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Abstract 

Colorectal cancer (CRC) is the third most predominant cancer caused by genetic, environmental and nutritional fac‑
tors and is the world’s second most significant cause of cancer-related mortality. During the process of tumor metas‑
tasis, firstly, cancer cell increases its proliferative capacity by reducing autophagy and apoptosis, and then the cancer 
cell capacity is stimulated by increasing the ability of tumors to absorb nutrients from the outside through angio‑
genesis. Both of the two steps can increase tumor migration and invasion. Finally, the purpose of tumor metastasis 
is achieved. By inducing autophagy and apoptosis of tumor cells, blocking the angiogenesis and inhibiting EMT 
outside the tumor can reduce the invasion and migration of cancer, and consequently achieve the purpose of inhib‑
iting tumor metastasis. Traditional Chinese Medicine (TCM) has the characteristics of multiple targets, slight side 
effects and good therapeutic effects. Research of the anticancer effect of Polyphenolic in TCM has made considerable 
progress in recent years. This review explores the research achievements of Polyphenolic in TCM on CRC metastasis 
in the past ten years, summarizes the development direction of Polyphenolic in TCM on CRC metastasis research 
in the past ten years and makes a prospect for the future.
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Graphical Abstract

1  Introduction
CRC is one of the most dangerous malignancies, spread-
ing to the liver, lungs, ovaries, and other parts of the gas-
trointestinal system [1]. According to GLOBOCAN 2022 
data, there were approximately 19.9 million new cancer 
cases and 9.7 million cancer-related deaths worldwide, 
with CRC accounting for around 1.14 million (5.7%) of 
the new cases and 0.54 million (5.5%) of the deaths. These 

statistics underscore a significant projected increase 
in cancer diagnoses, with the global incidence of CRC 
expected to approximately quadruple by 2050. Paralleled 
with the advances in surgical and allied specialties, the 
increasing number of effective drugs for colorectal cancer 
has led to substantial improvement of overall survival [2], 
the 5-year relative survival remains poor at only 65% [3]. 
The odds are worse for patients with metastatic disease 
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as their 5-year survival rate is less than 20% [4], and 
90% of cancer deaths are due to metastasis [5, 6]. Can-
cer metastasis represents the process of malignant tumor 
cells leaving the primary lesion, penetrating through 
the vessels and entering the host’s blood circulation and 
lymphatic circulation, or directly spreading through the 
body cavity, reaching the distant site and continuing to 
proliferate and grow, eventually forming the same type 
of tumor as the primary lesion [7]. Tumor metastasis is 
an important indicator of the development of malignancy 
[8]. Inhibiting tumor metastasis can inhibit tumor cells 
from metastasizing to other parts of the body, and thus 
delay tumor deterioration [9].

In the process of tumor metastasis, for cancer cells, 
the phenomenon of autophagy and apoptosis inhibition 
will occur, so that the cells acquire more ability of divi-
sion and proliferation. Autophagy indicates the process 
in which cytoplasmic proteins or organelles are encap-
sulated into vesicles of cells, and then form autophago-
lysosomes with lysosomes and degrade their contents. 
Moderate autophagy can effectively promote cellular 
growth, while excessive autophagy will kill cells. Apopto-
sis is the programmed death of cells. If cells show senes-
cence or abnormality, the cell will start a self-destructive 
procedure leading to die naturally. The regulatory mech-
anism in the cancer cell has mutated so that apoptosis 
cannot occur. Tumor cells accumulate nutrients through 
angiogenesis, and then undergo epithelial-mesenchymal 
transition (EMT). Angiogenesis provides tumor cells 
with sufficient nutrients to accelerate the growth of 
tumor cells. The blood vessels surrounding the tumor are 
weaker than the walls of ordinary blood vessels, which 
allows tumor cells to pass through the wall into the blood 
and metastasize [10] (Fig.  1). Folkman found that solid 
tumor growth is always followed by neovascularization 
and suggested that tumor angiogenesis is necessary for 
tumor progression [11, 12]. Tumor vessels are not identi-
cal to normal vessels in morphology or function [12] High 
expression of pro-angiogenic factors by tumor cells acts 
on the vascular network to supply nutrients and oxygen 
[13] (Fig. 2). EMT refers to the process of converting can-
cer cells from epithelial cells to mesenchymal ones. This 
makes cancer cells lose epithelial characteristics such 
as intercellular adhesion and cell polarity, and acquire 
mesenchymal traits, including movement, invasion, and 
resistance to apoptosis. EMT changes the type of tumor 
cells, improves the ability to degrade the matrix, and 
weakens the intercellular binding force. Therefore, the 
transformed tumor cells have stronger ability to metas-
tasize and invade, and are more likely to survive in the 
blood, which is related to drug resistance. EMT makes 
tumor cells detach from the primary or metastatic foci to 
form new secondary metastatic foci. Therefore, EMT is 

considered to be an important process for tumor cells to 
spread into blood circulation [14, 15]. Mitochondria also 
plays an important role in the process of tumor metasta-
sis, involving in many important biological processes in 
the cell, it can provide energy for cell proliferation, regu-
late cell metabolism, control the generation of ROS [16] 
and influence the apoptosis of cancer cells through mito-
chondrial apoptosis [17]. The TME is a heterogeneous 
collection of cancer cells, cancer-associated fibroblasts 
(CAFs), immune/inflammatory cells [e.g., tumor-asso-
ciated macrophages (TAMs), T cells, natural killer (NK) 
cells, myeloid-derived suppressor cells (MDSCs)], adipo-
cytes, neurons, endothelial cells, secreted factors, and the 
extracellular matrix (ECM) that they secrete and mold 
into the extracellular space [18]. A series of cytokines, 
chemokines, growth factors, exosomes, and other signal-
ing molecules interact with each other and constitute a 
network within the TME to give tumor the ability to sus-
tain and survive the increased stress, leading to cancer 
metastasis, immune suppression, abnormal angiogenesis, 
and drug resistance [19–23]. CAFs are key components 
of the TME with diverse functions, including matrix dep-
osition and remodeling, reciprocal signaling interactions 
with cancer cells, and crosstalk with infiltrating immune 
cells [24]. CAFs play a protumorigenic role in CRC by 
secreting factors to sustain cell proliferation, evade cell 
death, and recruit immune cells, making CAFs a poten-
tial target for. Therefore, to effectively suppress tumors 
metastasis, it is crucial to induce autophagy and promote 
apoptosis in tumor cells, thereby inhibiting their prolifer-
ative, migratory, and invasive capabilities. Furthermore, 
targeting tumor angiogenesis and suppressing tumor cell 
EMT are essential strategies. Tumor metastasis can also 
be suppressed by regulating the function of tumor cell 
mitochondria and TME [10].

With the continuous advancement in understand-
ing the mechanisms of cancer, numerous therapeu-
tic approaches for colon cancer have been established, 
including chemotherapy, radiotherapy, surgery, gene 
therapy, and immunotherapy. However, chemother-
apy and radiotherapy are often associated with severe 
adverse effects. Although surgery can significantly 
prolong patient survival, it may substantially compro-
mise postoperative quality of life. In clinical practice, 
gene therapy and immunotherapy have yet to be widely 
adopted. Traditional Chinese Medicine (TCM) can serve 
as an adjunct to chemotherapy and radiotherapy, allevi-
ating severe adverse reactions, improving quality of life, 
and potentially enhancing therapeutic efficacy [25, 26]. 
Additionally, some clinically tested naturally anti-can-
cer bioactive products include vinblastine, vincristine, 
podophyllotoxin, paclitaxel (taxol) and camptothecin 
are employed as a complementary treatment modality 
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[27]. Few secondary plant metabolites such as flavonoids, 
phenolics, terpenoids, saponins, quinones, and alkaloids 
have shown potent chemoprotective activity against CRC 
cells through triggering apoptosis and cell cycle arrest, 
modulation of tumour-suppressive microRNA, inhibition 
of oncogene and anti-apoptotic factor [28]. This review 
focuses on the latest advancements in the use of polyphe-
nolic compounds from TCM for the treatment of colon 
cancer metastasis (Fig. 3).

A total of 734 articles were initially identified from 
PubMed and China National Knowledge Infrastructure 
(CNKI) using keywords such as “traditional Chinese 
medicine,” “Colorectal Cancer,” and “Metastasis,” focus-
ing primarily on studies published within the last ten 
years. A limited number of older references were also 

included. The articles were then screened according to 
their relevance to the research topic, language (English 
and Chinese), and full-text availability. After applying 
these criteria, a final selection of 203 articles was made 
(Fig. 4). Consequently, this review seeks to elucidate the 
role and mechanisms of TCM Polyphenolic in regulating 
metastasis of CRC. The objective is to enhance the clini-
cal application of TCM Polyphenolic and provide a theo-
retical foundation for their use in metastasis of CRC.

2 � Mechanisms of polyphenolic active substances 
in TCM on the metastasis of CRC​

Colorectal cancer cell can migrate to other tissues and 
organs through lymphatic and blood circulation. Direct 
spread mainly include liver, lung and gastric and those 

Fig. 1  The illustration of CRC cells metastasizing through blood vessels. CRC cells cooperatively invade primary tumor sites in conjunction 
with macrophages, neutrophils, and T cells, where tumor-secreted factors subsequently bind to inactive platelets via integrins, thereby enabling 
CRC cell entry into the circulation and subsequent metastatic colonization of distant sites. Created in https://​www.​figdr​aw.​com. ID: WRIIRbdd76

https://www.figdraw.com
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with liver as the primary metastasis account for 30–60% 
and the five-year survival rate after metastasis is only 20% 
[29, 30]. According to the pathological process of CRC 
metastasis, it has been reported that CC metastasis is 
inhibited by TCM through different mechanisms. This 
review has summarized the reported effective mecha-
nisms of TCM, such as inhibiting the EMT, inhibiting 
angiogenesis, promoting apoptosis, induce autophagy, 
inhibiting the proliferation migration, invasion and other 
functions and regulating the function of tumor cell mito-
chondria, shown in Table 1 and Fig. 5, 6.

2.1 � Inhibiting EMT of colon cancer cells by polyphenolics 
TCM

EMT is a critical biological process in the progression 
and metastasis of colorectal cancer. During EMT, epithe-
lial cells lose their polarity and cell–cell adhesion proper-
ties, primarily through the downregulation of E-cadherin 
expression and the disruption of intercellular junctions. 
Concurrently, mesenchymal markers such as N-cadherin 

and Vimentin are upregulated, and the cytoskeleton is 
reorganized to form pseudopodia, enhancing cellular 
motility. Additionally, cancer cells secrete matrix metal-
loproteinases (MMPs), which degrade the extracellular 
matrix (ECM), facilitating cell migration and invasion 
[31]. The regulation of EMT involves multiple signaling 
pathways and transcription factors. Key transcription 
factors include: Snail family (e.g., Snail1, Snail2): These 
factors suppress E-cadherin expression. ZEB family (e.g., 
ZEB1, ZEB2): They inhibit the expression of epithelial 
genes while promoting the expression of mesenchymal 
genes. Twist family (e.g., Twist1, Twist2): These fac-
tors drive the mesenchymal phenotype. Major signaling 
pathways implicated in EMT include: TGF-β pathway: 
TGF-β is a primary inducer of EMT, activating the pro-
cess through both Smad-dependent and Smad-independ-
ent mechanisms. Wnt/β-catenin pathway: Accumulation 
of β-catenin in the nucleus leads to its interaction with 
TCF/LEF transcription factors, promoting the expression 
of EMT-related genes. Notch pathway: Notch signaling 

Fig. 2  The process and principle schematic diagram of angiogenesis in the tumor microenvironment of CRC. The CRC cell mass modulates 
the expression of genes such as PHDs and elF4E1, thereby influencing Growth Factors, Cytokines, and ECM Proteases. This regulation subsequently 
controls the production of MMPs, which generate Angiopoietin 2, bFGF, PDGF, and VEGF. These factors act on blood vessels, inducing the formation 
of new vasculature within the tumor microenvironment. Created in https://​www.​figdr​aw.​com. ID: WWOSS37778

https://www.figdraw.com
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promotes EMT through downstream effectors such as 
Hes1 and Hey1.PI3K/AKT pathway: This pathway stabi-
lizes Snail and Twist transcription factors by inhibiting 
GSK-3β. MicroRNAs (miRNAs) also play a regulatory 

role in EMT: miR-200 family: These miRNAs negatively 
regulate EMT by suppressing ZEB1 and ZEB2 expres-
sion. miR-21: This miRNA promotes EMT-related sign-
aling pathways, including TGF-β and PI3K/AKT [31–34] 

Fig. 3  The schematic diagram of polyphenolic active compounds from Chinese herbs inhibiting colon cancer metastasis and invasion. The 
malignant progression of colonic polyps into colorectal cancer (CRC), followed by the migration and invasion of CRC cells into blood vessels, can be 
counteracted by polyphenolic compounds from TCM. These polyphenolic agents exert anti-angiogenic effects, promote autophagy and apoptosis 
in CRC cells, and suppress their migration and invasion. Created in https://​www.​figdr​aw.​com. ID: WYATSdee87

Fig. 4  Flowchart of the article selection process. Articles were retrieved from PubMed and China National Knowledge Infrastructure (CNKI) using 
the keywords “Colorectal Cancer,” “Metastasis,” and “Traditional Chinese Medicines” published within the last ten years. A small number of references 
were older. A total of 734 articles were identified. After screening for relevance to the research topic, language (English and Chinese), and full-text 
availability, 203 articles were finally included. Created in https://​www.​figdr​aw.​com. ID: OTOWO0e216

https://www.figdraw.com
https://www.figdraw.com
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Fig. 5  Chemical structures of polyphenols. Created in ChemDraw23
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Fig. 5  continued
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Fig. 6  Network diagram illustrating the relationships among polyphenolic compounds, their targets, signaling pathways, and mechanisms 
of action. In this figure, V-shaped symbols represent polyphenolic compounds, square nodes indicate action targets, diamond-shaped nodes 
denote signaling pathways, and circular nodes represent mechanisms of action in inhibiting CRC. Created in Cytoscape

Fig. 7  Contribution of extracellular matrix to EMT. The upregulation of MMPs expression in tumor cells acts on E-cadherin and β-catenin, leading 
to weakened adherens junctions, decreased cell–cell adhesion, and promoting the EMT process in CRC. Vitronectin facilitates EMT progression 
by acting on pathways such as FAK, JNK, PI3K/Akt/β-catenin, MEK, and Erk. Created in https://​www.​figdr​aw.​com. ID: OIYSI99f9d

https://www.figdraw.com
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(Fig.  7). Recently, the possibility that EMT may encom-
pass a range of intermediate states has been proposed. 
This phenotype, referred to as ‘partial EMT’ or ‘hybrid 
EMT’, describes cancer cells that exhibit both mesenchy-
mal and epithelial characteristics due to internalization of 
the epithelial markers rather than transcriptional repres-
sion of the proteins [35, 36]. More than 90% of human 
CRC cell lines exhibit partial EMT, a status that favors 
the formation of cell clusters during CRC dissemination 
[37, 38]. Thus, EMT is a promising target to prevent pri-
mary tumors acquiring invasive properties or to prevent 
recurrence after resection of the tumors and metastases. 
Development of drugs that target the EMT directly is 
challenging due to the plasticity and heterogeneity of the 
various pathways involved. However, potential therapeu-
tic strategies may be to: (i) combine EMT inhibitors with 
conventional chemotherapy agents to overcome pharma-
cological resistance in mCRC; and (ii) use EMT inhibi-
tors in the adjuvant setting to reduce recurrence after 
resection of the tumors [17, 39].

2.1.1 � Polyphenols targeting the TGF‑β/Smad pathway 
in EMT

Danshensu, a polyphenolic compound derived from the 
TCM herb Salvia miltiorrhiza, was demonstrated by Cao 
et  al. to attenuate CRC metastasis and chemoresistance 
via dual regulatory mechanisms. Specifically, Danshensu 
suppresses the activation of the TGF-β/Smad signaling 
pathway and inhibits platelet activation and secretory 
activity within the tumor microenvironment, particularly 
restraining the release of tumor-promoting factors such 
as IL-6, TNF-α, IL-1β, and VEGF. These cytokines are 
associated with driving EMT and fostering chemoresist-
ance in cancer cells [38, 39]. In this study, although 25 μM 
of Danshensu could not directly inhibit the invasion of 
SW620 cacner cells, it was able to interfere with the acti-
vation of platelets by SW620 cancer cells and achieved 
the effects of reducing plateletinduced SW620 cancer 
cell migration and chemoresistance. The pretreatment of 
25 μM Danshensu attenuated the release of IL-1β, IL-6, 
VEGF and TNF-α in the co-cultured platelet-tumor cell 
system, which reduced the effect of platelets on EMT and 
drug resistance of tumor cells. The underlying mecha-
nism that Danshensu interfered with the interactions 
between platelets and tumor cells may be associated 
with the decreased activation of TGF-β/Smad signaling 
pathway. Therefore, Danshensu may emerge as an effec-
tive compound that potentially exerts anti-tumor activity 
through interfering with platelets. At the molecular level, 
Danshensu downregulates EMT-related proteins (e.g., 
N-cadherin and Vimentin) while significantly enhanc-
ing the expression of the epithelial marker E-cadherin, 

effectively reversing EMT progression [40], by blocking 
EMT dynamics, Danshensu disrupts tumor cell plasticity, 
thereby impeding metastatic dissemination and restoring 
chemotherapeutic sensitivity in colorectal cancer models. 
The alleviation of tumor cell hypoxia following treatment 
with danshensu alone was not observed in this study, the 
reason may be associated with drug dose or frequency of 
drug administration, so additional study is required to 
clarify this point.

Resveratrol, a non-flavonoid polyphenolic compound 
derived from traditional medicinal plants such as Rubus 
(raspberry) and other botanical sources, has been char-
acterized as an EMT inhibitor. Ji et  al. demonstrated 
that resveratrol significantly suppresses metastatic dis-
semination in CRC models, as evidenced by its inhibi-
tion of both tail vein-injected CRC cell colonization and 
metastasis from orthotopic colon tumors in mice. Mech-
anistic investigation revealed resveratrol’s ability to abro-
gate TGF-β1-induced EMT through suppression of the 
canonical Smads signaling pathway [41].

Magnolol, a principal polyphenolic bioactive compo-
nent isolated from Magnolia officinalis bark [42], was 
demonstrated by Chei et al. to suppress EMT progression 
in CRC via TGF-β signaling pathway interception and 
cell cycle redistribution [43].

2.1.2 � Polyphenols targeting the Wnt/β‑catenin pathway 
in EMT

Curcumin, a polyphenolic compound derived from the 
rhizomes of Curcuma longa, has demonstrated multifac-
eted mechanisms to inhibit the EMT in CRC and regu-
late metastasis. Studies by Zhang and Li revealed that 
curcumin upregulates the expression of the epithelial 
marker E-cadherin while downregulating mesenchymal 
markers including vimentin, N-cadherin, and β-catenin 
[44, 45]. In the current study, different concentrations of 
curcumin were used for 24  h in SW620 cells. Founding 
that curcumin has a strong inhibitory effect on the Wnt 
signaling pathway and EMT. However, these anti-meta-
static effects remain to be elucidated. Katoh et al. further 
demonstrated that curcumin enhances NKD2 expression 
[46], thereby suppressing Wnt signaling pathway activa-
tion [47, 48] and CXCR4 expression [49, 50], ultimately 
inhibiting tumor cell EMT and reducing hepatic, pul-
monary, and peritoneal metastases [51]. In the present 
study, migration triggered by TPA was found to be sup-
pressed by curcumin, confirming that curcumin inhib-
its TPA-induced Wnt signaling activation. In addition, 
curcumin was observed to suppress tumor growth and 
microvessel density by blocking the Wnt signaling path-
way in vivo. Mechanistically, curcumin disrupts cytoskel-
etal remodeling by suppressing the cofilin pathway [45] 
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and attenuates focal adhesion signaling through inhibi-
tion of the FAK/p-Src axis [45]. Additionally, Bahrami 
et al. identified curcumin’s inhibitory effects on multiple 
oncogenic pathways including TGF-β, Wnt, and PI3K/
Akt/mTOR [52], while Toden et  al. revealed its capac-
ity to downregulate polycomb repressive complexes 
(PRC1/PRC2) by reducing expression of BMI1, SUZ12, 
and EZH2 [53]. Meng et  al. elucidated curcumin-medi-
ated suppression of Hedgehog signaling to impede EMT 
progression [54], whereas Lu et  al. described its ability 
to reverse EMT through epigenetic modulation of the 
TET1-NKD2-WNT signaling axis [55]. Although the 
finding was interesting, deep investigation on the tran-
scriptional mediating effect of curcumin on TET1 and 
the demethylation function of TET1 on NKD2 should 
be performed in the future wok to better understand the 
relationship between the anti-resistant effect of curcumin 
and TET1-NKD2-WNT signal pathway. In addition, 
the mechanism should be verified in the in-vivo animal 
model and in the future work, the verification should be 
claimed. These collective findings underscore curcumin’s 
pleiotropic antitumor activities involving transcriptional 
regulation, epigenetic modification, and multi-pathway 
crosstalk in CRC metastasis control.

Corilagin, a distinctive tannin constituent abundant 
in Phyllanthus species [56], inhibits CRC metastasis 
through Wnt/β-catenin signaling pathway modulation 
and EMT driver signal blockade, as elucidated by Sun Tae 
Hwang et al. [57].

Gallocatechin, a polyphenolic compound extracted 
from Spatholobi caulis using ethyl acetate [58], was 
shown by Sun et al. to inhibit EMT-driven metastasis in 
CRC through β-catenin activation blockade [59].

2.1.3 � Polyphenols targeting the NF‑κB/Snail transcriptional 
axis in EMT

Apigenin, a naturally occurring flavonoid (polyphenolic) 
compound widely distributed in Scutellaria baicalensis, 
Perilla frutescens, and Matricaria chamomilla, among 
other species, has been shown by Tong and Qin et al., to 
suppress EMT progression, migration, and invasion in 
CRC through modulation of the NF-κB/Snail signaling 
axis. Mechanistically, apigenin inhibits NF-κB transcrip-
tional activity, thereby reducing the expression of the 
downstream transcription factor Snail. This disruption 
leads to the upregulation of the epithelial marker E-cad-
herin and downregulation of the mesenchymal marker 
Vimentin, collectively attenuating EMT-driven tumor 
cell plasticity and metastatic behavior in CRC models 
[60, 61]. These findings highlight apigenin’s therapeutic 
potential in targeting signaling cascades critical to tumor 
progression and invasiveness.

The natural polyphenol genistein, derived from tradi-
tional Chinese medicinal plants including Flos Pueraria 
lobata and Astragalus membranaceus, was reported by 
Zhou et  al. to reverse EMT via dual regulation of cad-
herin expression—promoting E-cadherin while suppress-
ing N-cadherin—combined with modulation of EMT 
transcription factors (Snail1, Slug/Snail2, ZEB1, ZEB2, 
FOXO2, and TWIST1). Additionally, genistein enhances 
pro-apoptotic Bax/Bax-2 and caspase activities through 
Notch-1 pathway inhibition, subsequently suppressing 
both phosphorylated and total NF-κB expression to fur-
ther negatively regulate EMT [62].

Oxyresveratrol, a structurally related compound iso-
lated from the traditional herb Smilax china, exhib-
its comparable anti-EMT activity. Shen and Kim et  al. 
reported its dual regulatory effects on the Snail/E-cad-
herin transcriptional axis and p53 activation via phos-
phorylation [63, 64], while concurrently inhibiting NF-κB 
signaling. Yan et  al. elucidated oxyresveratrol’s epige-
netic modulation of EMT, involving downregulation of 
oncogenic miRNAs (e.g., miR-3687, miR-301a-3p) and 
upregulation of tumor-suppressive miR-3612, thereby 
disrupting EMT-associated transcriptional networks [65, 
66]. Although the mechanism that correlates EMT and 
some miRNAs, such as miR-3687 and miR-3612, needs 
further investigation, these results demonstrate that Oxy-
resveratrol may have the potential to inhibit metastasis in 
CRC.

2.1.4 � Polyphenols targeting other kinase signaling pathways 
in EMT(AKT/ERK/p38)

Li et al. further identified that resveratrol attenuates EMT 
progression by targeting the AKT/GSK3β/Snail signal-
ing axis, effectively restoring epithelial phenotypes [67]. 
It was confirmed that resveratrol suppressed the migra-
tion and invasion of colon cancer cells both in vitro and 
in vivo.

Quercetin, a flavonoid (polyphenolic) compound 
derived from Scutellaria baicalensis and other botani-
cal sources, suppresses colorectal cancer metastasis 
through downregulation of MMP9 expression via the 
MKK-3/p38/NF-κB signaling axis, as evidenced by stud-
ies [68, 69]. Mechanistically, this phytochemical exerts 
anti-metastatic effects by dual modulation of extracellu-
lar matrix remodeling and EMT processes: it attenuates 
MMP-2 and MMP-9 proteolytic activities while normal-
izing the expression of EMT-related biomarkers. Specifi-
cally, quercetin upregulates epithelial marker E-cadherin 
and concurrently downregulates mesenchymal markers 
N-cadherin, β-catenin, and transcription factor snail, 
thereby inhibiting in vitro migratory and invasive capaci-
ties of CRC cells [70].
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2.1.5 � Polyphenols with complex or pleiotropic regulatory 
mechanisms

Notably, tannic acid from Galla Chinensis exhibits 
paradoxical EMT modulation: Barboura et  al. found 
it reduces mesenchymal biomarkers (β-catenin and 
E-cadherin) while increasing epithelial markers (Slug, 
Snail, ZEB1, and N-cadherin), ultimately inhibiting CRC 
metastasis through this complex regulatory mechanism 
[71]. We have now discussed two plausible explanations: 
i) cell line-specific responses, where SW480 (primary 
tumor) and CT26 (murine) appear more sensitive to 
tannic acid, whereas SW620 (metastatic lesion) exhibits 
lower sensitivity and a more pronounced mesenchymal 
phenotype; and ii) the dynamic nature of EMT, where 
the timing of treatment and measurement may influ-
ence marker expression, potentially leading to divergent 
results depending on the phase of EMT examined.

Isovitexin (apigenin 6-C-glucoside), a natural flavonoid 
compound found in various medicinal plants including 
Cucurbitaceae fruits, tribulus terrestris, and bamboo 
leaves [72], has demonstrated anti-metastatic effects in 
CRC through EMT modulation. Zhu et al. revealed that 
isovitexin suppresses EMT and negatively regulates CRC 
metastasis by upregulating epithelial markers E-cadherin 
and ZO-1 expression [73].

2.2 � Inducing cell apoptosis
The regulation of apoptosis in CRC cells involves inter-
dependent aberrations in key genes, signaling path-
ways, and post-transcriptional regulators. Central to 
CRC pathogenesis is the inactivation of tumor suppres-
sor genes such as TP53 (whose mutations impair pro-
apoptotic functions, facilitating tumor progression) [74]
and APC (whose truncating mutations drive constitu-
tive activation of the Wnt/β-catenin pathway, thereby 
suppressing apoptosis) [75]. Dysregulated signaling 
cascades further reinforce apoptosis resistance: Wnt/β-
catenin signaling, hyperactivated by APC mutations, 
enhances survival and downregulates apoptotic effectors 
[76]; PI3K/AKT/mTOR pathway activation, often due 
to PI3K mutations or AKT overexpression, suppresses 
pro-apoptotic molecules (e.g., Bad, Bax) via phosphoryl-
ation-mediated inactivation [77]; MAPK/ERK signaling, 
triggered by oncogenic KRAS mutations, promotes pro-
liferation while antagonizing apoptosis [78]. Apoptotic 
evasion is also mediated by imbalances in Bcl-2 fam-
ily proteins, where elevated anti-apoptotic Bcl-2/Bcl-xL 
suppresses pro-apoptotic Bax/Bak, impairing mitochon-
drial cytochrome c release [79]. Additionally, extrinsic 
apoptosis pathways are compromised through Fas/FasL 
decoy receptor upregulation or TRAIL receptor silenc-
ing, enabling immune evasion [80]. Epigenetically, micro-
RNAs critically modulate apoptotic sensitivity: miR-34a, 

transcriptionally regulated by p53, targets BCL2 and 
SIRT1 to restore apoptosis [81], whereas miR-21 sustains 
survival by repressing PTEN, activating PI3K/AKT sign-
aling [82]. Collectively, these molecular perturbations 
establish a robust anti-apoptotic network that underlies 
CRC aggressiveness (Fig. 8).

2.2.1 � Polyphenols targeting the JNK and MAPK pathway 
in inducing cell apoptosis

In addition to suppressing CRC metastasis through inhi-
bition of EMT processes, curcumin demonstrates anti-
metastatic effects via induction of cancer cell apoptosis 
[83–85]. Khaket et  al. revealed that curcumin induces 
apoptosis in CRC cells through JNK activation-mediated 
pathways [86].

Caffeic acid phenethyl ester (CAPE), a major bioactive 
constituent of propolis extract, has been documented to 
demonstrate antimicrobial, antioxidant, anti-inflamma-
tory, and cytotoxic properties [87]. Yahya et al. elucidated 
that CAPE treatment in HT-29 cells induced apoptosis 
through inactivation of critical molecules in the MEK 
signaling pathway, specifically p38 MAPK, ERK, and 
JNK. This mechanism resulted in cell cycle arrest at the 
G2/M phase and suppression of metastatic regulation in 
CRC cells [88].

Kee et  al. revealed that quercetin activates intrin-
sic apoptotic pathways in CT-26 cells via regulation of 
ERK, JNK, and p38 MAPK signaling. Furthermore, it 
suppresses in  vitro migration and invasion capabilities 
through MMP-2/9 inhibition and modulation of EMT-
related biomarkers (E-cadherin, N-cadherin, β-catenin, 
and Snail) [89].

2.2.2 � Polyphenols targeting the NF‑κB pathway in inducing 
cell apoptosis

Baicalin, a bioactive flavonoid compound extracted from 
the dry roots of Scutellaria baicalensis Georgi, dem-
onstrates diverse pharmacological properties including 
anticarcinogenic, antioxidant, antibacterial, and antitu-
mor activities, with well-documented safety profiles in 
both animal models and human applications [90–92]. 
Song et  al. demonstrated that baicalin suppresses CRC 
cell migration and invasion by inhibiting TLR4/NF-κB 
signaling pathway activation [93].

Additionally, Zhao et  al. demonstrated in HT-29 cells 
that resveratrol attenuates LPS/ATP-induced pyrop-
tosis—a pro-inflammatory form of programmed cell 
death—by downregulating pyroptosis-associated mark-
ers (NLRP3, ASC, Caspase-1, IL-18, IL-1β) and inflam-
matory cytokines (TNF-α, IL-6). This suppression was 
mediated through inhibition of the NF-κB pathway, fur-
ther underscoring resveratrol’s role in curbing inflamma-
tion-driven CRC metastasis [94].
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Licochalcone A, a novel flavonoid isolated from Glycyr-
rhiza uralensis Fisch (licorice root), demonstrates antitu-
mor efficacy by suppressing PD-L1 expression through 
NF-κB and Ras/Raf/MEK pathway blockade, thereby 
inhibiting CRC proliferation and promoting tumor cell 
death [95, 96].

2.2.3 � Polyphenols targeting the PI3K/Akt pathway 
in inducing cell apoptosis

Epigallocatechin-3-gallate (EGCG), a natural poly-
phenolic compound derived from traditional Chinese 
medicinal herbs including Crataegus spp. and Eucom-
mia ulmoides, exhibits regulatory effects on cancer 
metastatic activity through proliferation inhibition 

and induction of cell death [97]. Ding et  al. demon-
strated that EGCG modulates both the Sonic Hedge-
hog (Shh) pathway and PI3K/Akt signaling pathway by 
downregulating the protein expression levels of PI3K, 
phosphorylated Akt (p-Akt), Smoothened (Smo), and 
glioma-associated oncogene homolog 1 (Gli-1) [98].

Further mechanistic insights were provided by Zeng 
et al., who showed in HCT116 cells that resveratrol inac-
tivates the PI3K/Akt signaling pathway via upregulation 
of BMP7 and partial suppression of PTEN phosphoryla-
tion [99].

Fig. 8  The extrinsic influences on cancer cell apoptosis. IL-3 regulates the PI3K/AKT pathway, IL-5 modulates the NF-κB pathway, and TNFα 
regulates the expression of the CASPASE family, acting on the p53 pathway to promote the apoptosis of CRC cells. Created in https://​www.​figdr​aw.​
com. DI: OIOAIf95a6

https://www.figdraw.com
https://www.figdraw.com
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2.2.4 � Polyphenols targeting the TGF‑β/Smad pathway 
in inducing cell apoptosis

Ellagic acid (EA), a polyphenolic compound derived from 
various botanicals including Paeonia lactiflora, Rubus 
idaeus, Terminalia chebula, Juglans regia, Commiphora 
myrrha, Eriobotrya japonica, Punica granatum, and Phyl-
lanthus emblica [100], was shown by Zhao et al. to induce 
G0/G1 phase cell cycle arrest in HCT-116 cells. This 
effect was mediated through modulation of the TGF-β1/
Smad3 signaling pathway, resulting in upregulation of 
cyclin-dependent kinase inhibitor CDKN2B and subse-
quent suppression of CRC metastasis [101].

Yang et  al. provided comprehensive mechanistic evi-
dence showing that baicalin: induces caspase-dependent 
apoptosis through elevated levels of cleaved Caspase-8, 
-9, -3, and PARP-1; triggers cell cycle arrest via suppres-
sion of cyclin D1, E1, B1, and p-Akt (Ser473); and attenu-
ates transforming growth factor-β1 (TGF-β1)-induced 
cell migration in CRC models [102].

2.2.5 � Polyphenols targeting the p53 pathway in inducing cell 
apoptosis

Proanthocyanidins, naturally occurring polyphenolic 
bioflavonoids, include cinnamtannin B-1 (CTB-1), a tri-
meric proanthocyanidin found selectively in traditional 
medicinal plants such as Cinnamomum spp [103]. Car-
rière et al. demonstrated that CTB-1 treatment in HCT-
116 and Colo 201 cells enhanced WT p53 expression 
and phosphorylation at Ser6/Ser9 residues, subsequently 
inducing apoptosis while inhibiting CRC cell metastasis 
and invasion [104].

Tanshinone I, a key diterpenoid constituent of Salvia 
miltiorrhiza Bunge (Danshen), was identified by Lu et al. 
as exerting anti-metastatic effects in CRC through inhibi-
tion of the Aurora A-p53 axis [105].

2.2.6 � Polyphenols targeting the Wnt/β‑catenin pathway 
in inducing cell apoptosis

Chen et  al. identified that EGCG suppresses colorec-
tal cancer (CRC) metastasis through inhibition of the 
Wnt/β-catenin signaling pathway while promoting apop-
tosis in CRC cells [106]. This study was conducted exclu-
sively in DLD-1 and SW480 cell lines, and the underlying 
mechanisms warrant further investigation using in  vivo 
models.

2.2.7 � Polyphenols targeting Other Signaling Pathways 
in inducing cell apoptosis

Furthermore, Ge et  al. demonstrated that curcumin 
targets MACC1 to inhibit M2 polarization of tumor-
associated macrophages (TAMs), thereby promoting 
cancer cell death and modulating CRC metastasis [107]. 

Notably, Liu et al. elucidated a comprehensive molecular 
mechanism wherein curcumin activates a ROS/KEAP1/
NRF2/miR-34a/b/c signaling cascade to suppress colo-
rectal cancer metastasis [108].

Wubetu et al. revealed that EGCG significantly down-
regulates the cell cycle regulator Nek2 (Never in mitosis 
gene A-related kinase 2), inducing G1/S phase arrest in 
HT-116 cells with a marked increase in the proportion of 
cells undergoing G1/S phase transition [109].

Mahmoud et  al. demonstrated that treating Caco-2 
cells with resveratrol for 48 h significantly downregulated 
the expression of multidrug resistance (MDR)-associated 
genes, including P-gp, MRP1, BCRP, cytochrome P3A4, 
glutathione transferase (GST), and hPXR. These findings 
elucidate resveratrol’s dual mechanism of inhibiting both 
the efflux function and expression of ABC transport-
ers (MDR1, MRP1, and BCRP), suppressing metabolic 
enzymes (GST and CYP3A4) and their regulatory gene 
(hPXR), and activating caspase-dependent apoptosis in 
MDR cells [110], positioning it as a potent phytochemical 
for modulating CRC metastasis. Complementary in vitro 
studies by Li et al. revealed that resveratrol directly binds 
to AKT1 and AKT2 in CRC cell lysates, and silencing 
AKT1/2 recapitulated resveratrol’s effects by inhibit-
ing cell proliferation, enhancing apoptosis, and inducing 
G1-phase cell cycle arrest [111]. Although resveratrol has 
a clear inhibitory effect on colon cancer cell proliferation 
and growth in  vitro and ex  vivo, these effects have not 
been confirmed yet in animal models and humans. Fur-
ther research and clinical trials are warranted to fully elu-
cidate the effects of resveratrol on human cancer.

Cai et  al. further elucidated through in  vitro studies 
that baicalin modulates CRC metastasis by upregulating 
miR-139-3p expression, consequently downregulating 
CDK16 expression [112]. The identification of the miR-
139-3P-CDK16 axis mediated by baicalin as a potential 
pathway that regulates the viability and cell cycle in vitro 
suggested its vital role in mediating the oncogenesis of 
breast cancer. However, further experiments are required 
to fully clarify the mechanism by which baicalin represses 
the progression of colon cancer in vivo by regulating the 
miR-139-3p/CDK16 axis. Tao et  al. identified that bai-
calin reduces c-Myc expression in CRC cells, leading to 
subsequent downregulation of oncomiRs (miR-63 to 
miR-70) and subsequent induction of apoptosis-medi-
ated metastasis regulation [113].

2.3 � Blocking the angiogenesis
Angiogenesis provides tumor cells with sufficient nutri-
ents to accelerate the growth of tumor cells. The blood 
vessels surrounding the tumor are weaker than the walls 
of ordinary blood vessels, which allows tumor cells to 
pass through the wall into the blood and metastasize 
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[10]. Similar to other observed solid tumors, CRC devel-
opment, pro gression, and metastasis depend heavily on 
angiogenesis [114, 115]. Numerous molecules participate 
in the process, such as growth factors (VEGF and epi-
dermal growth factors [EGFs]), fibroblast growth factor 
(FGF)-2, transforming growth factor (TGF)-α and TGF-
β, angiopoietins (Angs), platelet-derived growth factor 
(PDGF), membrane-bound factors (integrins, ephrins, 
cadherins, matrix metalloproteinases [MMPs], and 
hypoxia-inducible factor1 [HIF-1]) [116, 117] (Fig. 9).

2.3.1 � Polyphenols targeting PI3K/AKT/mTOR pathways 
in bocking the angiogenesis

4′-Hydroxywogonin, a major natural polyphenol from 
Scutellaria barbata [118], reduces CRC cell viability and 
angiogenesis through downregulation of VEGF-A expres-
sion via disruption of the PI3K/AKT pathway [119].

Nobiletin, a natural polyphenol from Citrus reticulata, 
prevents CRC metastasis and progression by inhibiting 
mTORC1-mediated Akt signaling and angiogenesis [120].

3,3’,4’-Trimethylellagic acid, a tannin from Sanguisorba 
officinalis L., modulates metastasis through Bax upregu-
lation, caspase-3 phosphorylation, Bcl-2 downregulation, 
and inhibition of the VEGF/PI3K/AKT/mTOR pathway 
[121].

2.3.2 � Polyphenols targeting VEGF/HIF‑1α pathways 
in bocking the angiogenesis

Caffeic acid phenethyl ester (CAPE) from honeybee 
propolis decreases matrix metalloproteinase (MMP)-2 
and -9 expression, inhibits VEGF production in CT26 
cells, and reduces plasma VEGF levels in murine models, 
effectively suppressing colon cancer metastasis [122].

Orientin, a flavonoid found in Ocimum sanctum, 
exhibits anti-angiogenic activity by modulating HIF-1α 
and VEGFA [123].

Fig. 9  The mechanism diagram of polyphenolic compounds from TCM in inhibiting tumor angiogenesis. Polyphenolic compounds of TCM 
decrease the VEGF-A-induced angiogenesis by inhibiting the VEGF receptor tyrosine kinases, and VEGF2 exerts anti-angiogenic effects through PI3K, 
MEK1/2 and other pathways. Created in https://​www.​figdr​aw.​com. DI: IITYW4000a

https://www.figdraw.com
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Calebin A (CA), a polyphenol from Curcuma longa and 
Curcuma caesia rhizomes [124], suppresses angiogen-
esis and CRC metastasis by targeting HIF-1α and NF-κB 
[125].

2.3.3 � Polyphenols targeting other signaling pathways 
in bocking the angiogenesis

Broussoflavonol F, a prenylated flavonoid isolated from 
the Macaranga genus, inhibits CRC metastasis by sup-
pressing the HER2-RAS-MEK-ERK pathway and block-
ing angiogenesis [126].

Scutellarin, a natural polyphenolic compound derived 
from Scutellaria altissima leaves, suppresses human CRC 
cell growth, metastasis, and angiogenesis by targeting 
ephrinB2 [127].

Curcumin (a turmeric-derived natural polyphenol) 
combined with ( −)-epigallocatechin-3-gallate (EGCG, 
the most abundant active component in green tea) [128, 
129] enhances bioavailability and exerts anti-angiogenic 
effects by blocking the JAK/STAT3/IL-8 signaling path-
way, thereby inhibiting NEC migration to TECs [130].

2.3.4 � Polyphenols with other mechanisms in bocking 
the angiogenesis

6-Gingerol, the primary bioactive compound in ginger, 
demonstrates anti-proliferative, anti-angiogenic, and 
anti-inflammatory effects in benzo[a]pyrene- and dex-
tran sulfate sodium-induced CRC [131].

Galbanic acid (GBA), a sesquiterpene coumarin from 
Ferula resin, effectively inhibits tumor growth and angio-
genesis in  vivo [132]. Ellagic acid (EA), an ellagitannin-
derived polyphenol, regulates CRC angiogenesis by 
modulating differentially expressed genes [133, 134].

Quercetin reduces MMP-2/9 expression and activ-
ity in primary (Caco-2) and metastatic (LoVo/LoVo/
ADR) colon cancer cells [135]. However, further in vivo 
experiments and clinical trials are recommended. And 
significantly suppresses COX-2-mediated angiogenesis 
in endothelial cells treated with conditioned media from 
DLD-1 CRC cells [136].

2.4 � Suppressing proliferation, migration and invasion 
of CRC cells

2.4.1 � Polyphenols targeting NF‑κB Pathways in suppressing 
proliferation, migration and invasion of CRC cells

Epigallocatechin-3-gallate blocks the proliferation and 
migration of SW620 cells induced by PAR2-AP and fac-
tor VIIa via inhibition of the ERK1/2 and NF-κB path-
ways [137].

Baicalin suppressed migration and invasion of CRC 
cells by suppressing TLR4/NF-κB signaling pathway 
[93]. Baicalin triggers apoptosis, inhibits migration, and 

enhances anti-tumor immunity in colorectal cancer via 
TLR4/NF-κB signaling pathway [93].

2.4.2 � Polyphenols targeting PI3K/Akt pathways 
in suppressing proliferation, migration and invasion 
of CRC cells

Apigenin is a natural flavonoid, inhibits cell migration, 
invasion, and metastasis through NEDD9/Src/Akt cas-
cade in colorectal cancer cells [138].

Hydroxysafflor yellow A, is the major active ingredi-
ent in traditional Chinese medicine safflower extract, and 
it is also the water-soluble component with the highest 
content and the strongest pharmacological effect in saf-
flor yellow [139], suppressed proliferation, migration, 
invasion, and EMT in HCT116 CRC cells by activating 
the PPARγ/PTEN/Akt signaling pathways [140].

18 β-glycyrrhetinic acid can effectively inhibit colo-
rectal cancer cell proliferation, invasion and migration 
probably through suppressing PI3K and STAT3 signaling 
pathways [141].

2.4.3 � Polyphenols targeting other signaling pathways 
in suppressing proliferation, migration and invasion 
of CRC cells

( −)-Epigallocatechin-3-gallate inhibits Met signaling, 
proliferation, and invasiveness in human CRC cells [142].

Both quercetin and quercitrin effectively inhibited cell 
migration and invasion by inducing the MET through the 
JNK signaling pathway [143].

Luteolin was found to upregulate miR‐384 and down-
regulate PTN expressions both in CRC cells and tissues. 
miR‐384 inhibition and PTN overexpression partially 
reversed the inhibition of HT‐29 cells migration and 
invasion induced by luteolin [144].

Wogonin suppresses EMT development and the carci-
nogenic process of CC through the IRF3mediated Hippo 
signaling pathway [145].

Anti-proliferation and anti-migration effects of epi-
gallocatechin gallate against colorectal-cancer SW480, 
SW620, and LS411N cells by downregulating the expres-
sion of STAT3 [146].

2.4.4 � Polyphenols with other mechanisms in suppressing 
proliferation, migration and invasion of CRC cells

Resveratrol significant upregulation of Sirt1 expres-
sion, concurrent downregulation of FAK (focal adhesion 
kinase) activity, and effective inhibition of focal adhesion 
formation regulates CRC cell invasion [147]. Thus resver-
atrol suppressed the proliferation and invasion/metasta-
sis of colon cancer cells by activating Tristetraprolin(an 
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AU-rich element-binding protein that regulates mRNA 
stability and has decreased expression in human cancer) 
[148].

Rosmarinic acid Consistent inhibition of both activity 
and expression of matrix metalloproteinase-2 (MMP-
2) and -9 (MMP-9) was observed in LS 174-T cells and 
animal models inhibit migration, adhesion, and invasion 
of CRC cells [149]. And by inhibiting the non-inflamma-
tory effects of COX-2, Rosmarinic acid could effectively 
inhibit colon cancer metastasis [150].

Plasma-isolated anthocyanins and their metabolites 
significantly decrease migration of colon cancer cells 
in vitro (HT-29 and caco-2) [151].

Gingerenone A (GA) significantly inhibits the pro-
liferation of CRC cells both in  vitro and in  vivo by 
promoting ferroptosis, thus GA was found to directly 
interact with SLC7A11, affecting its stability by induc-
ing ubiquitin-mediated degradation of SLC7A11, sup-
presses SLC7A11 protein levels and induces ferroptosis 
in CRC cells [152] (Fig. 10).

2.5 � Regulating the function of tumor cell mitochondria 
and controlling the generation of ROS

Reactive oxygen species (ROS), play a role in vari-
ous cancer-related processes, including apoptosis, 
autophagy, necroptosis, ferroptosis, and DNA damage 
[143, 153–156]. In the context of CRC, ROS are instru-
mental in gut pathology, targeted therapy, and drug 
resistance [157, 158] (Fig. 11).

2.5.1 � Ferroptosis‑inducing polyphenols
Combined curcumin and metformin treatment in CRC 
models, increased ROS production, triggering activa-
tion of the NRF2/KEAP1 pathway. This pathway elicits an 
antioxidant response to manage oxidative stress in CRC 
cell lines. Notably, the curcumin and metformin pro-
moted lipid peroxidation and downregulated xCT levels, 
suggesting the induction of ferroptosis. Ferroptosis has 
been shown to activate autophagy, which helps elimi-
nate cells potentially damaged by the increased oxidative 
stress. Curcumin and metformin effectively diminished 
the migratory ability of CRC cells [159].

Fig. 10  Schematic diagram illustrating the molecular mechanism by which polyphenolic compounds from TCM suppresses colorectal cancer cell 
proliferation, migration, and invasion. Created in https://​www.​figdr​aw.​com. DI: TUSIYb4af4

https://www.figdraw.com
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Emodin could induce ferroptosis in CRC cells by 
NCOA4-mediated ferritinophagy and inactivation of the 
NF-κb pathway [160]. However, the exact mechanism by 
which Emodin regulates the NF-κB pathway in cancer 
cells is not yet clearly understood, and further studies are 
required to identify this mechanism.

Erianin attenuated KRAS-driven cancer growth and 
metastasis in KRASG13D CRC cells and mouse mod-
els. Specifically, erianin exerts its effects by interacting 
with KRASG13D and inducing autophagy-dependent 
ferroptosis, which suppresses cell proliferation and 
metastatic phenotypes [161]. This study provides key 
insights into promising avenues for the treatment of 
metastatic KRAS mutant CRC and present evidence 
for the beneficial effects of erianin on KRASG13D CRC.

Gingerenone A(GA), a unique phenolic component 
extracted from Zingiber officinale Roscoe, demon-
strates a wide range of biological activities, including 
suppression of proliferation and senescence in breast 
cancer cells, as well as anti-inflammatory and antivi-
ral effects [162–164]. GA significantly inhibits the 
proliferation of CRC cells both in vitro and in vivo by 

promoting ferroptosis. Mechanistically, GA was found 
to directly interact with SLC7A11, affecting its stabil-
ity by inducing ubiquitin-mediated degradation of 
SLC7A11. This process suppresses SLC7A11 protein 
levels and induces ferroptosis in CRC cells [152].

2.5.2 � Polyphenols targeting JNK pathways in regulating 
the function of tumor cell mitochondria and controlling 
the generation of ROS

Gambogenic acid induced Noxa-mediated apoptosis 
by activating the ROS/IRE1α/ JNK signaling pathway in 
CRC both in vitro and in vivo [165]. This study demon-
strates that the ROS/ JNK/Noxa axis contribute to Gam-
bogenic acid -induced apoptosis in CRC.

Oblongifolin C (OC) and guttiferone K (GUTK) are 
two anticancer compounds extracted from Garcinia yun-
nanensis Hu, the combination of OC and GUTK mark-
edly increased cleavage of casapse-3 and PARP, and 
enhanced cellular ROS production and increased JNK 
protein phosphorylation, have apoptosis-inducing effects 
in HCT116 cells in vitro [166].

Fig. 11  Mechanism diagram of ROS regulation in CRC cell metastasis. Created in https://​www.​figdr​aw.​com. DI: OIPSAb53ac

https://www.figdraw.com
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Echinatin, a retrochalcone compound is a major com-
ponent in licorice (Glycyrrhiza species) and has potential 
pharmacologic activities such as antiinflammatory, anti-
oxidant, anticancer, and antivirus, as well as heart and 
liver-protective effects [167, 168]. Echinatin increased 
cell cycle arrest and ROS-mediated apoptosis by inducing 
the p-JNK and p-p38 in CRC cells [169]. To demonstrate 
the anticancer effect, a large quantity of Ech would be 
required for additional in  vivo experiments. Compared 
to other drugs, the isolation and purification of Ech are 
quite challenging, and a large-scale purification of Ech 
would allow us to further verify the anticancer effect of 
Ech from the additional in vivo experiments.

2.5.3 � Polyphenols targeting PI3K/AKT pathways 
in regulating the function of tumor cell mitochondria 
and controlling the generation of ROS

Quercetin inhibited the invasion and migration of 
advanced metastatic colon cancer LOVO cells under 
hypoxia through inhibition of ROS and HIF-1α expres-
sion and the downregulation of PI3K/AKT pathway [170]. 
In all, quercetin can compensate for the weak migration 
inhibition of 5-FU without affecting its efficacy. Combin-
ing 5-Fu with quercetin is a potentially effective combi-
nation of inhibition of invasion and migration of LOVO 
cells. But mechanisms for synergies between them needs 
further studies.

Anticancer activity of Secoisolariciresinol diglucoside 
in CRC is associated with the induction of GSDMD‐
dependent pyroptosis by SDG through the generation of 
ROS/P13K/AKT/BAK‐mitochondrail apoptosis pathway 
[171].

2.5.4 � Polyphenols with other mechanisms in regulating 
the function of tumor cell mitochondria and controlling 
the generation of ROS

Quercetrin induced apoptotic cell death in the SW620 
cancer cell line was mediated by the excessive gen-
eration of ROS, having a potential role in suppressing 
human colorectal cancer via inhibition of tumor cell 
proliferation, induction of cell cycle arrest and apoptosis 
and enhancement of oxidative stress [172]. And querce-
tin induces apoptosis in HT29 cells by generating ROS 
through partial inhibition of COX-2 [173]. However, 
cytotoxicity seen at 77.4 mM Quercetin on HCT15 cells 
could be attributed to activation of extrinsic apoptotic 
pathway.

Pharmacological studies have shown that Avenanth-
ramides, which belong to the phenolic alkaloids and are 
unique to oats, exhibit anti-inflammatory, antioxidative, 
and anti-cancer properties [174].

Avenanthramide A directly binds to the ATP-binding 
domain of oncogenic protein DDX3, selectively kills 
tumor cells in which DDX3 are highly expressed [175].

Carnosic Acid, the main antioxidant compound of 
Rosmarinus officinalis L., induces anti-proliferative and 
apoptotic effects in HCT116 cells through interference 
with STAT3 signaling pathway via generation of ROS 
[176]. These findings warrant further research to under-
stand the potential of Carnosic Acid as chemopreventive 
or chemotherapeutics agent against colorectal cancer 
progress.

Epigallocatechin-3-gallate reduced hemin-induced 
proliferation and colon carcinogenesis through Nrf2-
inhibited mitochondrial ROS accumulation [177]. EGCG 
pretreatment did not affect Keap1 expression levels 
which were decreased by hemin treatment. Previous 
researchers oxidative stress-mediated GSK3β inhibition 
and PKC activation are critical for Keap1-independent 
Nrf2 signaling activation. But further study is needed for 
identification of detailed hemin and EGCG-regulated 
Nrf2 signaling pathway.

Hemistepsin A (HA) is a sesquiterpene lactone isolated 
from Hemistepta lyrata Bunge which has been used for 
the treatment of colon diseases, such as diarrhea and anal 
fistula [178]. HA suppresses the growth of CRC cells in 
both in vitro and in vivo models by inhibiting the PDK1 
activity, thereby enhancing the metabolic shift from gly-
colysis to OXPHOS, and consequently inducing mito-
chondrial ROS-mediated apoptosis. Moreover achieves 
its inhibitory action on PDK1 by targeting its lipoamide-
binding pocket [179]. Although more pharmacologi-
cal studies and clinical evidence are required, HsA has 
shown a potential candidate as a novel PDK1 inhibitor 
for colorectal cancer treatment.

Phloretin, a known dihydrochalcone, the anticancer 
activity of phloretin can be attributed to its ability of ROS 
production, depolarization of MMP, G2/M cell cycle 
arrest and apoptosis. It further deregulates the β-catenin 
pathway, inhibits growth and causes cell death [180].

ROS and p53 signalings mediate p38 phosphorylation 
and caspase activation in Kaempferol stimulated apopto-
sis in CRCs [181].

Salvianolic acid B, a water-soluble phenolic com-
pound, extracted from Salvia miltiorrhiza, reversed MDR 
in HCT-8/VCR cells, and the effect is associated with 
increased ROS levels, which may downregulate P-gp 
expression and promote tumor cell apoptosis [182].

Sanggenon C-induced apoptosis in HT-29 colon cancer 
cells as a result of the increased ROS generation and acti-
vation of the mitochondrial pathway by the inhibition of 
the iNOS and decreased NO production [171].
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3 � Inhibition of CRC metastasis via non‑canonical 
signaling pathways

3.1 � Polyphenols targeting STAT3 pathways
Epigallocatechin‐3‐gallate inhibits the formation of neu-
trophil extracellular traps and suppresses the migration 
and invasion of CRC cells by regulating STAT3/CXCL8 
pathway [183].

The 5 suppressive effects of acertannin on AOM/DSS-
induced colon tumor growth were 6 associated with 
decreases in the colonic levels of IL-1β, MCP-1, IL-10, 
and PD-1 via 7 the down-regulated expression of COX-2 
and TOX/TOX2 through the inhibition of 8 STAT3 phos-
phorylation (activation of STAT3) in the tumor microen-
vironment [184].

3.2 � Polyphenols targeting Nrf2/NF‑κB pathways
Pterostilbene might be more potent than Resveratrol in 
mediating the anti-tumorigenic effect by activation of 
Nrf2 signaling and the induction of its target genes, such 
as HO-1 and GR, as well as suppression of pro-inflamma-
tory pathways regulated by NF-κB signaling in the initia-
tion stage [185, 186].

3.3 � Polyphenols targeting other signaling pathways
The M2 polarization of TAMs was inhibited by cur-
cumin using MACC1 as a target, therefore inhibiting the 
malignant behavior of colon cancer cells, including pro-
liferation and migration/invasion [187]. Furthermore, 
curcumin blocked neurotensin-stimulated IL-8 gene 
induction and protein secretion and, at a low concentra-
tion, blocked neurotensin-stimulated CRC cell migration 
[188].

Apigenin and FdUMP were combined, redox bal-
ance was disrupted by depleting anti-oxidant GSH and 
inducing ROS, CRC cell proliferation arrest and apopto-
sis could be achieved through DNA damage and energy 
shortage by GSH downregulation [189].

Resveratrol, as a potent naturally occurring anti-
oxidant, exerted its broad spectrum of antimetastatic 
effects through its potent inhibition of CRC cell adhe-
sion, migration, invasion, secretion of MMPs, VEGF and 
MMP-9 gene expression by decreasing the expression 
and stability of HIF-1a protein in Lovo cells treated with 
hypoxia and 2,20-dipyridyl [190].

Rosmarinic Acid antagonized ERK1/2 activation in 
colon HT-29 and breast MCF-7 cancer cells [191, 192].

3.4 � Polyphenols with other mechanisms
Litchi procyanidins significantly inhibited the prolif-
eration and metastasis of colon cancer by increasing the 
number of CD8 + T cells and decreasing the number of 
macrophages in TME [193].

Five chemical compounds, namely gallic acid, protocat-
echuic acid, chlorogenic acid, caffeic acid, and isochlo-
rogenic acid A, were identified and quantified in the 
Patrinia villosa aqueous extract sample. Suppresses the 
migration and invasion of CRC cells through the regula-
tion of TGF-β R1-smad2/ 3-E-cadherin and FAK-RhoA-
cofilin pathways, the modulation of TMErelated immune 
cells and cytokines, as well as gut microbiota [194].

4 � Addressing the translational gap—
bioavailability, toxicity, and clinical evidence 
of TCM polyphenols

The therapeutic potential of traditional Chinese medi-
cine (TCM), particularly its polyphenolic constituents, is 
increasingly recognized for a wide range of diseases, from 
cancer to renal fibrosis [195, 196]. However, a significant 
translational hurdle for these promising compounds lies 
in their inherent physicochemical and pharmacokinetic 
limitations. As highlighted throughout this review, many 
TCM polyphenols, such as curcumin, resveratrol, and 
epigallocatechin-3-gallate, exhibit poor aqueous solu-
bility, chemical instability, and low oral bioavailability, 
which severely restricts their clinical efficacy and further 
development [197]. Therefore, a critical discussion of for-
mulation strategies to overcome these barriers is essen-
tial for advancing TCM-based therapeutics from the 
bench to the bedside.

4.1 � Formulation strategies to enhance bioavailability
To address the poor biopharmaceutical properties of 
TCM polyphenols, a diverse array of nano-formulated 
delivery systems (NDSS) has been extensively explored. 
These strategies aim to improve solubility, protect the 
drug from degradation, enhance intestinal permeability, 
and facilitate targeted delivery.

4.1.1 � Lipid‑based nanocarriers
Lipid-based systems are among the most widely used 
platforms for improving the oral bioavailability of lipo-
philic polyphenols. Liposomes, solid lipid nanoparticles 
(SLNs), and nanostructured lipid carriers (NLCs) can 
encapsulate hydrophobic compounds, protecting them 
from the harsh gastrointestinal environment and enhanc-
ing their lymphatic transport, thereby bypassing first-
pass metabolism. For instance, encapsulating curcumin 
in liposomes has been shown to significantly increase 
its stability, with 80% of the initial curcumin remaining 
after 16 weeks, a stark contrast to its rapid degradation in 
free form. Similarly, quercetin-loaded SLNs dramatically 
improved its absorption from 40 to 90%. These carriers 
not only enhance solubility but can also be engineered 
for sustained or controlled release, as demonstrated with 
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triptolide-loaded liposomes that prolonged the drug’s 
half-life and reduced its toxicity [197].

4.1.2 � Polymeric nanoparticles and micelles
Polymeric nanoparticles offer another robust platform. 
Using biocompatible polymers like PLGA (poly (lactic-
co-glycolic acid)) or PEG (Polyethylene Glycol), these 
systems provide a protective shell for labile compounds, 
enabling controlled release and targeted delivery. For 
example, ginkgolide B-loaded polymeric nanoparticles 
showed an 11-fold increase in maximum plasma concen-
tration and a 3.4-fold longer half-life compared to the free 
drug [197]. Polymeric micelles, formed by the self-assem-
bly of amphiphilic block copolymers, are particularly 
effective at solubilizing hydrophobic drugs within their 
core. A notable example is the co-delivery of quercetin 
and alantolactone in micelles (QA-M), which not only 
improved the solubility of both drugs but also synergisti-
cally enhanced their anticancer and immunomodulatory 
effects [197, 198].

4.1.3 � Inorganic and hybrid nanocarriers
Inorganic nanocarriers like mesoporous silica nanoparti-
cles (MSNs) and gold nanoparticles (GNPs) offer unique 
advantages, such as high loading capacity and theranostic 
capabilities. MSNs can co-deliver multiple agents, as seen 
with the immunomodulator Astragaloside III and the 
photosensitizer Ce6 for combined cancer therapy. GNPs, 
with their photothermal properties, can be used for syn-
ergistic chemo-photothermal therapy, as demonstrated 
with oridonin-loaded GNPs for lung cancer. To overcome 
the limitations of single-component systems, hybrid nan-
oparticles combine the strengths of different materials. 
For instance, lipid-coated MSNs were developed for the 
thermo- and pH-responsive co-delivery of the alkaloids 
evodiamine and berberine, improving their solubility and 
reducing side effects [196, 197].

4.1.4 � Self‑assembled natural product nanoparticles
A particularly innovative and "green" strategy involves 
the carrier-free self-assembly of TCM active compo-
nents themselves. Driven by non-covalent interactions 
like hydrogen bonding, π-π stacking, and hydrophobic 
effects, compounds like berberine can form stable nan-
oparticles with other molecules such as cinnamic acid, 
baicalin, or rhein. These self-assembled nanoparticles 
(SANs) not only enhance the solubility and bioavailability 
of the individual components but also often exhibit syn-
ergistic therapeutic effects, such as enhanced antibacte-
rial or antitumor activity, without the need for synthetic 
carriers [196, 197, 199]. This approach, inspired by TCM 
compatibility theory, represents a promising direction for 
developing simple, safe, and effective nanomedicines.

4.2 � Toxicological considerations
While these nanoformulations are designed to enhance 
efficacy, a thorough evaluation of their safety profile is 
paramount. The very properties that improve bioavail-
ability, such as altered tissue distribution and enhanced 
cellular uptake, could also lead to unintended toxicity. 
The safety of the nanocarrier materials themselves must 
be considered. While lipids and many polymers like 
PLGA and PEG are generally regarded as safe, the long-
term in vivo fate of other components, such as inorganic 
materials or novel surface coatings, requires rigorous 
investigation. Furthermore, the enhanced permeability 
and retention (EPR) effect, while enabling tumor target-
ing, is not universally efficient, and concerns about off-
target accumulation and potential chronic toxicity of 
non-biodegradable nanomaterials remain. For example, 
despite its potent anti-inflammatory effects, the clinical 
use of triptolide is severely limited by its toxicity. How-
ever, encapsulating it in nanostructured lipid carriers 
(NLCs) or other delivery systems has been shown to sig-
nificantly mitigate its hepatotoxicity and nephrotoxicity 
while maintaining its therapeutic effect [198]. This high-
lights the crucial role of formulation in not only improv-
ing efficacy but also in enhancing the therapeutic window 
of potent, yet toxic, natural products.

4.3 � Clinical trial evidence
The ultimate test of these formulation strategies lies in 
clinical translation. Although many studies remain pre-
clinical, the clinical application of TCM polysaccharides, 
such as Astragalus polysaccharides (APS) and Lentinan 
(LNT), as adjuncts in cancer therapy is well-documented. 
For instance, clinical studies have shown that Astra-
galus polysaccharide injection (PG2) can normalize the 
neutrophil-to-lymphocyte ratio in lung cancer patients 
undergoing immunotherapy, improve quality of life, and 
reduce chemotherapy-induced toxicity. Similarly, Len-
tinan has been shown to enhance immune function and 
improve survival in patients with gastric and esophageal 
cancers when used in combination with chemotherapy 
[195, 198]. These successes with TCM polysaccharides, 
which themselves face bioavailability challenges, under-
score the potential of advanced delivery systems for other 
small-molecule TCM components.

However, clinical trials specifically evaluating nano-
formulated TCM polyphenols are still scarce. Most cur-
rent evidence is based on preclinical animal models. The 
progression of berberine into phase IV clinical studies 
for other indications offers a promising avenue, and its 
incorporation into advanced delivery systems could fur-
ther unlock its potential for diseases like renal fibrosis 
[195, 196]. The challenge lies in navigating the regulatory 
pathway for these complex multi-component systems 
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and demonstrating clear clinical superiority over conven-
tional formulations. The future of TCM in modern medi-
cine hinges on high-quality clinical trials that validate not 
only the efficacy but also the safety of these novel nano-
enabled formulations.

4.4 � Reconciling TCM complexity with modern drug 
development

A fundamental challenge in modernizing TCM is rec-
onciling its "multi-component, multi-target" philosophy 
with the reductionist approach of modern drug devel-
opment, which often seeks a single, pure compound 
for a specific target. Nanoformulations offer a potential 
bridge. They can be designed to deliver defined ratios of 
multiple active components, mimicking the synergistic 
effects of a TCM formula while ensuring batch-to-batch 
consistency and quality control. The self-assembled 
nanoparticles derived from TCM compound pairs, such 
as berberine and baicalin, are a perfect example of how 
modern technology can be used to validate and enhance 
ancient therapeutic principles [196, 199]. By standard-
izing the production of these complex nano-assemblies 
and rigorously investigating their pharmacokinetics and 
pharmacodynamics, we can begin to deconvolute their 
mechanisms of action while preserving their inher-
ent multi-targeted nature. This approach, supported by 
robust preclinical data and well-designed clinical trials, 
holds the key to successfully translating the therapeutic 
wisdom of TCM into evidence-based modern medicines.

5 � Discussion and future perspectives
Tumor metastasis is an important marker of tumor 
deterioration. A large number of studies have shown 
that the five-year survival rate of tumors after metasta-
sis will be severely reduced. EMT and tumor angiogen-
esis play important roles in tumor metastasis. The tumor 
first undergoes angiogenesis to accumulate energy in 
the primary location, and then undergoes the EMT pro-
cess from epithelial cells to mesenchymal cells. After the 
tumor cells are transformed into mesenchymal cells, they 
escape the recognition of the immune system and leave 
the original implantation site to enter the blood vessels 
or lymph tube, entering into other metastases as the 
blood circulates. Corresponding protein expression in 
tumor cells during angiogenesis and EMT will change 
accordingly, such as the proteins of Vimentin, N-Cad, 
E-Cad and vascular endothelial growth factor (VEGF) 
etc. Changes that affect the expression of such proteins 
can also affect the process of tumor cell metastasis. Mito-
chondria play an important role in the process of tumor 
cell metastasis. Mitochondria can provide energy for 
cell metastasis in the cell, while inhibiting mitochondrial 
function can inhibit tumor metastasis. This article mostly 

focuses on autophagy and apoptosis in tumor cells dur-
ing metastasis, EMT of cancer cells and tumor angiogen-
esis. In addition, the tumor microenvironment also has a 
great impact on the tumor. In the tumor microenviron-
ment, M1 type macrophages are transformed into M2 
type macrophages under the influence of tumor cells to 
promote tumor growth. Tumor cells express PD-L1 and 
bind to PD1 on the surface of immune system T cells, so 
that T cells recognize tumor cells as normal cells, and 
immune escape occurs.

As a treasure of China, TCM is characterized by low 
toxicity and minimal side effects., less damage to the 
body with multiple targets. TCM prescription has won-
derful effects on the treatment of tumors, but its mecha-
nism for treating cancer is difficult to elucidate. Many 
TCM prescriptions have been clarified to have good 
effect on anticancer treatment clinically such as Fuz-
heng Kang-Ai decoction, Jinfu’an Decoction and Yang-
Zheng XiaoJi used for treating lung cancer, Jiedu Recipe 
for hepatic carcinoma, Jianpi Jiedu decoction and Jiedu 
Sangen Decoction for colorectal cancer. The clarification 
of the effective ingredients in the prescription and the 
specific molecular targeting mechanism of each ingredi-
ent require a complex process. In the past ten years, the 
research on the anti-cancer mechanism of TCM pre-
scription is mostly manifested in the inhibitory effect on 
the proliferation, migration and invasion of tumor cells 
during tumorigenesis. But no clarification of its effective 
ingredients and the anti-cancer molecular mechanism of 
its ingredients have been elucidated. TCM prescription 
has many active ingredients, and every ingredient has the 
characteristics of multiple targets in the body, so to clar-
ify its specific mechanism of action on cancer requires a 
lot of work. The representative component of Compound 
Kushen Injection in Chinese patent medicine has multi-
ple targets predicted by network pharmacology, includ-
ing inhibition of tumor proliferation, invasion, migration, 
angiogenesis, etc. and Compound Kushen Injection can 
be used for a variety of cancers including colorectal can-
cer, breast cancer and liver cancer [200, 201]. Research of 
the anticancer effect of Polyphenolic in TCM has made 
considerable progress in recent years, of which are rep-
resentatives like Apigenin, Resveratrol, and Curcumin 
[202–205]. Among the monomer compounds in TCM, 
Resveratrol, Onionin A, Genistein, Curcumin, Magnolol 
and Honokiol also have related studies in tumor micro-
environment and immune regulation [206–212]. For 
combination with clinical chemotherapy drugs, TCM 
has function in many ways like prolonging the patient 
survival time, reducing the dose of chemotherapy drugs, 
reversing drug resistence, alleviating patient adverse 
reaction and so on.
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This article mostly focuses on the research on Regula-
tion of Polyphenolic Active Substances in TCM on the 
Metastasis of CRC in the past ten years. The combined 
application of TCM and clinical medicine can often 
achieve unexpected results. The combined application 
of TCM with clinical chemotherapy drugs can enhance 
the efficacy of clinical chemotherapy drugs, reduce their 
side effects, and improve the patient’s survival time 
and quality of life. Polyphenolic Active Substances in 
TCM are often not unilateral for the treatment of can-
cer. The inhibitory effect of TCM on metastasis often 
manifests in inhibiting the expression of EMT-related 
proteins, thereby inhibiting EMT, inhibiting the expres-
sion of angiogenesis-related proteins, inhibiting angio-
genesis, regulating cell autophagy, regulating apoptosis, 
and regulating mitochondrial function. TCM plays an 
important role in the treatment of cancer. Compared 
with the progress of clinical chemotherapeutics, the 
research progress of TCM is slower, and the research 
on the mechanism of Chinese medicine compound 
on cancer is still rare. Thereby providing insights and 
a scientific foundation for future research focusing on 
the regulatory mechanisms of specific active compo-
nents in TCM (such as polyphenols) on cancer metas-
tasis, and for the clinical application of TCM or even 
single-agent active constituents from TCM in treating 
or adjunctively treating cancer metastasis to achieve 
better therapeutic outcomes.

Acknowledgements
Not applicable.

Author contributions
Ming-Hong Li: Data curation, Methodology, Writing-original draft. Lu Liu: Con‑
ceptualization, Writing-review and editing, Funding acquisition. All authors 
read and approved the final manuscript.

Funding
The authors are grateful to Major Science and Technology Special Project from 
Yunnan Provincial Science and Technology Department (202202AA100009, 
202302AA310006), Key Laboratory of Yunnan Provincial Department of Educa‑
tion on Substance Benchmark Research of Ethnic Medicines (2022YGZ02), the 
Dai medicine Key Discipline of Pharmacy State Administration of TCM, and 
Open and Shared Public Science and Technology Service Platform of TCM Sci‑
ence and Technology Resources in Yunnan for the fnancial support.

Availability of data and materials
All data generated or analyzed during this study are available in this published 
article and its Additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have approved the final draft of this manuscript for submission and 
have given consent for the publication of identifiable details.

Competing interests
The authors declare no competing financial interest.

Author details
1 Yunnan Yunzhong Institute of Nutrition and Health, College of Traditional 
Chinese Medicine, Yunnan University of Chinese Medicine, Kunming 650500, 
People’s Republic of China. 

Received: 4 December 2025   Accepted: 4 March 2026

References
	 1.	 Islam MR, Akash S, Rahman MM, Nowrin FT, Akter T, Shohag S, et al. 

Colon cancer and colorectal cancer: prevention and treatment by 
potential natural products. Chem-Biol Interact. 2022;368:110170. 
https://​doi.​org/​10.​1016/j.​cbi.​2022.​110170.

	 2.	 Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB. Colorectal cancer. 
Lancet. 2019;394:1467–80. https://​doi.​org/​10.​1016/​S0140-​6736(19)​
32319-0.

	 3.	 Siegel RL, Wagle NS, Cercek A, Smith RA, Jemal A. Colorectal cancer 
statistics, 2023. CA Cancer J Clin. 2023;73:233–54. https://​doi.​org/​10.​
3322/​caac.​21772.

	 4.	 Fabregas JC, Ramnaraign B, George TJ. Clinical updates for colon cancer 
care in 2022. Clin Colorectal Cancer. 2022;21:198–203. https://​doi.​org/​
10.​1016/j.​clcc.​2022.​05.​006.

	 5.	 Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J 
Clin. 2024;74:12–49. https://​doi.​org/​10.​3322/​caac.​21820.

	 6.	 The GLOBOCAN 2022 cancer estimates: Data sources, methods, and a 
snapshot of the cancer burden worldwide, (n.d.).

	 7.	 Mierke CT. The matrix environmental and cell mechanical properties 
regulate cell migration and contribute to the invasive phenotype of 
cancer cells. Rep Prog Phys. 2019;82:64602. https://​doi.​org/​10.​1088/​
1361-​6633/​ab1628.

	 8.	 Fares J, Fares MY, Khachfe HH, Salhab HA, Fares Y. Molecular principles of 
metastasis: a hallmark of cancer revisited. Signal Transduct Target Ther. 
2020;5:28. https://​doi.​org/​10.​1038/​s41392-​020-​0134-x.

	 9.	 Suresh DS, Guruvayoorappan C. Molecular principles of tissue invasion 
and metastasis. Am J Physiol Cell Physiol. 2023;324:C971–91. https://​doi.​
org/​10.​1152/​ajpce​ll.​00348.​2022.

	 10.	 Wang K, Chen Q, Shao Y, Yin S, Liu C, Liu Y, et al. Anticancer activities of 
TCM and their active components against tumor metastasis. Biomed 
Pharmacother. 2021;133:111044. https://​doi.​org/​10.​1016/j.​biopha.​2020.​
111044.

	 11.	 Tumor angiogenesis: therapeutic implications—PubMed (n.d.). https://​
pubmed.​ncbi.​nlm.​nih.​gov/​49381​53/ (accessed February 11, 2025).

	 12.	 Tumor angiogenesis: causes, consequences, challenges and opportuni‑
ties | cellular and molecular life sciences, (n.d.). https://​doi.​org/​10.​1007/​
s00018-​019-​03351-7 (accessed February 11, 2025).

	 13.	 Li X, Zhou J, Wang X, Li C, Ma Z, Wan Q, et al. New advances in the 
research of clinical treatment and novel anticancer agents in tumor 
angiogenesis. Biomed Pharmacother. 2023;163:114806. https://​doi.​org/​
10.​1016/j.​biopha.​2023.​114806.

	 14.	 Karlsson MC, Gonzalez SF, Welin J, Fuxe J. Epithelial-mesenchymal tran‑
sition in cancer metastasis through the lymphatic system. Mol Oncol. 
2017;11:781–91. https://​doi.​org/​10.​1002/​1878-​0261.​12092.

	 15.	 Ribatti D, Tamma R, Annese T. Epithelial-mesenchymal transition in 
cancer: a historical overview. Transl Oncol. 2020;13:100773. https://​doi.​
org/​10.​1016/j.​tranon.​2020.​100773.

	 16.	 Jheng H-F, Tsai P-J, Guo S-M, Kuo L-H, Chang C-S, Su I-J, et al. Mito‑
chondrial fission contributes to mitochondrial dysfunction and insulin 
resistance in skeletal muscle. Mol Cell Biol. 2012;32:309–19. https://​doi.​
org/​10.​1128/​MCB.​05603-​11.

	 17.	 Simula L, Nazio F, Campello S. The mitochondrial dynamics in cancer 
and immune-surveillance. Semin Cancer Biol. 2017;47:29–42. https://​
doi.​org/​10.​1016/j.​semca​ncer.​2017.​06.​007.

	 18.	 Shin AE, Giancotti FG, Rustgi AK. Metastatic colorectal cancer: Mecha‑
nisms and emerging therapeutics. Trends Pharmacol Sci. 2023;44:222–
36. https://​doi.​org/​10.​1016/j.​tips.​2023.​01.​003.

	 19.	 Chen F, Zhuang X, Lin L, Yu P, Wang Y, Shi Y, et al. New horizons in tumor 
microenvironment biology: challenges and opportunities. BMC Med. 
2015;13:45. https://​doi.​org/​10.​1186/​s12916-​015-​0278-7.

https://doi.org/10.1016/j.cbi.2022.110170
https://doi.org/10.1016/S0140-6736(19)32319-0
https://doi.org/10.1016/S0140-6736(19)32319-0
https://doi.org/10.3322/caac.21772
https://doi.org/10.3322/caac.21772
https://doi.org/10.1016/j.clcc.2022.05.006
https://doi.org/10.1016/j.clcc.2022.05.006
https://doi.org/10.3322/caac.21820
https://doi.org/10.1088/1361-6633/ab1628
https://doi.org/10.1088/1361-6633/ab1628
https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1152/ajpcell.00348.2022
https://doi.org/10.1152/ajpcell.00348.2022
https://doi.org/10.1016/j.biopha.2020.111044
https://doi.org/10.1016/j.biopha.2020.111044
https://pubmed.ncbi.nlm.nih.gov/4938153/
https://pubmed.ncbi.nlm.nih.gov/4938153/
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.1016/j.biopha.2023.114806
https://doi.org/10.1016/j.biopha.2023.114806
https://doi.org/10.1002/1878-0261.12092
https://doi.org/10.1016/j.tranon.2020.100773
https://doi.org/10.1016/j.tranon.2020.100773
https://doi.org/10.1128/MCB.05603-11
https://doi.org/10.1128/MCB.05603-11
https://doi.org/10.1016/j.semcancer.2017.06.007
https://doi.org/10.1016/j.semcancer.2017.06.007
https://doi.org/10.1016/j.tips.2023.01.003
https://doi.org/10.1186/s12916-015-0278-7


Page 27 of 32Li and Liu ﻿Natural Products and Bioprospecting           (2026) 16:61 	

	 20.	 Wang M, Zhao J, Zhang L, Wei F, Lian Y, Wu Y, et al. Role of tumor micro‑
environment in tumorigenesis. J Cancer. 2017;8:761–73. https://​doi.​org/​
10.​7150/​jca.​17648.

	 21.	 Han L, Lam EW-F, Sun Y. Extracellular vesicles in the tumor microenvi‑
ronment: Old stories, but new tales. Mol Cancer. 2019;18:59. https://​doi.​
org/​10.​1186/​s12943-​019-​0980-8.

	 22.	 Kumagai S, Koyama S, Itahashi K, Tanegashima T, Lin Y-T, Togashi Y, et al. 
Lactic acid promotes PD-1 expression in regulatory T cells in highly 
glycolytic tumor microenvironments. Cancer Cell. 2022;40:201-218.e9. 
https://​doi.​org/​10.​1016/j.​ccell.​2022.​01.​001.

	 23.	 Zhong X, He X, Wang Y, Hu Z, Huang H, Zhao S, et al. Warburg effect in 
colorectal cancer: the emerging roles in tumor microenvironment and 
therapeutic implications. J Hematol Oncol. 2022;15:160. https://​doi.​org/​
10.​1186/​s13045-​022-​01358-5.

	 24.	 A framework for advancing our understanding of cancer-associated 
fibroblasts | nature reviews cancer (n.d.). https://​www.​nature.​com/​artic​
les/​s41568-​019-​0238-1 (accessed March 1, 2026).

	 25.	 Traditional chinese medicine in the prevention and treatment of cancer 
and cancer metastasis (review) (n.d.). https://www.spandidos-publica‑
tions.com/https://​doi.​org/​10.​3892/​ol.​2015.​3459 (accessed February 11, 
2025).

	 26.	 Ma Z, Fan Y, Wu Y, Kebebe D, Zhang B, Lu P, et al. Traditional Chinese 
medicine-combination therapies utilizing nanotechnology-based 
targeted delivery systems: a new strategy for antitumor treatment. IJN. 
2019;14:2029–53. https://​doi.​org/​10.​2147/​IJN.​S1978​89.

	 27.	 Gezici S, Şekeroğlu N. Current perspectives in the application of 
medicinal plants against cancer: novel therapeutic agents. ACAMC. 
2019;19:101–11. https://​doi.​org/​10.​2174/​18715​20619​66618​12241​
21004.

	 28.	 Assanga SBI, Luján LML, McCarty MF. Targetting beta-catenin signaling 
for prevention of colorectal cancer—nutraceutical, drug, and dietary 
options. Eur J Pharmacol. 2023;956:175898. https://​doi.​org/​10.​1016/j.​
ejphar.​2023.​175898.

	 29.	 Chapelle N, Matysiak-Budnik T, Douane F, Metairie S, Rougier P, 
Touchefeu Y. Hepatic arterial infusion in the management of colorectal 
cancer liver metastasis: current and future perspectives. Dig Liver Dis. 
2018;50:220–5. https://​doi.​org/​10.​1016/j.​dld.​2017.​12.​004.

	 30.	 Mattar RE. Preoperative selection of patients with colorectal cancer liver 
metastasis for hepatic resection. World J Gastroenterol. 2016;22:567. 
https://​doi.​org/​10.​3748/​wjg.​v22.​i2.​567.

	 31.	 Brabletz T, Kalluri R, Nieto MA, Weinberg RA. EMT in cancer. Nat Rev 
Cancer. 2018;18:128–34. https://​doi.​org/​10.​1038/​nrc.​2017.​118.

	 32.	 Thiery JP, Acloque H, Huang RYJ, Nieto MA. Epithelial-mesenchymal 
transitions in development and disease. Cell. 2009;139:871–90. https://​
doi.​org/​10.​1016/j.​cell.​2009.​11.​007.

	 33.	 Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial–mes‑
enchymal transition. Nat Rev Mol Cell Biol. 2014;15:178–96. https://​doi.​
org/​10.​1038/​nrm37​58.

	 34.	 Craene BD, Berx G. Regulatory networks defining EMT during cancer 
initiation and progression. Nat Rev Cancer. 2013;13:97–110. https://​doi.​
org/​10.​1038/​nrc34​47.

	 35.	 Bakir B, Chiarella AM, Pitarresi JR, Rustgi AK. EMT, MET, plasticity, and 
tumor metastasis. Trends Cell Biol. 2020;30:764–76. https://​doi.​org/​10.​
1016/j.​tcb.​2020.​07.​003.

	 36.	 Aiello NM, Maddipati R, Norgard RJ, Balli D, Li J, Yuan S, et al. EMT 
subtype influences epithelial plasticity and mode of cell migration. Dev 
Cell. 2018;45:681-695.e4. https://​doi.​org/​10.​1016/j.​devcel.​2018.​05.​027.

	 37.	 Zhang N, Ng AS, Cai S, Li Q, Yang L, Kerr D. Novel therapeutic strategies: 
Targeting epithelial–mesenchymal transition in colorectal cancer. Lan‑
cet Oncol. 2021;22:e358–68. https://​doi.​org/​10.​1016/​S1470-​2045(21)​
00343-0.

	 38.	 Cao Y, Lu K, Xia Y, Wang Y, Wang A, Zhao Y. Danshensu attenuated 
epithelial-mesenchymal transformation and chemoresistance of colon 
cancer cells induced by platelets. Front Biosci Landmark. 2022;27:160. 
https://​doi.​org/​10.​31083/j.​fbl27​05160.

	 39.	 Jin Q, Jin X, Liu T, Lu X, Wang G, He N. A disintegrin and metallopro‑
teinase 8 induced epithelial-mesenchymal transition to promote the 
invasion of colon cancer cells via TGF-β/Smad2/3 signalling pathway. J 
Cell Mol Med. 2020;24:13058–69. https://​doi.​org/​10.​1111/​jcmm.​15907.

	 40.	 Cao H-Y, Ding R-L, Li M, Yang M-N, Yang L-L, Wu J-B, et al. Danshensu, 
a major water-soluble component of Salvia miltiorrhiza, enhances the 

radioresponse for Lewis lung carcinoma xenografts in mice. Oncol Lett. 
2017;13:605–12. https://​doi.​org/​10.​3892/​ol.​2016.​5508.

	 41.	 Ji Q, Liu X, Han Z, Zhou L, Sui H, Yan L, et al. Resveratrol suppresses 
epithelial-to-mesenchymal transition in colorectal cancer through TGF-
β1/Smads signaling pathway mediated Snail/E-cadherin expression. 
BMC Cancer. 2015;15:97. https://​doi.​org/​10.​1186/​s12885-​015-​1119-y.

	 42.	 Chen CR, Tan R, Qu WM, Wu Z, Wang Y, Urade Y, et al. Magnolol, a major 
bioactive constituent of the bark of Magnolia officinalis, exerts antiepi‑
leptic effects via the GABA/benzodiazepine receptor complex in mice. 
Br J Pharmacol. 2011;164:1534–46. https://​doi.​org/​10.​1111/j.​1476-​5381.​
2011.​01456.x.

	 43.	 Chei S, Oh H-J, Song J-H, Seo Y-J, Lee K, Lee B-Y. Magnolol suppresses 
TGF-β-induced epithelial-to-mesenchymal transition in human colorec‑
tal cancer cells. Front Oncol. 2019;9:752. https://​doi.​org/​10.​3389/​fonc.​
2019.​00752.

	 44.	 Zhang Z, Chen H, Xu C, Song L, Huang L, Lai Y, et al. Curcumin inhibits 
tumor epithelial-mesenchymal transition by downregulating the Wnt 
signaling pathway and upregulating NKD2 expression in colon cancer 
cells. Oncol Rep. 2016;35:2615–23. https://​doi.​org/​10.​3892/​or.​2016.​
4669.

	 45.	 Li M, Yue GG-L, Tsui SK-W, Fung K-P, Lau CB-S. Turmeric extract, with 
absorbable curcumin, has potent anti-metastatic effect in vitro and 
in vivo. Phytomedicine. 2018;46:131–41. https://​doi.​org/​10.​1016/j.​
phymed.​2018.​03.​065.

	 46.	 Katoh M, Katoh M. WNT signaling pathway and stem cell signaling 
network. Clin Cancer Res. 2007;13:4042–5. https://​doi.​org/​10.​1158/​
1078-​0432.​CCR-​06-​2316.

	 47.	 Kim HJ, Park SY, Park OJ, Kim Y-M. Curcumin suppresses migration and 
proliferation of Hep3B hepatocarcinoma cells through inhibition of the 
Wnt signaling pathway. Mol Med Rep. 2013;8:282–6. https://​doi.​org/​10.​
3892/​mmr.​2013.​1497.

	 48.	 Leow P-C, Bahety P, Boon CP, Lee CY, Tan KL, Yang T, et al. Functionalized 
curcumin analogs as potent modulators of the Wnt/β-catenin signaling 
pathway. Eur J Med Chem. 2014;71:67–80. https://​doi.​org/​10.​1016/j.​
ejmech.​2013.​10.​073.

	 49.	 Choe Y, Pleasure SJ. Wnt signaling regulates intermediate precursor pro‑
duction in the postnatal Dentate Gyrus by regulating Cxcr4 expression. 
Dev Neurosci. 2012;34:502–14. https://​doi.​org/​10.​1159/​00034​5353.

	 50.	 Zhao S, Wang J, Qin C. Blockade of CXCL12/CXCR4 signaling inhibits 
intrahepatic cholangiocarcinoma progression and metastasis via inac‑
tivation of canonical Wnt pathway. J Exp Clin Cancer Res. 2014;33:103. 
https://​doi.​org/​10.​1186/​s13046-​014-​0103-8.

	 51.	 Buhrmann C, Kraehe P, Lueders C, Shayan P, Goel A, Shakibaei M. 
Curcumin suppresses crosstalk between colon cancer stem cells and 
stromal fibroblasts in the tumor microenvironment: potential role of 
EMT. PLoS ONE. 2014;9:e107514. https://​doi.​org/​10.​1371/​journ​al.​pone.​
01075​14.

	 52.	 Bahrami A, Majeed M, Sahebkar A. Curcumin: a potent agent to reverse 
epithelial-to-mesenchymal transition. Cell Oncol. 2019;42:405–21. 
https://​doi.​org/​10.​1007/​s13402-​019-​00442-2.

	 53.	 Toden S, Okugawa Y, Jascur T, Wodarz D, Komarova NL, Buhrmann C, 
et al. Curcumin mediates chemosensitization to 5-fluorouracil through 
miRNA-induced suppression of epithelial-to-mesenchymal transition 
in chemoresistant colorectal cancer. Carcinogenesis. 2015;36:355–67. 
https://​doi.​org/​10.​1093/​carcin/​bgv006.

	 54.	 Meng X, Cai J, Liu J, Han B, Gao F, Gao W, Zhang Y, Zhang J, Zhao Z, 
Jiang C. Curcumin increases efficiency of γ-irradiation in gliomas by 
inhibiting hedgehog signaling pathway. Cell Cycle (Georget. Tex). 
2017;16:1181–92. https://​doi.​org/​10.​1080/​15384​101.​2017.​13200​00.

	 55.	 Lu Y, Zhang R, Zhang X, Zhang B, Yao Q. Curcumin may reverse 5-fluo‑
rouracil resistance on colonic cancer cells by regulating TET1-NKD-wnt 
signal pathway to inhibit the EMT progress. Biomed Pharmacother 
Biomed Pharmacother. 2020;129:110381. https://​doi.​org/​10.​1016/j.​
biopha.​2020.​110381.

	 56.	 Gupta A, Singh AK, Kumar R, Ganguly R, Rana HK, Pandey PK, et al. 
Corilagin in cancer: a critical evaluation of anticancer activities and 
molecular mechanisms. Molecules. 2019;24:3399. https://​doi.​org/​10.​
3390/​molec​ules2​41833​99.

	 57.	 Hwang ST, Yang MH, Kumar AP, Sethi G, Ahn KS. Corilagin represses 
epithelial to mesenchymal transition process through modulating 

https://doi.org/10.7150/jca.17648
https://doi.org/10.7150/jca.17648
https://doi.org/10.1186/s12943-019-0980-8
https://doi.org/10.1186/s12943-019-0980-8
https://doi.org/10.1016/j.ccell.2022.01.001
https://doi.org/10.1186/s13045-022-01358-5
https://doi.org/10.1186/s13045-022-01358-5
https://www.nature.com/articles/s41568-019-0238-1
https://www.nature.com/articles/s41568-019-0238-1
https://doi.org/10.3892/ol.2015.3459
https://doi.org/10.2147/IJN.S197889
https://doi.org/10.2174/1871520619666181224121004
https://doi.org/10.2174/1871520619666181224121004
https://doi.org/10.1016/j.ejphar.2023.175898
https://doi.org/10.1016/j.ejphar.2023.175898
https://doi.org/10.1016/j.dld.2017.12.004
https://doi.org/10.3748/wjg.v22.i2.567
https://doi.org/10.1038/nrc.2017.118
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrc3447
https://doi.org/10.1038/nrc3447
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1016/j.devcel.2018.05.027
https://doi.org/10.1016/S1470-2045(21)00343-0
https://doi.org/10.1016/S1470-2045(21)00343-0
https://doi.org/10.31083/j.fbl2705160
https://doi.org/10.1111/jcmm.15907
https://doi.org/10.3892/ol.2016.5508
https://doi.org/10.1186/s12885-015-1119-y
https://doi.org/10.1111/j.1476-5381.2011.01456.x
https://doi.org/10.1111/j.1476-5381.2011.01456.x
https://doi.org/10.3389/fonc.2019.00752
https://doi.org/10.3389/fonc.2019.00752
https://doi.org/10.3892/or.2016.4669
https://doi.org/10.3892/or.2016.4669
https://doi.org/10.1016/j.phymed.2018.03.065
https://doi.org/10.1016/j.phymed.2018.03.065
https://doi.org/10.1158/1078-0432.CCR-06-2316
https://doi.org/10.1158/1078-0432.CCR-06-2316
https://doi.org/10.3892/mmr.2013.1497
https://doi.org/10.3892/mmr.2013.1497
https://doi.org/10.1016/j.ejmech.2013.10.073
https://doi.org/10.1016/j.ejmech.2013.10.073
https://doi.org/10.1159/000345353
https://doi.org/10.1186/s13046-014-0103-8
https://doi.org/10.1371/journal.pone.0107514
https://doi.org/10.1371/journal.pone.0107514
https://doi.org/10.1007/s13402-019-00442-2
https://doi.org/10.1093/carcin/bgv006
https://doi.org/10.1080/15384101.2017.1320000
https://doi.org/10.1016/j.biopha.2020.110381
https://doi.org/10.1016/j.biopha.2020.110381
https://doi.org/10.3390/molecules24183399
https://doi.org/10.3390/molecules24183399


Page 28 of 32Li and Liu ﻿Natural Products and Bioprospecting           (2026) 16:61 

Wnt/β-catenin signaling cascade. Biomolecules. 2020;10:1406. https://​
doi.​org/​10.​3390/​biom1​01014​06.

	 58.	 Liu X-Y, Zhang L, Yang X-W, Zhang Y-B, Xu W, Zhang P, et al. Simulta‑
neous detection and quantification of 57 compounds in Spatholobi 
caulis applying ultra-fast liquid chromatography with tandem mass 
spectrometry. J Sep Sci. 2020;43:4247–62. https://​doi.​org/​10.​1002/​jssc.​
20200​0496.

	 59.	 Sun L, Yang L, Du X, Liu L, Ran Q, Yang Q, et al. Ethyl-acetate extract of 
Spatholobi caulis blocked the pro-metastatic support from the hemato-
microenvironment of colon cancer by specific disruption of tumor-
platelet adhesion. Phytomedicine. 2024;128:155420. https://​doi.​org/​10.​
1016/j.​phymed.​2024.​155420.

	 60.	 Hseu Y-C, Chao Y-H, Lin K-Y, Way T-D, Lin H-Y, Thiyagarajan V, et al. Antro-
dia camphorata inhibits metastasis and epithelial-to-mesenchymal 
transition via the modulation of claudin-1 and Wnt/β-catenin signaling 
pathways in human colon cancer cells. J Ethnopharmacol. 2017;208:72–
83. https://​doi.​org/​10.​1016/j.​jep.​2017.​07.​001.

	 61.	 Qin Y, Zhao D, Zhou H-G, Wang, X-H, Zhong W-L, Chen S, Gu W-G, Wang 
W, Zhang C-H, Liu Y-R, Liu H-J, Zhang Q, Guo Y-Q, Sun T, Yang C. Api‑
genin inhibits NF-κB and snail signaling, EMT and metastasis in human 
hepatocellular carcinoma, Oncotarget. 2016;7:41421–31. https://​doi.​
org/​10.​18632/​oncot​arget.​9404.

	 62.	 Zhou P, Wang C, Hu Z, Chen W, Qi W, Li A. Genistein induces apoptosis 
of colon cancer cells by reversal of epithelial-to-mesenchymal via a 
Notch1/NF-κB/slug/E-cadherin pathway. BMC Cancer. 2017;17:813. 
https://​doi.​org/​10.​1186/​s12885-​017-​3829-9.

	 63.	 Shen Y-A, Lin C-H, Chi W-H, Wang C-Y, Hsieh Y-T, Wei Y-H, et al. Resvera‑
trol impedes the stemness, epithelial-mesenchymal transition, and 
metabolic reprogramming of cancer stem cells in nasopharyngeal 
carcinoma through p53 activation. Evidence-Based Complementary 
Alternative Med. 2013;2013:1–13. https://​doi.​org/​10.​1155/​2013/​590393.

	 64.	 Kim NH, Kim HS, Li X-Y, Lee I, Choi H-S, Kang SE, et al. A p53/miRNA-34 
axis regulates Snail1-dependent cancer cell epithelial–mesenchymal 
transition. J Cell Biol. 2011;195:417–33. https://​doi.​org/​10.​1083/​jcb.​
20110​3097.

	 65.	 Yan Z, Yang Q, Xue M, Wang S, Hong W, Gao X. YY1-induced lncRNA 
ZFPM2-AS1 facilitates cell proliferation and invasion in small cell lung 
cancer via upregulating of TRAF4. Cancer Cell Int. 2020;20:108. https://​
doi.​org/​10.​1186/​s12935-​020-​1157-7.

	 66.	 Lin T-A, Lin W-S, Chou Y-C, Nagabhushanam K, Ho C-T, Pan M-H. 
Oxyresveratrol inhibits human colon cancer cell migration through 
regulating epithelial–mesenchymal transition and microRNA. Food 
Funct. 2021;12:9658–68. https://​doi.​org/​10.​1039/​D1FO0​1920A.

	 67.	 Yuan L, Zhou M, Huang D, Wasan H, Zhang K, Sun L, et al. Resveratrol 
inhibits the invasion and metastasis of colon cancer through reversal of 
epithelial-mesenchymal transition via the AKT/GSK-3β/Snail signaling 
pathway. Mol Med Rep. 2019. https://​doi.​org/​10.​3892/​mmr.​2019.​10528.

	 68.	 Chen H, Ye Y, Yang Y, Zhong M, Gu L, Han Z, et al. TIPE-mediated up-
regulation of MMP-9 promotes colorectal cancer invasion and metas‑
tasis through MKK-3/p38/NF-κB pro-oncogenic signaling pathway. 
Signal Transduction Targeted Ther. 2020;5:163. https://​doi.​org/​10.​1038/​
s41392-​020-​00276-7.

	 69.	 Zhou W, Cao W, Wang M, Yang K, Zhang X, Liu Y, et al. Validation 
of quercetin in the treatment of colon cancer with diabetes via 
network pharmacology, molecular dynamics simulations, and in vitro 
experiments. Mol Divers. 2024;28:2947–65. https://​doi.​org/​10.​1007/​
s11030-​023-​10725-4.

	 70.	 Kee J-Y, Han Y-H, Kim D-S, Mun J-G, Park J, Jeong M-Y, et al. Inhibitory 
effect of quercetin on colorectal lung metastasis through induc‑
ing apoptosis, and suppression of metastatic ability. Phytomedicine. 
2016;23:1680–90. https://​doi.​org/​10.​1016/j.​phymed.​2016.​09.​011.

	 71.	 Barboura M, Cornebise C, Hermetet F, Guerrache A, Selmi M, Salek A, 
et al. Tannic acid, a hydrolysable tannin, prevents transforming growth 
factor-β-induced epithelial-mesenchymal transition to counteract 
colorectal tumor growth. Cells. 2022;11:3645. https://​doi.​org/​10.​3390/​
cells​11223​645.

	 72.	 He M, Min J-W, Kong W-L, He X-H, Li J-X, Peng B-W. A review on 
the pharmacological effects of vitexin and isovitexin. Fitoterapia. 
2016;115:74–85. https://​doi.​org/​10.​1016/j.​fitote.​2016.​09.​011.

	 73.	 Zhu H, Zhao N, Jiang M. Isovitexin attenuates tumor growth in 
human colon cancer cells through the modulation of apoptosis 

and epithelial-mesenchymal transition via PI3K/akt/mTOR signaling 
pathway. Biochem Cell Biol. 2021;99:741–9. https://​doi.​org/​10.​1139/​
bcb-​2021-​0045.

	 74.	 Baker SJ, Preisinger AC, Jessup JM, Paraskeva C, Markowitz S, Willson 
JK, et al. p53 gene mutations occur in combination with 17p allelic 
deletions as late events in colorectal tumorigenesis. Cancer Res. 
1990;50:7717–22.

	 75.	 Korinek V, Barker N, Morin PJ, Van Wichen D, De Weger R, Kinzler KW, 
et al. Constitutive transcriptional activation by a β-catenin-tcf complex 
in APC−/− colon carcinoma. Science. 1997;275:1784–7. https://​doi.​org/​
10.​1126/​scien​ce.​275.​5307.​1784.

	 76.	 Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, Kinzler 
KW. Activation of beta-catenin-tcf signaling in colon cancer by muta‑
tions in beta-catenin or APC. Sci. 1997;275:1787–90. https://​doi.​org/​10.​
1126/​scien​ce.​275.​5307.​1787.

	 77.	 Parsons DW, Wang T-L, Samuels Y, Bardelli A, Cummins JM, DeLong 
L, et al. Colorectal cancer: mutations in a signalling pathway. Nature. 
2005;436:792. https://​doi.​org/​10.​1038/​43679​2a.

	 78.	 Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, Nevins JR. Multiple Ras-
dependent phosphorylation pathways regulate Myc protein stability. 
Genes Dev. 2000;14:2501–14. https://​doi.​org/​10.​1101/​gad.​836800.

	 79.	 Kunac N, Filipović N, Kostić S, Vukojević K. The expression pattern of 
bcl-2 and bax in the tumor and stromal cells in colorectal carcinoma. 
Med (Kaunas Lith). 2022;58:1135. https://​doi.​org/​10.​3390/​medic​ina58​
081135.

	 80.	 Sträter J, Hinz U, Walczak H, Mechtersheimer G, Koretz K, Herfarth C, 
Möller P, Lehnert T. Expression of TRAIL and TRAIL receptors in colon 
carcinoma: TRAIL-R1 is an independent prognostic parameter. Clin 
Cancer Res Off J Am Assoc Cancer Res. 2002;8:3734–40.

	 81.	 Zhao G, Guo J, Li D, Jia C, Yin W, Sun R, et al. MicroRNA-34a suppresses 
cell proliferation by targeting LMTK3 in human breast cancer mcf-7 cell 
line. DNA Cell Biol. 2013;32:699–707. https://​doi.​org/​10.​1089/​dna.​2013.​
2130.

	 82.	 Asangani IA, Rasheed SAK, Nikolova DA, Leupold JH, Colburn NH, Post 
S, Allgayer H. MicroRNA-21 (miR-21) post-transcriptionally downregu‑
lates tumor suppressor Pdcd4 and stimulates invasion, intravasation 
and metastasis in colorectal cancer. Oncogene. 2008;27:2128–36. 
https://​doi.​org/​10.​1038/​sj.​onc.​12108​56.

	 83.	 Zang S, Liu T, Shi J, Qiao L. Curcumin: a promising agent targeting can‑
cer stem cells. Anti-Cancer Agents Med Chem. 2014;14:787–92. https://​
doi.​org/​10.​2174/​18715​20614​66614​05211​14735.

	 84.	 Moustapha A, Pérétout PA, Rainey NE, Sureau F, Geze M, Petit J-M, et al. 
Curcumin induces crosstalk between autophagy and apoptosis medi‑
ated by calcium release from the endoplasmic reticulum, lysosomal 
destabilization and mitochondrial events. Cell Death Discovery. 
2015;1:15017. https://​doi.​org/​10.​1038/​cddis​covery.​2015.​17.

	 85.	 Weng W, Goel A. Curcumin and colorectal cancer: an update and 
current perspective on this natural medicine. Semin Cancer Biol. 
2022;80:73–86. https://​doi.​org/​10.​1016/j.​semca​ncer.​2020.​02.​011.

	 86.	 Khaket TP, Singh MP, Khan I, Kang SC. In vitro and in vivo studies on 
potentiation of curcumin-induced lysosomal-dependent apoptosis 
upon silencing of cathepsin C in colorectal cancer cells. Pharmacol Res. 
2020;161:105156. https://​doi.​org/​10.​1016/j.​phrs.​2020.​105156.

	 87.	 Murtaza G, Karim S, Akram MR, Khan SA, Azhar S, Mumtaz A, Bin Asad 
MHH. Caffeic acid phenethyl ester and therapeutic potentials. Biomed 
Res Int. 2014;2014:145342. https://​doi.​org/​10.​1155/​2014/​145342.

	 88.	 Yahya S, Sulaiman MK, Sudhandiran G. Caffeic acid phenethyl ester 
mediates apoptosis in serum-starved HT29 colon cancer cells through 
modulation of heat shock proteins and MAPK pathways. Cell Biochem 
Funct. 2024;42:e3942. https://​doi.​org/​10.​1002/​cbf.​3942.

	 89.	 Kee J-Y, Han Y-H, Kim D-S, Mun J-G, Park J, Jeong M-Y, Um J-Y, Hong S-H. 
Inhibitory effect of quercetin on colorectal lung metastasis through 
inducing apoptosis, and suppression of metastatic ability. Phytomed Int 
J Phytother Phytopharm. 2016;23:1680–90. https://​doi.​org/​10.​1016/j.​
phymed.​2016.​09.​011.

	 90.	 Liang S, Deng X, Lei L, Zheng Y, Ai J, Chen L, et al. The comparative 
study of the therapeutic effects and mechanism of baicalin, baica‑
lein, and their combination on ulcerative colitis rat. Front Pharmacol. 
2019;10:1466. https://​doi.​org/​10.​3389/​fphar.​2019.​01466.

	 91.	 Miao Y, Ishfaq M, Liu Y, Wu Z, Wang J, Li R, et al. Baicalin attenuates 
endometritis in a rabbit model induced by infection with Escherichia 

https://doi.org/10.3390/biom10101406
https://doi.org/10.3390/biom10101406
https://doi.org/10.1002/jssc.202000496
https://doi.org/10.1002/jssc.202000496
https://doi.org/10.1016/j.phymed.2024.155420
https://doi.org/10.1016/j.phymed.2024.155420
https://doi.org/10.1016/j.jep.2017.07.001
https://doi.org/10.18632/oncotarget.9404
https://doi.org/10.18632/oncotarget.9404
https://doi.org/10.1186/s12885-017-3829-9
https://doi.org/10.1155/2013/590393
https://doi.org/10.1083/jcb.201103097
https://doi.org/10.1083/jcb.201103097
https://doi.org/10.1186/s12935-020-1157-7
https://doi.org/10.1186/s12935-020-1157-7
https://doi.org/10.1039/D1FO01920A
https://doi.org/10.3892/mmr.2019.10528
https://doi.org/10.1038/s41392-020-00276-7
https://doi.org/10.1038/s41392-020-00276-7
https://doi.org/10.1007/s11030-023-10725-4
https://doi.org/10.1007/s11030-023-10725-4
https://doi.org/10.1016/j.phymed.2016.09.011
https://doi.org/10.3390/cells11223645
https://doi.org/10.3390/cells11223645
https://doi.org/10.1016/j.fitote.2016.09.011
https://doi.org/10.1139/bcb-2021-0045
https://doi.org/10.1139/bcb-2021-0045
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1126/science.275.5307.1787
https://doi.org/10.1126/science.275.5307.1787
https://doi.org/10.1038/436792a
https://doi.org/10.1101/gad.836800
https://doi.org/10.3390/medicina58081135
https://doi.org/10.3390/medicina58081135
https://doi.org/10.1089/dna.2013.2130
https://doi.org/10.1089/dna.2013.2130
https://doi.org/10.1038/sj.onc.1210856
https://doi.org/10.2174/1871520614666140521114735
https://doi.org/10.2174/1871520614666140521114735
https://doi.org/10.1038/cddiscovery.2015.17
https://doi.org/10.1016/j.semcancer.2020.02.011
https://doi.org/10.1016/j.phrs.2020.105156
https://doi.org/10.1155/2014/145342
https://doi.org/10.1002/cbf.3942
https://doi.org/10.1016/j.phymed.2016.09.011
https://doi.org/10.1016/j.phymed.2016.09.011
https://doi.org/10.3389/fphar.2019.01466


Page 29 of 32Li and Liu ﻿Natural Products and Bioprospecting           (2026) 16:61 	

coli and Staphylococcus aureus via NF-κB and JNK signaling pathways. 
Domest Anim Endocrinol. 2021;74:106508. https://​doi.​org/​10.​1016/j.​
doman​iend.​2020.​106508.

	 92.	 Zeng A, Liang X, Zhu S, Liu C, Luo X, Zhang Q, et al. Baicalin, a potent 
inhibitor of NF-κB signaling pathway, enhances chemosensitivity of 
breast cancer cells to docetaxel and inhibits tumor growth and metas‑
tasis both in vitro and in vivo. Front Pharmacol. 2020;11:879. https://​doi.​
org/​10.​3389/​fphar.​2020.​00879.

	 93.	 Song L, Zhu S, Liu C, Zhang Q, Liang X. Baicalin triggers apoptosis, 
inhibits migration, and enhances anti-tumor immunity in colo‑
rectal cancer via TLR4/NF-κB signaling pathway. J Food Biochem. 
2022;46:e13703. https://​doi.​org/​10.​1111/​jfbc.​13703.

	 94.	 Zhao P, Ning J, Huang J, Huang X. Mechanism of resveratrol on LPS/
ATP-induced pyroptosis and inflammatory response in HT29 cells. 
Autoimmunity. 2024;57:2427094. https://​doi.​org/​10.​1080/​08916​934.​
2024.​24270​94.

	 95.	 Liu M, Du Y, Gao D. Licochalcone a: a review of its pharmacology activi‑
ties and molecular mechanisms. Front Pharmacol. 2024;15:1453426. 
https://​doi.​org/​10.​3389/​fphar.​2024.​14534​26.

	 96.	 Liu X, Xing Y, Li M, Zhang Z, Wang J, Ri M, et al. Licochalcone A inhibits 
proliferation and promotes apoptosis of colon cancer cell by targeting 
programmed cell death-ligand 1 via the NF-κB and Ras/Raf/MEK path‑
ways. J Ethnopharmacol. 2021;273:113989. https://​doi.​org/​10.​1016/j.​jep.​
2021.​113989.

	 97.	 Fang C-Y, Wu C-C, Hsu H-Y, Chuang H-Y, Huang S-Y, Tsai C-H, et al. EGCG 
inhibits proliferation, invasiveness and tumor growth by up-regulation 
of adhesion molecules, suppression of gelatinases activity, and induc‑
tion of apoptosis in nasopharyngeal carcinoma cells. Int J Mol Sci. 
2015;16:2530–58. https://​doi.​org/​10.​3390/​ijms1​60225​30.

	 98.	 Ding F, Yang S. Epigallocatechin-3-gallate inhibits proliferation and 
triggers apoptosis in colon cancer via the hedgehog/phosphoinositide 
3-kinase pathways. Can J Physiol Pharmacol. 2021;99:910–20. https://​
doi.​org/​10.​1139/​cjpp-​2020-​0588.

	 99.	 Zeng Y-H, Zhou L-Y, Chen Q-Z, Li Y, Shao Y, Ren W-Y, et al. Resveratrol 
inactivates PI3K/akt signaling through upregulating BMP7 in human 
colon cancer cells. Oncol Rep. 2017;38:456–64. https://​doi.​org/​10.​3892/​
or.​2017.​5662.

	100.	 Lu G, Wang X, Cheng M, Wang S, Ma K. The multifaceted mechanisms 
of ellagic acid in the treatment of tumors: state-of-the-art. Biomed 
Pharmacother Biomed Pharmacother. 2023;165:115132. https://​doi.​org/​
10.​1016/j.​biopha.​2023.​115132.

	101.	 Zhao J, Li G, Wei J, Dang S, Yu X, Ding L, et al. Ellagic acid induces cell 
cycle arrest and apoptosis via the TGF-β1/Smad3 signaling pathway in 
human colon cancer HCT-116 cells. Oncol Rep. 2020;44:768–76. https://​
doi.​org/​10.​3892/​or.​2020.​7617.

	102.	 Yang B, Bai H, Sa Y, Zhu P, Liu P. Inhibiting EMT, stemness and cell cycle 
involved in Baicalin-induced growth inhibition and apoptosis in colo‑
rectal cancer cells. J Cancer. 2020;11:2303–17. https://​doi.​org/​10.​7150/​
jca.​37242.

	103.	 Jayaprakasha GK, Ohnishi-Kameyama M, Ono H, Yoshida M, Rao LJ. 
Phenolic constituents in the fruits of Cinnamomum zeylanicum and 
their antioxidant activity. J Agric Food Chem. 2006;54:1672–9. https://​
doi.​org/​10.​1021/​jf052​736r.

	104.	 Carriere P, Kapur N, Mir H, Ward A, Singh S. Cinnamtannin B-1 inhibits 
cell survival molecules and induces apoptosis in colon cancer. Int J 
Oncol. 2018. https://​doi.​org/​10.​3892/​ijo.​2018.​4489.

	105.	 Lu M, Wang C, Wang J. Tanshinone I induces human colorectal cancer 
cell apoptosis: the potential roles of Aurora A-p53 and Survivin-medi‑
ated signaling pathways. Int J Oncol. 2016;49:603–10. https://​doi.​org/​
10.​3892/​ijo.​2016.​3565.

	106.	 Chen Y, Wang X-Q, Zhang Q, Zhu J-Y, Li Y, Xie C-F, et al. (-)-Epigallocat‑
echin-3-gallate inhibits colorectal cancer stem cells by suppressing 
Wnt/β-catenin pathway. Nutrients. 2017;9:572. https://​doi.​org/​10.​3390/​
nu906​0572.

	107.	 Ge S, Sun X, Sang L, Zhang M, Yan X, Ju Q, et al. Curcumin inhibits 
malignant behavior of colorectal cancer cells by regulating <span 
style="font-variant:Small-caps;">M2</span> polarization of tumor-
associated macrophages and metastasis associated in colon cancer 1 
(MACC1) expression. Chem Biol Drug Des. 2023;102:1202–12. https://​
doi.​org/​10.​1111/​cbdd.​14330.

	108.	 Liu C, Rokavec M, Huang Z, Hermeking H. Curcumin activates a ROS/
KEAP1/NRF2/miR-34a/b/c cascade to suppress colorectal cancer 
metastasis. Cell Death Differ. 2023;30:1771–85. https://​doi.​org/​10.​1038/​
s41418-​023-​01178-1.

	109.	 Wubetu GY, Shimada M, Morine Y, Ikemoto T, Ishikawa D, Iwahashi S, 
et al. Epigallocatechin gallate hinders human hepatoma and colon can‑
cer sphere formation. J Gastroenterol Hepatol. 2016;31:256–64. https://​
doi.​org/​10.​1111/​jgh.​13069.

	110.	 El-Readi MZ, Eid S, Abdelghany AA, Al-Amoudi HS, Efferth T, Wink 
M. Resveratrol mediated cancer cell apoptosis, and modulation of 
multidrug resistance proteins and metabolic enzymes. Phytomedicine. 
2019;55:269–81. https://​doi.​org/​10.​1016/j.​phymed.​2018.​06.​046.

	111.	 Li D, Wang G, Jin G, Yao K, Zhao Z, Bie L, et al. Resveratrol suppresses 
colon cancer growth by targeting the AKT/STAT3 signaling pathway. Int 
J Mol Med. 2018. https://​doi.​org/​10.​3892/​ijmm.​2018.​3969.

	112.	 Cai R, Zhou Y-P, Li Y-H, Zhang J-J, Hu Z-W. Baicalin blocks colon cancer 
cell cycle and inhibits cell proliferation through miR-139-3p upregula‑
tion by targeting CDK16. Am J Chin Med. 2023;51:189–203. https://​doi.​
org/​10.​1142/​S0192​415X2​35001​18.

	113.	 Tao Y, Zhan S, Wang Y, Zhou G, Liang H, Chen X, et al. Baicalin, the major 
component of traditional Chinese medicine *Scutellaria baicalensis* 
induces colon cancer cell apoptosis through inhibition of oncomiRNAs. 
Sci Rep. 2018;8:14477. https://​doi.​org/​10.​1038/​s41598-​018-​32734-2.

	114.	 González Astorga B, Salvà Ballabrera F, Aranda Aguilar E, Élez Fernández 
E, García-Alfonso P, González Flores E, et al. Patient profiles as an aim 
to optimize selection in the second line setting: the role of afliber‑
cept. Clin Transl Oncol. 2021;23:1520–8. https://​doi.​org/​10.​1007/​
s12094-​021-​02568-y.

	115.	 The complexity of tumour angiogenesis based on recently described 
molecules-PubMed (n.d.). https://​pubmed.​ncbi.​nlm.​nih.​gov/​33911​980/ 
(accessed March 27, 2025).

	116.	 Yang Z, Zhang X, Bai X, Xi X, Liu W, Zhong W. Anti-angiogenesis in 
colorectal cancer therapy. Cancer Sci. 2024;115:734–51. https://​doi.​org/​
10.​1111/​cas.​16063.

	117.	 Resistance mechanisms to anti-angiogenic therapies in cancer-PubMed 
(n.d.). https://​pubmed.​ncbi.​nlm.​nih.​gov/​32175​278/ (accessed March 27, 
2025).

	118.	 Yao H, Li S, Hu J, Chen Y, Huang L, Lin J, et al. Chromatographic 
fingerprint and quantitative analysis of seven bioactive compounds of 
*Scutellaria barbata*. Planta Med. 2011;77:388–93. https://​doi.​org/​10.​
1055/s-​0030-​12503​53.

	119.	 Sun D, Zhang F, Qian J, Shen W, Fan H, Tan J, et al. 4’-hydroxywogonin 
inhibits colorectal cancer angiogenesis by disrupting PI3K/AKT signal‑
ing. Chem-Biol Interact. 2018;296:26–33. https://​doi.​org/​10.​1016/j.​cbi.​
2018.​09.​003.

	120.	 Kisacam MA. Nobiletin is capable of regulating certain anti-cancer 
pathways in a colon cancer cell line. Naunyn-Schmiedebergs Arch Phar‑
macol. 2023;396:547–55. https://​doi.​org/​10.​1007/​s00210-​022-​02354-9.

	121.	 Bai C, Sun Y, Pan X, Yang J, Li X, Wu A, et al. Antitumor effects of tri‑
methylellagic acid isolated from Sanguisorba officinalis L. on colorectal 
cancer via angiogenesis inhibition and apoptosis induction. Front 
Pharmacol. 2019;10:1646. https://​doi.​org/​10.​3389/​fphar.​2019.​01646.

	122.	 Liao H-F, Chen Y-Y, Liu J-J, Hsu M-L, Shieh H-J, Liao H-J, et al. Inhibitory 
effect of caffeic acid phenethyl ester on angiogenesis, tumor invasion, 
and metastasis. J Agric Food Chem. 2003;51:7907–12. https://​doi.​org/​
10.​1021/​jf034​729d.

	123.	 Ghosh R, Bhowmik A, Biswas S, Samanta P, Sarkar R, Pakhira S, et al. 
Natural flavonoid orientin restricts 5-fluorouracil induced cancer 
stem cells mediated angiogenesis by regulating HIF1α and VEGFA 
in colorectal cancer. Mol Med. 2025;31:85. https://​doi.​org/​10.​1186/​
s10020-​024-​01032-1.

	124.	 Majeed A, Majeed M, Thajuddin N, Arumugam S, Ali F, Beede K, 
et al. Bioconversion of curcumin into calebin-a by the endophytic 
fungus *Ovatospora brasiliensis* EPE-10 MTCC 25236 associated with 
*Curcuma caesia*. AMB Express. 2019;9:79. https://​doi.​org/​10.​1186/​
s13568-​019-​0802-9.

	125.	 Brockmueller A, Girisa S, Motallebi M, Kunnumakkara AB, Shakibaei M. 
Calebin A targets the HIF-1α/NF-κB pathway to suppress colorectal 
cancer cell migration. Front Pharmacol. 2023;14:1203436. https://​doi.​
org/​10.​3389/​fphar.​2023.​12034​36.

https://doi.org/10.1016/j.domaniend.2020.106508
https://doi.org/10.1016/j.domaniend.2020.106508
https://doi.org/10.3389/fphar.2020.00879
https://doi.org/10.3389/fphar.2020.00879
https://doi.org/10.1111/jfbc.13703
https://doi.org/10.1080/08916934.2024.2427094
https://doi.org/10.1080/08916934.2024.2427094
https://doi.org/10.3389/fphar.2024.1453426
https://doi.org/10.1016/j.jep.2021.113989
https://doi.org/10.1016/j.jep.2021.113989
https://doi.org/10.3390/ijms16022530
https://doi.org/10.1139/cjpp-2020-0588
https://doi.org/10.1139/cjpp-2020-0588
https://doi.org/10.3892/or.2017.5662
https://doi.org/10.3892/or.2017.5662
https://doi.org/10.1016/j.biopha.2023.115132
https://doi.org/10.1016/j.biopha.2023.115132
https://doi.org/10.3892/or.2020.7617
https://doi.org/10.3892/or.2020.7617
https://doi.org/10.7150/jca.37242
https://doi.org/10.7150/jca.37242
https://doi.org/10.1021/jf052736r
https://doi.org/10.1021/jf052736r
https://doi.org/10.3892/ijo.2018.4489
https://doi.org/10.3892/ijo.2016.3565
https://doi.org/10.3892/ijo.2016.3565
https://doi.org/10.3390/nu9060572
https://doi.org/10.3390/nu9060572
https://doi.org/10.1111/cbdd.14330
https://doi.org/10.1111/cbdd.14330
https://doi.org/10.1038/s41418-023-01178-1
https://doi.org/10.1038/s41418-023-01178-1
https://doi.org/10.1111/jgh.13069
https://doi.org/10.1111/jgh.13069
https://doi.org/10.1016/j.phymed.2018.06.046
https://doi.org/10.3892/ijmm.2018.3969
https://doi.org/10.1142/S0192415X23500118
https://doi.org/10.1142/S0192415X23500118
https://doi.org/10.1038/s41598-018-32734-2
https://doi.org/10.1007/s12094-021-02568-y
https://doi.org/10.1007/s12094-021-02568-y
https://pubmed.ncbi.nlm.nih.gov/33911980/
https://doi.org/10.1111/cas.16063
https://doi.org/10.1111/cas.16063
https://pubmed.ncbi.nlm.nih.gov/32175278/
https://doi.org/10.1055/s-0030-1250353
https://doi.org/10.1055/s-0030-1250353
https://doi.org/10.1016/j.cbi.2018.09.003
https://doi.org/10.1016/j.cbi.2018.09.003
https://doi.org/10.1007/s00210-022-02354-9
https://doi.org/10.3389/fphar.2019.01646
https://doi.org/10.1021/jf034729d
https://doi.org/10.1021/jf034729d
https://doi.org/10.1186/s10020-024-01032-1
https://doi.org/10.1186/s10020-024-01032-1
https://doi.org/10.1186/s13568-019-0802-9
https://doi.org/10.1186/s13568-019-0802-9
https://doi.org/10.3389/fphar.2023.1203436
https://doi.org/10.3389/fphar.2023.1203436


Page 30 of 32Li and Liu ﻿Natural Products and Bioprospecting           (2026) 16:61 

	126.	 Zhu Y, Li X, Yue GG-L, Lee JK-M, Gao S, Wang M, et al. Broussoflavonol F 
exhibited anti-proliferative and anti-angiogenesis effects in colon can‑
cer via modulation of the HER2-RAS-MEK-ERK pathway. Phytomedicine. 
2024;135:156243. https://​doi.​org/​10.​1016/j.​phymed.​2024.​156243.

	127.	 Zhu PT, Mao M, Liu ZG, Tao L, Yan BC. Scutellarin suppresses human 
colorectal cancer metastasis and angiogenesis by targeting ephrinb2. 
Am J Transl Res. 2017;9:5094–104.

	128.	 Panahi Y, Darvishi B, Ghanei M, Jowzi N, Beiraghdar F, Varnamkhasti BS. 
Molecular mechanisms of curcumins suppressing effects on tumo‑
rigenesis, angiogenesis and metastasis, focusing on NF-κB pathway. 
Cytokine Growth Factor Rev. 2016;28:21–9. https://​doi.​org/​10.​1016/j.​
cytog​fr.​2015.​12.​004.

	129.	 Shin YS, Kang SU, Park JK, Kim YE, Kim YS, Baek SJ, et al. Anti-cancer 
effect of (-)-epigallocatechin-3-gallate (EGCG) in head and neck cancer 
through repression of transactivation and enhanced degradation of 
β-catenin. Phytomedicine. 2016;23:1344–55. https://​doi.​org/​10.​1016/j.​
phymed.​2016.​07.​005.

	130.	 Jin G, Yang Y, Liu K, Zhao J, Chen X, Liu H, et al. Combination curcumin 
and (-)-epigallocatechin-3-gallate inhibits colorectal carcinoma 
microenvironment-induced angiogenesis by JAK/STAT3/IL-8 pathway. 
Oncogenesis. 2017;6:e384. https://​doi.​org/​10.​1038/​oncsis.​2017.​84.

	131.	 Farombi EO, Ajayi BO, Adedara IA. 6-gingerol delays tumorigenesis 
in benzo[a]pyrene and dextran sulphate sodium-induced colorectal 
cancer in mice. Food Chem Toxicol. 2020;142:111483. https://​doi.​org/​
10.​1016/j.​fct.​2020.​111483.

	132.	 Afsharzadeh M, Abnous K, Yazdian-Robati R, Ataranzadeh A, Ramezani 
M, Hashemi M. Formulation and evaluation of anticancer and 
antiangiogenesis efficiency of PLA-PEG nanoparticles loaded with 
galbanic acid in C26 colon carcinoma, in vitro and in vivo. J Cell Physiol. 
2019;234:6099–107. https://​doi.​org/​10.​1002/​jcp.​27346.

	133.	 Ceci C, Lacal PM, Tentori L, De Martino MG, Miano R, Graziani G. Experi‑
mental evidence of the antitumor, antimetastatic and antiangiogenic 
activity of ellagic acid. Nutrients. 2018;10:1756. https://​doi.​org/​10.​3390/​
nu101​11756.

	134.	 Zhao J, Li G, Bo W, Zhou Y, Dang S, Wei J, et al. Multiple effects of ellagic 
acid on human colorectal carcinoma cells identified by gene expres‑
sion profile analysis. Int J Oncol. 2017;50:613–21. https://​doi.​org/​10.​
3892/​ijo.​2017.​3843.

	135.	 Ademosun AO, Oboh G, Passamonti S, Tramer F, Ziberna L, Boligon AA, 
et al. Phenolic composition of orange peels and modulation of redox 
status and matrix metalloproteinase activities in primary (caco-2) and 
metastatic (LoVo and LoVo/ADR) colon cancer cells. Eur Food Res Tech‑
nol. 2016;242:1949–59. https://​doi.​org/​10.​1007/​s00217-​016-​2694-0.

	136.	 Xiao X, Shi D, Liu L, Wang J, Xie X, Kang T, et al. Quercetin suppresses 
cyclooxygenase-2 expression and angiogenesis through inactivation of 
P300 signaling. PLoS ONE. 2011;6:e22934. https://​doi.​org/​10.​1371/​journ​
al.​pone.​00229​34.

	137.	 Zhou F, Zhou H, Wang T, Mu Y, Wu B, Guo D, et al. Epigallocatechin-
3-gallate inhibits proliferation and migration of human colon cancer 
SW620 cells in vitro. Acta Pharmacol Sin. 2012;33:120–6. https://​doi.​org/​
10.​1038/​aps.​2011.​139.

	138.	 Dai J, Van Wie PG, Fai LY, Kim D, Wang L, Poyil P, et al. Downregulation 
of NEDD9 by apigenin suppresses migration, invasion, and metastasis 
of colorectal cancer cells. Toxicol Appl Pharmacol. 2016;311:106–12. 
https://​doi.​org/​10.​1016/j.​taap.​2016.​09.​016.

	139.	 Bai X, Wang W-X, Fu R-J, Yue S-J, Gao H, Chen Y-Y, et al. Therapeutic 
potential of hydroxysafflor yellow a on cardio-cerebrovascular diseases. 
Front Pharmacol. 2020;11:1265. https://​doi.​org/​10.​3389/​fphar.​2020.​
01265.

	140.	 Su D, Lv C. Hydroxysafflor yellow a inhibits the proliferation, migration, 
and invasion of colorectal cancer cells through the PPARγ/PTEN/AKT 
signaling pathway. Bioengineered. 2021;12:11533–43. https://​doi.​org/​
10.​1080/​21655​979.​2021.​20099​65.

	141.	 Wang S, Shen Y, Qiu R, Chen Z, Chen Z, Chen W. 18 β-glycyrrhetinic acid 
exhibits potent antitumor effects against colorectal cancer via inhibi‑
tion of cell proliferation and migration. Int J Oncol. 2017;51:615–24. 
https://​doi.​org/​10.​3892/​ijo.​2017.​4059.

	142.	 Larsen CA, Dashwood RH. (−)-epigallocatechin-3-gallate inhibits MET 
signaling, proliferation, and invasiveness in human colon cancer cells. 
Arch Biochem Biophys. 2010;501:52–7. https://​doi.​org/​10.​1016/j.​abb.​
2010.​03.​017.

	143.	 Stockwell BR. Ferroptosis turns 10: emerging mechanisms, physiological 
functions, and therapeutic applications. Cell. 2022;185:2401–21. https://​
doi.​org/​10.​1016/j.​cell.​2022.​06.​003.

	144.	 Xiao H, Chen C, Yuan X, Yang L, Zheng Y, Yuan J, et al. Gingerenone a 
induces ferroptosis in colorectal cancer via targeting suppression of 
SLC7A11 signaling pathway. Biomed Pharmacother. 2024;180:117529. 
https://​doi.​org/​10.​1016/j.​biopha.​2024.​117529.

	145.	 You W, Di A, Zhang L, Zhao G. Effects of wogonin on the growth and 
metastasis of colon cancer through the Hippo signaling pathway. Bio‑
engineered. 2022;13:2586–97. https://​doi.​org/​10.​1080/​21655​979.​2021.​
20191​73.

	146.	 Luo K-W, Xia J, Cheng B-H, Gao H-C, Fu L-W, Luo X-L. Tea polyphenol 
EGCG inhibited colorectal-cancer-cell proliferation and migration via 
downregulation of STAT3. Gastroenterol Rep. 2021;9:59–70. https://​doi.​
org/​10.​1093/​gastro/​goaa0​72.

	147.	 Buhrmann C, Shayan P, Goel A, Shakibaei M. Resveratrol regulates colo‑
rectal cancer cell invasion by modulation of focal adhesion molecules. 
Nutrients. 2017;9:1073. https://​doi.​org/​10.​3390/​nu910​1073.

	148.	 Lee S-R, Jin H, Kim W-T, Kim W-J, Kim SZ, Leem S-H, et al. Tristetraprolin 
activation by resveratrol inhibits the proliferation and metastasis of 
colorectal cancer cells. Int J Oncol. 2018. https://​doi.​org/​10.​3892/​ijo.​
2018.​4453.

	149.	 Xu Y, Xu G, Liu L, Xu D, Liu J. Anti-invasion effect of rosmarinic acid via 
the extracellular signal-regulated kinase and oxidation–reduction path‑
way in Ls174-T cells. J Cell Biochem. 2010;111:370–9. https://​doi.​org/​10.​
1002/​jcb.​22708.

	150.	 Liu H, Deng R, Zhu C, Han H, Zong G, Ren L, et al. Rosmarinic acid in 
combination with ginsenoside Rg1 suppresses colon cancer metastasis 
via co-inhition of COX-2 and PD1/PD-L1 signaling axis. Acta Pharmacol 
Sin. 2024;45:193–208. https://​doi.​org/​10.​1038/​s41401-​023-​01158-8.

	151.	 Behrendt I, Röder I, Will F, Mostafa H, Gonzalez-Dominguez R, Meroño 
T, et al. Influence of plasma-isolated anthocyanins and their metabo‑
lites on cancer cell migration (HT-29 and Caco-2) in vitro: results of the 
ATTACH study. Antioxidants Basel. 2022;11:1341. https://​doi.​org/​10.​
3390/​antio​x1107​1341.

	152.	 Xiao H, Chen C, Yuan X, Yang L, Zheng Y, Yuan J, Huang S, Liang J, Yuan 
S, Li M, Wang J. Gingerenone a induces ferroptosis in colorectal cancer 
via targeting suppression of SLC7A11 signaling pathway. Biomed 
Pharmacother Biomed Pharmacother. 2024;180:117529. https://​doi.​org/​
10.​1016/j.​biopha.​2024.​117529.

	153.	 Liu Y, Borchert GL, Surazynski A, Hu C-A, Phang JM. Proline oxidase 
activates both intrinsic and extrinsic pathways for apoptosis: the 
role of ROS/superoxides, NFAT and MEK/ERK signaling. Oncogene. 
2006;25:5640–7. https://​doi.​org/​10.​1038/​sj.​onc.​12095​64.

	154.	 Galadari S, Rahman A, Pallichankandy S, Thayyullathil F. Reactive oxygen 
species and cancer paradox: to promote or to suppress. Free Radic Biol 
Med. 2017;104:144–64. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2017.​
01.​004.

	155.	 Li L, Tan J, Miao Y, Lei P, Zhang Q. ROS and autophagy: interactions and 
molecular regulatory mechanisms. Cell Mol Neurobiol. 2015;35:615–21. 
https://​doi.​org/​10.​1007/​s10571-​015-​0166-x.

	156.	 Srinivas US, Tan BWQ, Vellayappan BA, Jeyasekharan AD. ROS and the 
DNA damage response in cancer. Redox Biol. 2019;25:101084. https://​
doi.​org/​10.​1016/j.​redox.​2018.​101084.

	157.	 Lin S, Li Y, Zamyatnin AA, Werner J, Bazhin AV. Reactive oxygen species 
and colorectal cancer. J Cell Physiol. 2018;233:5119–32. https://​doi.​org/​
10.​1002/​jcp.​26356.

	158.	 Zhang Y, Hao M, Yang X, Zhang S, Han J, Wang Z, Chen H-N. Reac‑
tive oxygen species in colorectal cancer adjuvant therapies. Biochim 
Biophys Acta Mol Basis Dis. 2024;1870:166922. https://​doi.​org/​10.​1016/j.​
bbadis.​2023.​166922.

	159.	 Chuang H-Y, Chan H-W, Shih K-C. Suppression of colorectal cancer 
growth: interplay between curcumin and metformin through DMT1 
downregulation and ROS-mediated pathways. Biofactors (Oxf Engl). 
2025;51:e2137. https://​doi.​org/​10.​1002/​biof.​2137.

	160.	 Shen Z, Zhao L, Yoo S-A, Lin Z, Zhang Y, Yang W, et al. Emodin induces 
ferroptosis in colorectal cancer through NCOA4-mediated ferritin‑
ophagy and NF-κb pathway inactivation. Apoptosis. 2024;29:1810–23. 
https://​doi.​org/​10.​1007/​s10495-​024-​01973-2.

	161.	 Miao Q, Deng W-Q, Lyu W-Y, Sun Z-T, Fan S-R, Qi M, et al. Erianin inhibits 
the growth and metastasis through autophagy-dependent ferroptosis 

https://doi.org/10.1016/j.phymed.2024.156243
https://doi.org/10.1016/j.cytogfr.2015.12.004
https://doi.org/10.1016/j.cytogfr.2015.12.004
https://doi.org/10.1016/j.phymed.2016.07.005
https://doi.org/10.1016/j.phymed.2016.07.005
https://doi.org/10.1038/oncsis.2017.84
https://doi.org/10.1016/j.fct.2020.111483
https://doi.org/10.1016/j.fct.2020.111483
https://doi.org/10.1002/jcp.27346
https://doi.org/10.3390/nu10111756
https://doi.org/10.3390/nu10111756
https://doi.org/10.3892/ijo.2017.3843
https://doi.org/10.3892/ijo.2017.3843
https://doi.org/10.1007/s00217-016-2694-0
https://doi.org/10.1371/journal.pone.0022934
https://doi.org/10.1371/journal.pone.0022934
https://doi.org/10.1038/aps.2011.139
https://doi.org/10.1038/aps.2011.139
https://doi.org/10.1016/j.taap.2016.09.016
https://doi.org/10.3389/fphar.2020.01265
https://doi.org/10.3389/fphar.2020.01265
https://doi.org/10.1080/21655979.2021.2009965
https://doi.org/10.1080/21655979.2021.2009965
https://doi.org/10.3892/ijo.2017.4059
https://doi.org/10.1016/j.abb.2010.03.017
https://doi.org/10.1016/j.abb.2010.03.017
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1016/j.biopha.2024.117529
https://doi.org/10.1080/21655979.2021.2019173
https://doi.org/10.1080/21655979.2021.2019173
https://doi.org/10.1093/gastro/goaa072
https://doi.org/10.1093/gastro/goaa072
https://doi.org/10.3390/nu9101073
https://doi.org/10.3892/ijo.2018.4453
https://doi.org/10.3892/ijo.2018.4453
https://doi.org/10.1002/jcb.22708
https://doi.org/10.1002/jcb.22708
https://doi.org/10.1038/s41401-023-01158-8
https://doi.org/10.3390/antiox11071341
https://doi.org/10.3390/antiox11071341
https://doi.org/10.1016/j.biopha.2024.117529
https://doi.org/10.1016/j.biopha.2024.117529
https://doi.org/10.1038/sj.onc.1209564
https://doi.org/10.1016/j.freeradbiomed.2017.01.004
https://doi.org/10.1016/j.freeradbiomed.2017.01.004
https://doi.org/10.1007/s10571-015-0166-x
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1002/jcp.26356
https://doi.org/10.1002/jcp.26356
https://doi.org/10.1016/j.bbadis.2023.166922
https://doi.org/10.1016/j.bbadis.2023.166922
https://doi.org/10.1002/biof.2137
https://doi.org/10.1007/s10495-024-01973-2


Page 31 of 32Li and Liu ﻿Natural Products and Bioprospecting           (2026) 16:61 	

in KRASG13D colorectal cancer. Free Radic Biol Med. 2023;204:301–12. 
https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2023.​05.​008.

	162.	 Yu T-J, Tang J-Y, Shiau J-P, Hou M-F, Yen C-H, Ou-Yang F, et al. Ginger‑
enone a induces antiproliferation and senescence of breast cancer cells. 
Antioxidants. 2022;11:587. https://​doi.​org/​10.​3390/​antio​x1103​0587.

	163.	 Wang J, Prinz RA, Liu X, Xu X. In vitro and in vivo antiviral activity of gin‑
gerenone a on influenza a virus is mediated by targeting Janus kinase 
2. Viruses. 2020;12:1141. https://​doi.​org/​10.​3390/​v1210​1141.

	164.	 Liang J, Dai W, Liu C, Wen Y, Chen C, Xu Y, Huang S, Hou S, Li C, Chen 
Y, Wang W, Tang H. Gingerenone a attenuates ulcerative colitis via 
targeting IL-17RA to inhibit inflammation and restore intestinal barrier 
function. Adv Sci (Weinh Baden-Wurtt Ger). 2024;11:e2400206. https://​
doi.​org/​10.​1002/​advs.​20240​0206.

	165.	 Zhao Q, Zhong J, Bi Y, Liu Y, Liu Y, Guo J, Pan L, Tan Y, Yu X. Gambogenic 
acid induces noxa-mediated apoptosis in colorectal cancer through 
ROS-dependent activation of IRE1α/JNK, Phytomed. Int J Phytother 
Phytopharm. 2020;78:153306. https://​doi.​org/​10.​1016/j.​phymed.​2020.​
153306.

	166.	 Li H, Meng X-X, Zhang L, Zhang B-J, Liu X-Y, Fu W-W, et al. Oblongifolin C 
and guttiferone K extracted from Garcinia yunnanensis fruit synergisti‑
cally induce apoptosis in human colorectal cancer cells in vitro. Acta 
Pharmacol Sin. 2017;38:252–63. https://​doi.​org/​10.​1038/​aps.​2016.​101.

	167.	 Hu Y, Liu M, Qin H, Lin H, An X, Shi Z, et al. Artemether, artesunate, 
arteannuin B, eChinatin, licochalcone B and andrographolide effectively 
inhibit SARS-CoV-2 and related viruses in vitro. Front Cell Infect Micro‑
biol. 2021;11:680127. https://​doi.​org/​10.​3389/​fcimb.​2021.​680127.

	168.	 Xu G, Fu S, Zhan X, Wang Z, Zhang P, Shi W, Qin N, Chen Y, Wang C, Niu 
M, Guo Y, Wang J, Bai Z, Xiao X. EChinatin effectively protects against 
NLRP3 inflammasome-driven diseases by targeting HSP90. JCI Insight. 
2021;6:e134601. https://​doi.​org/​10.​1172/​jci.​insig​ht.​134601.

	169.	 Kwak A-W, Lee J-Y, Lee S-O, Seo J-H, Park JW, Choi YH, Cho S-S, Yoon 
G, Lee M-H, Shim J-H. EChinatin induces reactive oxygen species-
mediated apoptosis via JNK/p38 MAPK signaling pathway in colorectal 
cancer cells. Phytother Res PTR. 2023;37:563–77. https://​doi.​org/​10.​
1002/​ptr.​7634.

	170.	 Shang P, Yang J, Shao L, Sun C, Ji J, Wang X, et al. Quercetin inhibits 
malignant progression of high metastatic advanced colon cancer in 
hypoxia via suppressing ROS and PI3K/AKT pathway. Pharm Sci Adv. 
2024;2:100057. https://​doi.​org/​10.​1016/j.​pscia.​2024.​100057.

	171.	 Chen L-D, Liu Z-H, Zhang L-F, Yao J-N, Wang C-F. Sanggenon C induces 
apoptosis of colon cancer cells via inhibition of NO production, iNOS 
expression and ROS activation of the mitochondrial pathway. Oncol 
Rep. 2017;38:2123–31. https://​doi.​org/​10.​3892/​or.​2017.​5912.

	172.	 Zhang Y, Guo Y, Wang M, Dong H, Zhang J, Zhang L. Quercetrin from 
Toona sinensis leaves induces cell cycle arrest and apoptosis via 
enhancement of oxidative stress in human colorectal cancer SW620 
cells. Oncol Rep. 2017;38:3319–26. https://​doi.​org/​10.​3892/​or.​2017.​
6042.

	173.	 Raja SB, Rajendiran V, Kasinathan NK, Venkatabalasubramanian APS, 
Murali MR, Devaraj H, Devaraj SN. Differential cytotoxic activity of 
quercetin on colonic cancer cells depends on ROS generation through 
COX-2 expression. Food Chem Toxicol Int J Publ Br Ind Biol Res Assoc. 
2017;106:92–106. https://​doi.​org/​10.​1016/j.​fct.​2017.​05.​006.

	174.	 Scarpa ES, Antonini E, Palma F, Mari M, Ninfali P. Antiproliferative activity 
of vitexin-2-O-xyloside and avenanthramides on CaCo-2 and HepG2 
cancer cells occurs through apoptosis induction and reduction of pro-
survival mechanisms. Eur J Nutr. 2018;57:1381–95. https://​doi.​org/​10.​
1007/​s00394-​017-​1418-y.

	175.	 Fu R, Yang P, Li Z, Liu W, Amin S, Li Z. Avenanthramide a triggers potent 
ROS-mediated anti-tumor effects in colorectal cancer by directly 
targeting DDX3. Cell Death Dis. 2019;10:593. https://​doi.​org/​10.​1038/​
s41419-​019-​1825-5.

	176.	 Kim D-H, Park K-W, Chae IG, Kundu J, Kim E-H, Kundu JK, et al. Carnosic 
acid inhibits STAT3 signaling and induces apoptosis through gen‑
eration of ROS in human colon cancer HCT116 cells. Mol Carcinog. 
2016;55:1096–110. https://​doi.​org/​10.​1002/​mc.​22353.

	177.	 Seok JH, Kim DH, Kim HJ, Jo HH, Kim EY, Jeong J-H, et al. Epigallocat‑
echin-3-gallate suppresses hemin-aggravated colon carcinogenesis 
through Nrf2-inhibited mitochondrial reactive oxygen species accumu‑
lation. J Vet Sci. 2022;23:e74. https://​doi.​org/​10.​4142/​jvs.​22097.

	178.	 Jang DS, Yang MS, Ha TJ, Park KH. Hemistepsins with cytotoxic activity 
from Hemisteptia lyrata. Planta Med. 1999;65:765–6. https://​doi.​org/​10.​
1055/s-​2006-​960863.

	179.	 Jin L, Kim E-Y, Chung T-W, Han CW, Park SY, Han JH, et al. Hemistepsin 
a suppresses colorectal cancer growth through inhibiting pyruvate 
dehydrogenase kinase activity. Sci Rep. 2020;10:21940. https://​doi.​org/​
10.​1038/​s41598-​020-​79019-1.

	180.	 Kapoor S, Padwad YS. Phloretin induces G2/M arrest and apopto‑
sis by suppressing the β-catenin signaling pathway in colorectal 
carcinoma cells. Apoptosis. 2023;28:810–29. https://​doi.​org/​10.​1007/​
s10495-​023-​01826-4.

	181.	 Choi J-B, Kim J-H, Lee H, Pak J-N, Shim BS, Kim S-H. Reactive oxygen 
species and p53 mediated activation of p38 and caspases is critically 
involved in kaempferol induced apoptosis in colorectal cancer cells. 
J Agric Food Chem. 2018;66:9960–7. https://​doi.​org/​10.​1021/​acs.​jafc.​
8b026​56.

	182.	 Guo P, Wang S, Liang W, Wang W, Wang H, Zhao M, et al. Salvianolic acid 
B reverses multidrug resistance in HCT-8/VCR human colorectal cancer 
cells by increasing ROS levels. Mol Med Rep. 2017;15:724–30. https://​
doi.​org/​10.​3892/​mmr.​2016.​6049.

	183.	 Zhang Z, Zhu Q, Wang S, Shi C. Epigallocatechin-3-gallate inhibits the 
formation of neutrophil extracellular traps and suppresses the migra‑
tion and invasion of colon cancer cells by regulating STAT3/CXCL8 
pathway. Mol Cell Biochem. 2023;478:887–98. https://​doi.​org/​10.​1007/​
s11010-​022-​04550-w.

	184.	 Kimura Y, Taniguchi M, Okuda T. Acertannin prevents azoxymethane/
dextran sulfate sodium-induced colon cancer growth by inhibiting 
the colonic expression of interleukin-1β, monocyte chemoattractant 
protein-1, cyclooxygenase-2, and thymocyte selection-associated high 
mobility group box proteins (TOX)/TOX2 in C57BL/6J mice. Eur J Phar‑
macol. 2023;947:175680. https://​doi.​org/​10.​1016/j.​ejphar.​2023.​175680.

	185.	 Chiou Y-S, Tsai M-L, Nagabhushanam K, Wang Y-J, Wu C-H, Ho C-T, et al. 
Pterostilbene is more potent than resveratrol in preventing azox‑
ymethane (AOM)-induced colon tumorigenesis via activation of the 
NF-E2-related factor 2 (Nrf2)-mediated antioxidant signaling pathway. J 
Agric Food Chem. 2011;59:2725–33. https://​doi.​org/​10.​1021/​jf200​0103.

	186.	 Wu H, Liang X, Fang Y, Qin X, Zhang Y, Liu J. Resveratrol inhibits 
hypoxia-induced metastasis potential enhancement by restricting 
hypoxia-induced factor-1α expression in colon carcinoma cells. Biomed 
Pharmacother. 2008;62:613–21. https://​doi.​org/​10.​1016/j.​biopha.​2008.​
06.​036.

	187.	 Ge S, Sun X, Sang L, Zhang M, Yan X, Ju Q, et al. Curcumin inhibits 
malignant behavior of colorectal cancer cells by regulating <span 
style="font-variant:Small-caps;">M2</span> polarization of tumor‐
associated macrophages and metastasis associated in colon cancer 1 
( MACC1 ) expression. Chem Biol Drug Des. 2023;102:1202–12. https://​
doi.​org/​10.​1111/​cbdd.​14330.

	188.	 Wang X, Wang Q, Ives KL, Evers BM. Curcumin inhibits neurotensin-
mediated interleukin-8 production and migration of HCT116 human 
colon cancer cells. Clin Cancer Res. 2006;12:5346–55. https://​doi.​org/​10.​
1158/​1078-​0432.​CCR-​06-​0968.

	189.	 Cao W, Zhang X, Chen J, Sun L, He H, Yu F. Codelivery of apigenin, 
FdUMP and CD276 antibody synergistic inhibit colorectal cancer by 
ferroptosis-apoptosis-pyroptosis and CD276 blockade. Asian J Pharm 
Sci. 2025;20:101016. https://​doi.​org/​10.​1016/j.​ajps.​2025.​101016.

	190.	 Scheckel KA, Degner SC, Romagnolo DF. Rosmarinic acid antago‑
nizes activator protein-1–dependent activation of cyclooxygenase-2 
expression in human cancer and nonmalignant cell lines. J Nutr. 
2008;138:2098–105. https://​doi.​org/​10.​3945/​jn.​108.​090431.

	191.	 Osipov A, Saung MT, Zheng L, Murphy AG. Small molecule immu‑
nomodulation: the tumor microenvironment and overcoming immune 
escape. J Immunother Cancer. 2019;7:224. https://​doi.​org/​10.​1186/​
s40425-​019-​0667-0.

	192.	 Casey SC, Amedei A, Aquilano K, Azmi AS, Benencia F, Bhakta D, Bilsland 
AE, Boosani CS, Chen S, Ciriolo MR, Crawford S, Fujii H, Georgakilas 
AG, Guha G, Halicka D, Helferich WG, Heneberg P, Honoki K, Keith WN, 
Kerkar SP, Mohammed SI, Niccolai E, Nowsheen S, Vasantha Rupasinghe 
HP, Samadi A, Singh N, Talib WH, Venkateswaran V, Whelan RL, Yang X, 
Felsher SW. Cancer prevention and therapy through the modulation of 
the tumor microenvironment. Semin Cancer Biol. 2015;35 Suppl:S199–
S223. https://​doi.​org/​10.​1016/j.​semca​ncer.​2015.​02.​007.

https://doi.org/10.1016/j.freeradbiomed.2023.05.008
https://doi.org/10.3390/antiox11030587
https://doi.org/10.3390/v12101141
https://doi.org/10.1002/advs.202400206
https://doi.org/10.1002/advs.202400206
https://doi.org/10.1016/j.phymed.2020.153306
https://doi.org/10.1016/j.phymed.2020.153306
https://doi.org/10.1038/aps.2016.101
https://doi.org/10.3389/fcimb.2021.680127
https://doi.org/10.1172/jci.insight.134601
https://doi.org/10.1002/ptr.7634
https://doi.org/10.1002/ptr.7634
https://doi.org/10.1016/j.pscia.2024.100057
https://doi.org/10.3892/or.2017.5912
https://doi.org/10.3892/or.2017.6042
https://doi.org/10.3892/or.2017.6042
https://doi.org/10.1016/j.fct.2017.05.006
https://doi.org/10.1007/s00394-017-1418-y
https://doi.org/10.1007/s00394-017-1418-y
https://doi.org/10.1038/s41419-019-1825-5
https://doi.org/10.1038/s41419-019-1825-5
https://doi.org/10.1002/mc.22353
https://doi.org/10.4142/jvs.22097
https://doi.org/10.1055/s-2006-960863
https://doi.org/10.1055/s-2006-960863
https://doi.org/10.1038/s41598-020-79019-1
https://doi.org/10.1038/s41598-020-79019-1
https://doi.org/10.1007/s10495-023-01826-4
https://doi.org/10.1007/s10495-023-01826-4
https://doi.org/10.1021/acs.jafc.8b02656
https://doi.org/10.1021/acs.jafc.8b02656
https://doi.org/10.3892/mmr.2016.6049
https://doi.org/10.3892/mmr.2016.6049
https://doi.org/10.1007/s11010-022-04550-w
https://doi.org/10.1007/s11010-022-04550-w
https://doi.org/10.1016/j.ejphar.2023.175680
https://doi.org/10.1021/jf2000103
https://doi.org/10.1016/j.biopha.2008.06.036
https://doi.org/10.1016/j.biopha.2008.06.036
https://doi.org/10.1111/cbdd.14330
https://doi.org/10.1111/cbdd.14330
https://doi.org/10.1158/1078-0432.CCR-06-0968
https://doi.org/10.1158/1078-0432.CCR-06-0968
https://doi.org/10.1016/j.ajps.2025.101016
https://doi.org/10.3945/jn.108.090431
https://doi.org/10.1186/s40425-019-0667-0
https://doi.org/10.1186/s40425-019-0667-0
https://doi.org/10.1016/j.semcancer.2015.02.007


Page 32 of 32Li and Liu ﻿Natural Products and Bioprospecting           (2026) 16:61 

	193.	 Yao Y, Feng S, Li X, Liu T, Ye S, Ma L, et al. Litchi procyanidins inhibit 
colon cancer proliferation and metastasis by triggering gut-lung axis 
immunotherapy. Cell Death Dis. 2023;14:109. https://​doi.​org/​10.​1038/​
s41419-​022-​05482-5.

	194.	 Yang H, Yue GG-L, Yuen K-K, Gao S, Leung PC, Wong CK, et al. Mecha‑
nistic insights into the anti-tumor and anti-metastatic effects of Patrinia 
villosa aqueous extract in colon cancer via modulation of TGF-β 
R1-smad2/3-E-cadherin and FAK-RhoA-cofilin pathways. Phytomedi‑
cine. 2023;117:154900. https://​doi.​org/​10.​1016/j.​phymed.​2023.​154900.

	195.	 Sun L, Liu Y, Sun Q, Wang G, Du B, Liu B, et al. Polysaccharides from tra‑
ditional Chinese medicine and their nano-formulated delivery systems 
for cancer immunotherapy. Carbohydr Polym. 2025;357:123416. https://​
doi.​org/​10.​1016/j.​carbp​ol.​2025.​123416.

	196.	 Lu F, Wang D, Li R-L, He L-Y, Ai L, Wu C-J. Current strategies and tech‑
nologies for finding drug targets of active components from traditional 
Chinese medicine. Front Biosci. 2021;26:572–89. https://​doi.​org/​10.​
52586/​4968.

	197.	 Wei D, Yang H, Zhang Y, Zhang X, Wang J, Wu X, et al. Nano-traditional 
Chinese medicine: a promising strategy and its recent advances. J 
Mater Chem B. 2022;10:2973–94. https://​doi.​org/​10.​1039/​D2TB0​0225F.

	198.	 Song L, Zhang W, Tang S, Luo S, Xiong P, Liu J, et al. Natural products in 
traditional Chinese medicine: molecular mechanisms and therapeutic 
targets of renal fibrosis and state-of-the-art drug delivery systems. 
Biomed Pharmacother. 2024;170:116039. https://​doi.​org/​10.​1016/j.​
biopha.​2023.​116039.

	199.	 Huang J, Zhu Y, Xiao H, Liu J, Li S, Zheng Q, et al. Formation of a tradi‑
tional Chinese medicine self-assembly nanostrategy and its application 
in cancer: a promising treatment. Chin Med. 2023;18:66. https://​doi.​org/​
10.​1186/​s13020-​023-​00764-2.

	200.	 Gao L, Wang K-X, Zhou Y-Z, Fang J-S, Qin X-M, Du G-H. Uncovering 
the anticancer mechanism of compound kushen injection against 
HCC by integrating quantitative analysis, network analysis and 
experimental validation. Sci Rep. 2018;8:624. https://​doi.​org/​10.​1038/​
s41598-​017-​18325-7.

	201.	 Nourmohammadi S, Aung TN, Cui J, Pei JV, De Ieso ML, Harata-Lee 
Y, et al. Effect of compound kushen injection, a natural compound 
mixture, and its identified chemical components on migration and 
invasion of colon, brain, and breast cancer cell lines. Front Oncol. 
2019;9:314. https://​doi.​org/​10.​3389/​fonc.​2019.​00314.

	202.	 Yan X, Qi M, Li P, Zhan Y, Shao H. Apigenin in cancer therapy: anti-cancer 
effects and mechanisms of action. Cell Biosci. 2017;7:50. https://​doi.​org/​
10.​1186/​s13578-​017-​0179-x.

	203.	 Salmani JMM, Zhang X-P, Jacob JA, Chen B-A. Apigenin’s anticancer 
properties and molecular mechanisms of action: recent advances and 
future prospectives. Chin J Nat Med. 2017;15:321–9. https://​doi.​org/​10.​
1016/​S1875-​5364(17)​30052-3.

	204.	 Elshaer M, Chen Y, Wang XJ, Tang X. Resveratrol: an overview of its anti-
cancer mechanisms. Life Sci. 2018;207:340–9. https://​doi.​org/​10.​1016/j.​
lfs.​2018.​06.​028.

	205.	 Giordano A, Tommonaro G. Curcumin and cancer. Nutrients. 
2019;11:2376. https://​doi.​org/​10.​3390/​nu111​02376.

	206.	 Wang Y, Lu J, Jiang B, Guo J. The roles of curcumin in regulating 
the tumor immunosuppressive microenvironment. Oncol Lett. 
2020;19:3059–70. https://​doi.​org/​10.​3892/​ol.​2020.​11437.

	207.	 Kim B-H, Kim M, Yin C-H, Jee J-G, Sandoval C, Lee H, et al. Inhibition of 
the signalling kinase JAK3 alleviates inflammation in monoarthritic rats. 
Br J Pharmacol. 2011;164:106–18. https://​doi.​org/​10.​1111/j.​1476-​5381.​
2011.​01353.x.

	208.	 Sekar V, Anandasadagopan SK, Ganapasam S. Genistein regulates 
tumor microenvironment and exhibits anticancer effect in dimethyl 
hydrazine-induced experimental colon carcinogenesis. Biofactors (Oxf 
Engl). 2016;42:623–37. https://​doi.​org/​10.​1002/​biof.​1298.

	209.	 Tsuboki J, Fujiwara Y, Horlad H, Shiraishi D, Nohara T, Tayama S, et al. 
Onionin a inhibits ovarian cancer progression by suppressing cancer 
cell proliferation and the protumour function of macrophages. Sci Rep. 
2016;6:29588. https://​doi.​org/​10.​1038/​srep2​9588.

	210.	 Han Y, Jo H, Cho JH, Dhanasekaran DN, Song YS. Resveratrol as a tumor-
suppressive nutraceutical modulating tumor microenvironment and 
malignant behaviors of cancer. Int J Mol Sci. 2019;20:925. https://​doi.​
org/​10.​3390/​ijms2​00409​25.

	211.	 Jiang Z, Chen K, Cheng L, Yan B, Qian W, Cao J, et al. Resveratrol and 
cancer treatment: updates. Ann N Y Acad Sci. 2017;1403:59–69. https://​
doi.​org/​10.​1111/​nyas.​13466.

	212.	 Zhang H, Tang J, Cao H, Wang C, Shen C, Liu J. Effect and mechanism of 
Magnolia officinalis in colorectal cancer: multi-component-multi-target 
approach. J Ethnopharmacol. 2025;338:119007. https://​doi.​org/​10.​
1016/j.​jep.​2024.​119007.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1038/s41419-022-05482-5
https://doi.org/10.1038/s41419-022-05482-5
https://doi.org/10.1016/j.phymed.2023.154900
https://doi.org/10.1016/j.carbpol.2025.123416
https://doi.org/10.1016/j.carbpol.2025.123416
https://doi.org/10.52586/4968
https://doi.org/10.52586/4968
https://doi.org/10.1039/D2TB00225F
https://doi.org/10.1016/j.biopha.2023.116039
https://doi.org/10.1016/j.biopha.2023.116039
https://doi.org/10.1186/s13020-023-00764-2
https://doi.org/10.1186/s13020-023-00764-2
https://doi.org/10.1038/s41598-017-18325-7
https://doi.org/10.1038/s41598-017-18325-7
https://doi.org/10.3389/fonc.2019.00314
https://doi.org/10.1186/s13578-017-0179-x
https://doi.org/10.1186/s13578-017-0179-x
https://doi.org/10.1016/S1875-5364(17)30052-3
https://doi.org/10.1016/S1875-5364(17)30052-3
https://doi.org/10.1016/j.lfs.2018.06.028
https://doi.org/10.1016/j.lfs.2018.06.028
https://doi.org/10.3390/nu11102376
https://doi.org/10.3892/ol.2020.11437
https://doi.org/10.1111/j.1476-5381.2011.01353.x
https://doi.org/10.1111/j.1476-5381.2011.01353.x
https://doi.org/10.1002/biof.1298
https://doi.org/10.1038/srep29588
https://doi.org/10.3390/ijms20040925
https://doi.org/10.3390/ijms20040925
https://doi.org/10.1111/nyas.13466
https://doi.org/10.1111/nyas.13466
https://doi.org/10.1016/j.jep.2024.119007
https://doi.org/10.1016/j.jep.2024.119007

	Mechanistic insights into polyphenolic constituents from traditional Chinese medicines in inhibiting colorectal cancer metastasis
	Abstract 
	1 Introduction
	2 Mechanisms of polyphenolic active substances in TCM on the metastasis of CRC​
	2.1 Inhibiting EMT of colon cancer cells by polyphenolics TCM
	2.1.1 Polyphenols targeting the TGF-βSmad pathway in EMT
	2.1.2 Polyphenols targeting the Wntβ-catenin pathway in EMT
	2.1.3 Polyphenols targeting the NF-κBSnail transcriptional axis in EMT
	2.1.4 Polyphenols targeting other kinase signaling pathways in EMT(AKTERKp38)
	2.1.5 Polyphenols with complex or pleiotropic regulatory mechanisms

	2.2 Inducing cell apoptosis
	2.2.1 Polyphenols targeting the JNK and MAPK pathway in inducing cell apoptosis
	2.2.2 Polyphenols targeting the NF-κB pathway in inducing cell apoptosis
	2.2.3 Polyphenols targeting the PI3KAkt pathway in inducing cell apoptosis
	2.2.4 Polyphenols targeting the TGF-βSmad pathway in inducing cell apoptosis
	2.2.5 Polyphenols targeting the p53 pathway in inducing cell apoptosis
	2.2.6 Polyphenols targeting the Wntβ-catenin pathway in inducing cell apoptosis
	2.2.7 Polyphenols targeting Other Signaling Pathways in inducing cell apoptosis

	2.3 Blocking the angiogenesis
	2.3.1 Polyphenols targeting PI3KAKTmTOR pathways in bocking the angiogenesis
	2.3.2 Polyphenols targeting VEGFHIF-1α pathways in bocking the angiogenesis
	2.3.3 Polyphenols targeting other signaling pathways in bocking the angiogenesis
	2.3.4 Polyphenols with other mechanisms in bocking the angiogenesis

	2.4 Suppressing proliferation, migration and invasion of CRC cells
	2.4.1 Polyphenols targeting NF-κB Pathways in suppressing proliferation, migration and invasion of CRC cells
	2.4.2 Polyphenols targeting PI3KAkt pathways in suppressing proliferation, migration and invasion of CRC cells
	2.4.3 Polyphenols targeting other signaling pathways in suppressing proliferation, migration and invasion of CRC cells
	2.4.4 Polyphenols with other mechanisms in suppressing proliferation, migration and invasion of CRC cells

	2.5 Regulating the function of tumor cell mitochondria and controlling the generation of ROS
	2.5.1 Ferroptosis-inducing polyphenols
	2.5.2 Polyphenols targeting JNK pathways in regulating the function of tumor cell mitochondria and controlling the generation of ROS
	2.5.3 Polyphenols targeting PI3KAKT pathways in regulating the function of tumor cell mitochondria and controlling the generation of ROS
	2.5.4 Polyphenols with other mechanisms in regulating the function of tumor cell mitochondria and controlling the generation of ROS


	3 Inhibition of CRC metastasis via non-canonical signaling pathways
	3.1 Polyphenols targeting STAT3 pathways
	3.2 Polyphenols targeting Nrf2NF-κB pathways
	3.3 Polyphenols targeting other signaling pathways
	3.4 Polyphenols with other mechanisms

	4 Addressing the translational gap—bioavailability, toxicity, and clinical evidence of TCM polyphenols
	4.1 Formulation strategies to enhance bioavailability
	4.1.1 Lipid-based nanocarriers
	4.1.2 Polymeric nanoparticles and micelles
	4.1.3 Inorganic and hybrid nanocarriers
	4.1.4 Self-assembled natural product nanoparticles

	4.2 Toxicological considerations
	4.3 Clinical trial evidence
	4.4 Reconciling TCM complexity with modern drug development

	5 Discussion and future perspectives
	Acknowledgements
	References


