could enhance 
the killing effect on breast cancer [1058].

UA inhibits the proliferation of triple-negative breast 
cancer (MDA-MB-231 and BT-549) and progression of 
osteosarcoma (HOS and 143B) cells by inducing ferrop-
tosis [1049, 1059]. UA induces iron death by inhibiting 
the NRF2 pathway and acts on MDA-B-231 and BT-549 
cell-derived triple-negative breast cancer stem-like cells 
(BCSCs), effectively reducing their stemness character-
istics and proliferative capacity, and inhibiting the cell 
proliferation of BCSCs in  vitro and in  vivo [1059]. In 
osteosarcoma (HOS and 143B), UA acts synergistically 
with cisplatin to activate autophagic degradation of fer-
ritin, leading to intracellular accumulation of iron ions, 
generating lipid peroxidation and triggering iron death 
[1049]. Thus, UA promotes autophagic cell death and 
triggers ferroptosis, establishing it as a promising thera-
peutic agent in cancer treatment. By modulating critical 
pathways like AKT/mTOR in autophagy and NRF2 in 
ferroptosis, UA exhibits substantial anti-cancer effects 
across various types of cancer.

UA suppresses cancer progression via classical modalities
UA regulates cancer cell proliferation through induc-
ing cell cycle at G0/G1, S, and G2/M phases in various 
cancer types, including breast, prostate, colon, and liver 
cancers. UA inhibits cancer progression through the 
regulation of classical ways like inducing cell cycle arrest 
and cell apoptosis [1060, 1061]. UA inhibits breast can-
cer (MCF-7) cell proliferation by up-regulating protein 
expression of p53 and p21, and down-regulating that of 
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CDK4, Cyclin D, CDK2, and cyclin E in the G0/G1 phase 
[1062]. In NSCLC (A549 and H460) cells, UA inhibits 
the EGFR/JAK2/STAT3 pathway to reduce tumor angio-
genesis, migration and invasion, promote apoptosis and 
induce cell cycle arrest at G0/G1 phase [1063]. In colon 
cancer (SW480 and HCT 116), UA induces cell cycle 
arrest at the G0/G1 phase and promotes cell apoptosis. 
It enhances apoptosis by activating ROS and up-regulat-
ing the protein expression of Bax and down-regulating 
Bcl-2 protein level [1064]. In breast cancer (MCF-7), it 
induces cell cycle arrest at the G2/M cell phase, increases 
ROS levels and inhibits the PI3K/AKT signaling path-
way, thereby promoting apoptosis, and also accelerates 
apoptotic processes by down-regulating Bcl-2 and up-
regulating Bax protein expression [1034]. UA inhibits 
papillary thyroid carcinoma (IHH-4 and TPC-1) cells 
by classical mechanisms, which inhibits EMT by down-
regulating fibronectin-1 (FN1), blocks invasive behaviors 
of cancer cells, reduces the protein expression of Bcl-2, 
and activates Caspase-3, which further promotes apop-
tosis [1065]. Therefore, UA demonstrates potent anti-
cancer effects through classical mechanisms, primarily 
by inducing cell cycle arrest and promoting apoptosis. 
By modulating key signaling pathways such as p53, PI3K/
AKT, EGFR/JAK2/STAT3, and Bax/Bcl-2, UA effectively 
inhibits cancer cell proliferation, migration, and invasion, 
while enhancing apoptosis.

UA combined with other medications for cancer treatment
UA can play a role in colon, stomach, prostate, liver, and 
lung cancer cells by combining first-line chemothera-
peutic agents and natural products [1066]. UA is com-
bined with other drugs in the treatment of cancer, it 
mainly works by inhibiting cancer cell migration, induc-
ing apoptosis and mitochondrial autophagy, inhibiting 
the expression of tumor stem cell markers, increasing 
the anti-tumor efficacy of the drugs, and decreasing drug 
resistance in cancer cells [1067–1069]. UA is combined 
with the first-line chemotherapeutic drug Adriamycin, 
it can target and inhibit the AKT signaling pathway and 
activate the Hippo signaling pathway, reducing drug 
resistance, increasing apoptosis, inhibiting colon cancer 
(HCT 116) cell migration, and decreasing tumorigenesis 
[1069, 1070]. UA can act in combination with sorafenib 
on a variety of human cancer (e.g., AGS, HCT 116, PC-3, 
Hep G2, and SMMC-7721) cells. It has potential anti-
tumor effects in vivo by influencing the expression of the 
anti-apoptotic protein Mcl-1, reducing the potential of 
the mitochondrial membrane, triggering autophagy, and 
other mechanisms [1071, 1072]. Additionally, combin-
ing UA with oleanolic acid can down-regulate the MMPs 
pathway to inhibit colon cancer (HT-29 and SW620) cell 
migration and enhance cancer cell death by inducing 

mitochondrial autophagy [1067]. This combination also 
potentially inhibits cancer cells by down-regulating the 
AKT/mTOR signaling pathway, activating the antioxi-
dant response of NRF2 and affecting the intracellular 
autophagy mechanism in lung cancer (A549) cells [1068]. 
Thus, by enhancing the effects of chemotherapeutic 
agents such as adriamycin and sorafenib, and natural 
compounds like oleanolic acid, UA contributes to the 
inhibition of cancer cell migration, induction of apop-
tosis, and mitochondrial autophagy. Additionally, UA’s 
ability to target key signaling pathways, including AKT, 
mTOR, and NRF2, enhances the anti-tumor efficacy 
of the combination therapies, while also reducing drug 
resistance.

UA derivatives inhibit cancer progression
Notable derivatives such as UA232 and UA derivatives 
substituted at the C-3 position are fascinating advance-
ments that expand UA’s potential in fighting breast and 
cervical cancers. Such structural modifications increase 
the selectivity and potency of these compounds, present-
ing new potential directions and applications for can-
cer therapy [1073–1077]. UA232 is chemically modified 
and synthesized to inhibit lung cancer (H460 and A549) 
cell proliferation by activating the PERK-eIF2a-CHOP 
pathway and inducing endoplasmic reticulum stress 
[1078]. In addition, UA232 activates the PERK/ATF4/
CHOP pathway, triggers endoplasmic reticulum stress-
associated apoptosis, and promotes lysosome-dependent 
cell death by increasing lysosomal membrane perme-
ability, thereby effectively inhibiting the proliferation of 
breast cancer (MCF-7) and cervical cancer (HeLa) cells 
[1075]. Besides, a series of UA derivatives with different 
amino acid and dipeptide substitutions at the C-3 posi-
tion, MDA-MB-231, are synthesized, and some of these 
derivatives (e.g., 4c, 7a, 10a) shows high cytotoxicity 
against triple-negative breast cancer (MDA-MB-231) 
cells, and inhibits cancer cell proliferation and migration, 
induces apoptosis and autophagy through various path-
ways [1079]. Therefore, UA derivatives, including UA232 
and C-3 substituted derivatives, significantly expand the 
therapeutic potential of UA in cancer treatment. These 
derivatives exhibit enhanced potency and selectivity, ena-
bling them to effectively inhibit cancer cell proliferation, 
migration, and metastasis through mechanisms such as 
the activation of the PERK/eIF2α/CHOP pathway, induc-
tion of ER stress, and lysosome-dependent cell death.

Application of multi‑omics techniques to investigate 
the anti‑cancer properties of UA
The application of multi-omics techniques has brought 
new research opportunities for UA research. UA inhib-
its breast cancer (MCF-7) cell proliferation through 
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multilevel regulation. Metabolomic and epigenetic analy-
ses showed that UA modulates metabolite levels, alters 
gene methylation patterns, and affects key signaling 
pathways such as RAF/ERK and IKK/NF-κB in cancer 
cells [1080]. In prostate cancer (VCaP) cells, UA regu-
lates critical metabolites and signaling pathways, such as 
S-adenosylmethionine (SAM), glycolysis, and phospho-
lipid metabolism, while RNA sequencing indicates UA’s 
impact on pathways related to cancer metastasis and oxi-
dative stress [1081]. As a result, by regulating key metab-
olites, gene methylation patterns, and signaling pathways 
involved in cancer cell growth, metabolism, and metas-
tasis, UA shows promise as a multifaceted therapeutic 
agent.

Investigating UA anti‑cancer effects through drug delivery 
system
UA has potential for clinical application as an anti-
tumor agent; however, effective targeting of tumors 
remains challenging due to limitations such as poor 
water solubility, rapid plasma clearance and low tar-
geting efficiency. To overcome these challenges, recent 
studies have focused on improving the therapeu-
tic efficacy of UA in colon, breast and lung cancers 
using DDS via nanoparticle encapsulation, polymeric 
micelles and hydrogels [1082]. Nanoparticle-based 
UA drug delivery system UA/(AS-IV)@PDA-HA syn-
ergistically inhibits the proliferation and metastasis of 
NSCLC (CTC-TJH-01 and A549) cells by chemother-
apy, PTT and immunotherapy, demonstrating good 
biocompatibility and tumor targeting [1083]. UA can 
be synthesized into polyursolic acid (PUA) by polycon-
densation reaction, and the self-assembly of this PUA 
with paclitaxel can form PUA-NPs@PTX nanopar-
ticles, and this PUA-NPs@PTX can be retained for a 
longer period of time in CT26 hormone mice, which 
has strong anti-tumor effects on colon cancer (CT26) 
cells [1084]. Furthermore, UA and the pharmaceuti-
cal agent 5-fluorouracil (5-FU) can be utilized in a 
nano-delivery system, which is prepared through a 
pore space allocation strategy to regulate the release of 
both substances. This approach consequently results 
in a more pronounced inhibitory effect on breast can-
cer (4T1) cells [1085]. Besides, in breast cancer cell 
(MCF-7/ADR), the inhibitory effect of adriamycin 
hydrochloride on drug-resistant tumors is enhanced 
by constructing micelles with mitochondria-targeting 
and ROS-sensitive functionality (TDTD@ UA/HA) 
and inhibits the proliferation of drug-resistant breast 
cancer cells [1086]. In the hydrogel delivery system, 
UA can be constructed with cisplatin (DDP) as a co-
loaded pectin/cellulose hydrogel, which acts on mouse 
lung cancer (LA795) cells to inhibit the proliferation, 

migration and promote apoptosis of lung cancer cells 
by inhibiting the TMEM16A, regulating the MAPK 
and EMT signaling pathways and other mechanisms 
[1087]. Therefore, nanoparticle encapsulation, poly-
meric micelles, hydrogels, and other formulations have 
addressed the challenges of poor solubility, rapid clear-
ance, and low targeting efficiency, making UA a more 
viable option for clinical use. These innovative delivery 
systems improve the bioavailability and targeted deliv-
ery of UA to tumor sites, enhancing its anti-cancer 
effects in various cancer types.

In sum, UA orchestrates diverse anti-cancer mecha-
nisms from reconfiguring the tumor immune land-
scape and reversing multidrug resistance to provoking 
autophagy, and ferroptosis-driven cell death. By modu-
lating critical pathways (e.g., AKT/mTOR, JAK/STAT, 
and NRF2) in tandem with Tregs, MDSCs, and fibro-
blasts, it dampens tumor progression while enhancing 
chemotherapy responsiveness. Recent innovations in 
nano-formulations and hydrogels circumvent its solu-
bility barriers, enabling potent synergy with conven-
tional therapies. Multi-omics evidence underscores 
UA’s broad regulatory impact, emphasizing its potential 
for robust tumor suppression across multiple cancers.

Conclusion
This review highlights the potential of natural anti-cancer 
products derived from herbal medicine, underscoring 
their diverse pharmacological properties and mecha-
nisms of action. Compounds such as apigenin, arte-
misinin, berberine, and curcumin, among others, have 
demonstrated significant immunomodulatory, anti-pro-
liferative, pro-apoptotic, and anti-metastatic effects, both 
in vitro and in vivo. These natural products hold prom-
ise for the development of novel anti-cancer therapies, 
potentially as standalone treatments or in synergy with 
existing therapies to enhance efficacy and reduce side 
effects. They exhibit multi-target and multi-mechanism 
anti-cancer actions, including direct cytotoxicity against 
tumor cells, suppression of tumor growth and metastasis, 
immunomodulation, and enhancement of chemotherapy 
effectiveness, along with reduced treatment-related side 
effects.

However, several challenges remain, including variabil-
ity in the quality of herbal extracts, limited clinical data 
supporting their effectiveness, and the need for more 
rigorous pharmacokinetic and pharmacodynamic stud-
ies. Addressing the bioavailability and pharmacokinetic 
limitations of these natural compounds is also crucial for 
improving their targeted therapeutic effects on tumor tis-
sues. Emerging DDS, such as nanoparticles, micelles, and 
affinity hydrogels, have successfully enhanced the target-
ing and efficacy of certain natural products like UA.
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In addition, integrating multi-omics technologies 
has allowed deeper insights into the molecular net-
works underlying the actions of natural compounds. 
For instance, metabolomics and methylation analyses 
have revealed the metabolic reprogramming and epi-
genetic regulatory effects of UA on cancer cells. The 
research methodologies typically employed in oncology 
pharmacology—including efficacy assays, omics pre-
dictions, target verification, and drug modification—
culminate in integrating the unique characteristics of 
these compounds with advanced DDS to optimize clini-
cal application. Figure  3 presented in this paper pro-
vides a standardized research strategy to guide future 
investigators.

Until now, small molecules in herbal medicines have 
been relatively well-studied, but they are very low pro-
portion of the components in herbal medicines. Even 
though polysaccharides have captured significant 
research interests, numerous components within herbal 
medicines, including proteins, lipids, and nucleic acids, 
await comprehensive exploration. Emerging evidence 
indicates that the plant-derived exosomes have promis-
ing avenues and offer unique opportunities for the inno-
vation and development of herbal medicines. Future 
studies should prioritize standardized extraction pro-
tocols, rigorous clinical trials, mechanistic studies, and 
the application of machine learning to fully harness the 
therapeutic potential of natural products from herbal 
medicines. Ultimately, these efforts aim to integrate natu-
ral substances into standard cancer treatment regimens, 
providing a holistic approach that complements and 
enhances contemporary oncological practices. The fusion 
of traditional herbal wisdom with advanced scientific 
technologies promises a new chapter in cancer therapy, 
potentially improving patient survival rates and quality of 
life.
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