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The Notch signaling pathway is pivotal in cancer regulation, with its effects varying based on activation degree, tissue origin, and microenvironment. The dual role of Notch signaling is significant. It can promote or inhibit cancer progression depending on the context. This duality emphasizes the importance of nuanced therapeutic approaches. Recent research highlights natural bioactive compounds as modulators of Notch signaling, providing innovative insights for cancer prevention and therapy. This review explores the structural and functional mechanisms of Notch signaling in carcinogenesis and examines how natural compounds influence its activity, offering a foundation for targeted treatments. Bioactive compounds, such as flavonoids, non-flavonoids polyphenols, and terpenoids, show potential in modulating Notch signaling with low toxicity and multi-target effects. Compounds like resveratrol, curcumin, and EGCG inhibit key nodes in Notch signaling, reducing cancer cell proliferation and inflammation. Despite its promise, targeting Notch signaling poses challenges due to its complexity and variability across different cancers. Future research should focus on understanding the tissue-specific effects of Notch signaling, optimizing bioactive compound structures, and integrating basic and clinical studies to develop precision therapies. This review underscores the intricate role of Notch signaling in cancer and the transformative potential of bioactive compounds in therapeutic interventions.
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1 Introduction

The Notch signaling pathway is a highly conserved intercellular communication mechanism found in both vertebrates and invertebrates, playing a critical role in embryonic development, cell differentiation, proliferation, apoptosis, and fate determination (1). The Notch signaling pathway consists of the Notch receptor, ligands, γ-secretase complex, and a series of downstream effector molecules (2). Its signaling is initiated through direct cell-to-cell contact, where ligand-receptor interactions trigger signal transmission (3). During this process, the Notch receptor undergoes two cleavages, releasing the intracellular domain (NICD), which translocates to the nucleus to regulate the expression of specific genes (4, 5). The precise regulation of Notch signaling is essential for maintaining normal tissue and organ function, and its aberrant activation or inhibition is closely associated with the onset of various diseases.

Recent studies indicate that the Notch signaling pathway plays a significant role in carcinogenesis (6). The mechanisms of Notch signaling in different tissues and cell types are diverse and complex, making it a potential pathogenic factor in certain conditions while serving a protective role in others. For example, in cancer, abnormal activation or inhibition of Notch signaling can promote cancer cell proliferation and metastasis, inhibit cell differentiation, and affect the cancer microenvironment (7). In certain cancers, such as acute lymphoblastic leukemia and breast cancer, excessive activation of Notch signaling leads to malignant cancer progression, whereas in other types of cancer, Notch signaling helps suppress carcinogenesis (8). Thus, Notch signaling plays a dual role in the pathogenesis and progression of cancer.

With the advancement of biochemical and molecular biology techniques, researchers have begun to focus on the interaction between Notch signaling and natural bioactive compounds. Bioactive compounds are substances extracted from natural resources such as plants, animals, and fungi that exhibit physiological activity. Common types include flavonoids, non-flavonoid polyphenols, terpenoids and other bioactive compounds (9). These compounds exhibit various bioactivities, including antioxidant, anti-inflammatory, anticancer, and immune-modulating properties. They are widely used in the prevention and treatment of chronic diseases like inflammatory disorders and cancer due to their low toxicity and multi-target effects (10). Compared to synthetic drugs, bioactive compounds have advantages such as natural origin, structural diversity, and fewer side effects, making them promising candidates in medicine, nutrition, and healthcare.

Studies have found that various natural compounds from plants can regulate Notch signaling through different mechanisms. For instance, some flavonoids inhibit γ-secretase activity, reducing the release of NICD, thereby blocking Notch activation; polyphenolic compounds like green tea polyphenols and resveratrol affect the expression of Notch target genes, preventing cancer cell proliferation and survival (11); terpenoids regulate other key nodes in the Notch signaling process, exerting multiple interventions in cancer (12). Moreover, different types of bioactive compounds exhibit synergistic effects in various disease models, offering new perspectives for combination therapies targeting multiple pathways.

The dual role of Notch signaling in the prevention and treatment of cancer offers both opportunities and challenges. Since Notch signaling produces markedly different effects under various physiological conditions, and its specific effects in different cell types and tissues vary, great caution is required when designing Notch-targeted intervention strategies. The structural diversity and relative safety of bioactive compounds provide a rich chemical library for modulating Notch signaling. With the deepening research into molecular-targeted therapies, these natural compounds can be chemically modified or integrated with nanotechnology to precisely target specific nodes in Notch signaling, enhancing their efficacy and specificity. In summary, the Notch signaling pathway plays a complex and variable role in cancer, and bioactive compounds demonstrate considerable potential in modulating this pathway.



2 Overview of the Notch signaling pathway headings

The Notch signaling pathway is a highly conserved intercellular communication mechanism that is widely involved in various physiological processes, such as embryonic development, tissue differentiation, cell proliferation, and apoptosis (13). In multicellular organisms, this pathway plays a crucial role in maintaining tissue homeostasis and coordinating cell behavior through the regulation of cell fate determination, tissue regeneration, and immune responses. The Notch signaling pathway consists of the Notch receptor, ligands, the γ-secretase complex, and a series of downstream transcription factors and target genes (14). Although its structure and signaling mechanism appear simple, the pathway is functionally flexible and complex.


2.1 Components of the Notch signaling pathway

The core components of the Notch signaling pathway include the Notch receptor, ligands, the γ-secretase complex, and downstream effector molecules. In mammals, there are four main Notch receptor subtypes: Notch1, Notch2, Notch3, and Notch4. The ligands include Delta-like ligands (DLL1, DLL3, DLL4) and Jagged family ligands (Jagged1 and Jagged2) (15). These ligands and receptors are single-pass transmembrane proteins that are widely distributed on the cell membrane. Activation of Notch signaling relies on direct cell-to-cell contact, playing a crucial role in the precise communication between cells in local tissue environments.



2.2 Activation mechanism of the Notch signaling pathway

The activation of Notch signaling begins with the binding of the ligand to the receptor (Figure 1). This typically occurs between two adjacent cells, where the ligand-expressing signaling cell interacts with the receptor-expressing responding cell. Upon ligand binding, the Notch receptor undergoes two cleavages (16). The first cleavage is mediated by metalloproteinases (ADAM family), which releases the extracellular portion of the receptor in a process known as S2 cleavage. Subsequently, the γ-secretase complex performs a second cleavage at the S3 site, producing the Notch intracellular domain (NICD) (17).
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FIGURE 1
 Notch signaling activation process (70).


The NICD is the core active fragment of the Notch signaling pathway, possessing a transmembrane structure. After both cleavages, the NICD fragment enters the cytoplasm and rapidly translocates to the nucleus. In the nucleus, NICD binds to the transcription factor CSL (CBF1/RBP-Jκ/Suppressor of Hairless/LAG-1), forming a complex, and together with co-activators (e.g., MAML), it activates the transcription of target genes (18). Notch signaling target genes include Hes and Hey family genes, which play regulatory roles in cell fate determination and differentiation (19). NICD binds to the transcription factor and activates specific target genes, influencing cell division, differentiation, and apoptosis.



2.3 Negative feedback and regulatory mechanisms in Notch signaling

The activation of Notch signaling is tightly regulated by several mechanisms to ensure its spatial and temporal precision. First, the stability of NICD within the cell is strictly controlled. After NICD enters the nucleus and activates target genes, its stability gradually decreases, and it is eventually degraded through the ubiquitin-proteasome pathway. This degradation mechanism is essential for maintaining the transient and reversible nature of Notch signaling (20). Additionally, the regulation of Notch signaling involves several post-translational modifications, such as phosphorylation, acetylation, and glycosylation, which modulate the binding efficiency between Notch receptors and ligands, the sensitivity of receptor cleavage, and the nuclear translocation efficiency of NICD.

In the process of Notch signaling transmission during cell–cell contact, some cell surface factors, such as Fringe family proteins, can regulate the activity of Notch signaling by altering the ligand-receptor binding properties (21). For instance, Fringe modifies ligand binding through glycosylation, selectively enhancing or inhibiting specific Notch signal subtypes (22). Moreover, in the self-regulation of Notch signaling, some target genes (e.g., Hes1) inhibit Notch signaling through negative feedback mechanisms, forming a self-regulating loop that allows Notch signaling to adapt to changes in the cellular environment.



2.4 Physiological functions and diversity of Notch signaling

One of the notable characteristics of Notch signaling is its non-cell autonomous nature, meaning that the activation of Notch signaling in one cell can affect the behavior of adjacent cells (23). Therefore, Notch signaling is widely involved in the coordination between tissues and the allocation of cell fates. This pathway is especially important during embryonic development, where it regulates the development of the nervous, cardiovascular, and hematopoietic systems in vertebrates (24, 25). For example, Notch signaling plays a critical role in the differentiation of neural progenitor cells and stem cells, inhibiting their differentiation into specific lineages and maintaining their stem cell properties. Additionally, during the homeostasis and regeneration of adult tissues, Notch signaling regulates processes such as intestinal epithelial cell renewal, hematopoietic cell differentiation in the bone marrow, and angiogenesis (26). Under pathological conditions, abnormal activation or inhibition of Notch signaling is associated with various diseases. Overactive Notch signaling has been found to be closely linked with several types of cancer, such as acute T-cell leukemia, breast cancer, and hepatocellular carcinoma (27).




3 The role of Notch signaling in cancer

The role of the Notch signaling pathway in cancer is highly complex and exhibits duality. It can act as an oncogenic factor in some cancer types, while potentially functioning as a cancer suppressor in others (28, 29). This dual role depends on factors such as the tissue origin of the cancer, the microenvironment, and the extent of Notch signaling activation or inhibition (30). In certain cancers, Notch signaling promotes cancer progression and metastasis through mechanisms such as enhancing cell proliferation, inhibiting cell differentiation, and conferring resistance to apoptosis. However, in other cancer types, Notch signaling may act as a cancer suppressor by maintaining cell differentiation or preventing aberrant proliferation. A large body of research has confirmed that aberrant activation or inhibition of Notch signaling is closely associated with the initiation, progression, and metastasis of various cancers, including breast cancer, colon cancer, pancreatic cancer, and leukemia (27).


3.1 Oncogenic role of Notch signaling

In many types of cancer, the Notch signaling pathway is considered an oncogenic factor because it regulates cancer cell proliferation, survival, and invasiveness, thus promoting cancer initiation and progression (31). For example, in breast cancer, abnormal activation of Notch1 and Notch4 is closely associated with cancer formation and increased invasiveness. Studies have shown that Notch1 signaling can induce epithelial-mesenchymal transition (EMT) in breast cancer cells, enhancing their migratory capacity and promoting metastasis (32, 33). Activation of Notch signaling also inhibits cell differentiation, keeping cancer cells in an immature, proliferative state, a feature often linked to cancer stem cell properties. In breast cancer, the cancer stem cell populations activated by Notch1 and Notch4 signaling exhibit resistance to conventional chemotherapy and radiotherapy, leading to treatment failure and increased risk of relapse (34).

The oncogenic role of Notch signaling has also been widely studied in colon cancer (Figure 2). In colon cancer, persistent activation of Notch signaling is typically accompanied by abnormal activity of the Wnt signaling pathway, with both pathways interacting to promote cancer cell proliferation and survival (35). In normal intestinal cells, Notch signaling maintains stem cell differentiation balance, ensuring the homeostatic renewal of the intestinal epithelium (36). However, excessive activation of Notch signaling leads to overproliferation and accumulation of precancerous cells, eventually leading to colon cancer formation. Additionally, Notch signaling enhances resistance to apoptosis, allowing cancer cells to survive in the harsh cancer microenvironment, further promoting cancer progression (37).
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FIGURE 2
 Dysregulated Notch signaling in breast cancer, colon cancer, pancreatic cancer.


In pancreatic cancer, the cooperative interaction between Notch signaling and the oncogenic driver gene KRAS has been widely reported. KRAS mutations are common drivers of pancreatic cancer, and its upregulation activates Notch signaling, enhancing the proliferative capacity and drug resistance of pancreatic cancer cells (38). Overexpression of Notch1 and Notch3 in pancreatic cancer cells is closely associated with increased cancer invasiveness (39). Furthermore, Notch signaling plays a critical role in the cancer microenvironment by activating cancer-associated fibroblasts (CAFs) and promoting angiogenesis, helping cancer cells evade immune surveillance and acquire more nutrients, thus accelerating pancreatic cancer progression (40).



3.2 Cancer-suppressive role of Notch signaling

Although Notch signaling exhibits oncogenic effects in many cancers, it also has cancer-suppressive roles in certain cancer types. Specifically, activation of Notch signaling can inhibit cancer cell proliferation or induce differentiation, thus suppressing cancer progression. A classic example is the inactivation of Notch1 mutations, which are often closely associated with carcinogenesis in these cancer types. In normal skin tissue, Notch1 primarily promotes the differentiation of keratinocytes, and its suppressive role helps maintain normal tissue structure (41). However, when Notch1 signaling is inactivated, uncontrolled keratinocyte proliferation occurs, leading to carcinogenesis (42). Studies have shown that reactivating Notch1 signaling can effectively suppress the proliferation of these cancer cells and partially restore their differentiation ability.

Similarly, the role of Notch signaling in small cell lung cancer (SCLC) reflects its cancer-suppressive effect. Small cell lung cancer is a highly aggressive and malignant form of lung cancer, and Notch signaling is typically low in these cancers (43). The low expression of Notch1 and Notch2 is closely associated with uncontrolled cancer proliferation, suggesting that Notch signaling plays a potential cancer-suppressive role in maintaining normal cell growth control. By activating Notch signaling, the proliferation of small cell lung cancer cells can be suppressed, and their sensitivity to chemotherapy drugs is enhanced (44). Thus, in this cancer type, Notch signaling may suppress cancer growth by maintaining normal cell cycle regulation.



3.3 The role of Notch signaling in the cancer microenvironment

Notch signaling not only directly affects cancer cell proliferation and differentiation but also plays multiple roles in the cancer microenvironment. The cancer microenvironment includes fibroblasts, immune cells, endothelial cells, and extracellular matrix components, all of which interact to influence cancer growth and metastasis (45). Notch signaling regulates the activity of cancer-associated fibroblasts (CAFs) and promotes extracellular matrix remodeling, thus providing a more suitable environment for cancer cell growth. CAFs secrete pro-inflammatory and pro-angiogenic factors in the cancer microenvironment, and activation of Notch signaling enhances these processes, facilitating cancer angiogenesis and cancer cell invasion (46).

Moreover, Notch signaling also regulates the distribution and activity of immune cells in the cancer microenvironment, influencing cancer progression. Studies have shown that Notch signaling can help cancer cells evade immune surveillance by suppressing anti-cancer immune responses. For example, activation of Notch signaling plays an important role in macrophage polarization within the cancer microenvironment. By promoting macrophage polarization to the M2 phenotype, Notch signaling suppresses anti-cancer immune responses and enhances cancer invasiveness (47). Additionally, Notch signaling is closely linked to T cell differentiation, where it regulates the ratio of Treg cells and Th17 cells, thus modulating immune tolerance and pro-inflammatory responses within the cancer microenvironment.



3.4 Notch signaling as a potential target in cancer therapy

The dual role of Notch signaling makes it a potential therapeutic target in cancer treatment, but its complexity also increases the difficulty of targeted regulation. Inhibitors and activators of Notch signaling have shown therapeutic potential in various cancer types. γ-Secretase inhibitors (GSIs), which block the generation of NICD, are the most studied Notch signaling inhibitors (48). In cancers with high Notch signaling activity, such as breast cancer and pancreatic cancer, GSIs have shown effects in inhibiting cancer growth (49). However, because γ-secretase also plays a role in other signaling pathways, the use of GSIs may lead to adverse effects, presenting challenges for their clinical application.

Recently, the specific targeted regulation of Notch signaling has become a new research focus. For example, antibody-based Notch receptor blockers can selectively inhibit specific Notch receptor subtypes, thereby reducing side effects. Moreover, targeting specific upstream or downstream elements of the Notch signaling pathway, such as the nuclear translocation of NICD or specific transcriptional target genes, is also considered an effective intervention approach.




4 Regulation of Notch signaling by bioactive compounds

In recent years, natural bioactive compounds have gained attention as interventions due to their broad pharmacological effects and relatively low toxicity. Particularly in the field of anticancer therapy, bioactive compounds have been increasingly recognized for their ability to regulate the Notch signaling pathway. Research has shown that many natural compounds can interfere with different stages of Notch signaling, inhibiting its pro-pathological effects in cancer, thus achieving therapeutic outcomes (9). The following are some common bioactive compounds and their specific mechanisms of action in modulating Notch signaling.


4.1 Flavonoids

Flavonoids (Figure 3) are a group of polyphenolic compounds widely found in plants, known for their antioxidant, anti-inflammatory, and anticancer activities (Table 1). Quercetin is one of the widely studied flavonoids (50). Quercetin has been demonstrated to regulate Notch signaling (51). Research shows that quercetin can inhibit γ-secretase activity, reducing the production of NICD and downregulating Notch target gene expression (52). In inflammatory environments, quercetin effectively reduces the expression of pro-inflammatory cytokines such as IL-6 and TNF-α, alleviating inflammation (53). Additionally, quercetin induces apoptosis in cancer cells by reducing Notch signaling activation.
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FIGURE 3
 The chemical structures and sources of flavonoid compounds that can interact with the Notch signaling pathway.



TABLE 1 The effects of different polyphenolic compounds on the Notch signaling pathway and their molecular mechanisms.


	Name of natural food factor
	Function
	Molecular mechanism

 

 	Quercetin 	Antioxidant, anti-inflammatory, anti-cancer 	Inhibits γ-secretase activity, reduces NICD production, and downregulates Notch target gene expression


 	Total flavonoids of litchi seed 	Inhibiting breast cancer and eliminating breast cancer stem cells 	Inhibiting breast cancer and eliminating breast cancer stem cells by blocking the Notch3 signaling pathway


 	Flavone 	Inhibits T-ALL cell proliferation 	Downregulation of Notch1 signaling pathway induces ICN1 ubiquitination and degradation via c-Cbl


 	Pinostrobin 	A549 cell apoptosis 	Downregulation of Notch1, Jagged-1, and Hes-1 expression


 	Xanthohumol 	Inhibit pancreatic cancer cell growth 	Enhanced apoptosis by inhibiting the Notch1 signaling pathway


 	Epigallocatechin gallate (EGCG) 	Antioxidant, anti-inflammatory, anti-cancer 	Reduce NICD production, downregulate Notch target gene expression, and inhibit cancer cell proliferation, migration, and invasion


 	Caffeic acid 	Anti-inflammatory, anti-cancer 	Inhibit Notch signaling activity and block cancer cell proliferation signals


 	Resveratrol 	Anti-inflammatory, anti-cancer 	Downregulates Notch receptor and ligand expression, reduces NICD production, and inhibits Notch signaling pathway


 	Ellagic acid 	Anti-inflammatory, anti-cancer, antioxidant 	Inhibition of Akt and Notch signaling




 

Litchi chinensis Sonn (Litchi) belongs to the Sapindaceae family. For decades, litchi seeds and litchi seed formulas have been used clinically in China to prevent and treat breast cancer, as well as to enhance the quality of life for breast cancer patients (54, 55). Liao et al. (56) examined the effects and mechanisms of litchi seed total flavonoids in both in vitro and in vivo studies. They found that the total flavonoids from litchi seed could inhibit the breast cancer and eliminate breast cancer stem cells by blocking the Notch3 signaling pathway. Among the total flavonoids of litchi seed, rutin might be responsible for the suppressive effects of total flavonoids of litchi seed on breast cancer stem cells.

Zhu et al. (57) revealed that the flavone inhibited cell proliferation by down-regulating the Notch1 signaling pathway in CCRF-CEM and Molt-4 T-ALL (T-cell acute lymphoblastic leukemia) cells. The increase in c-Cbl level induced by the flavone enhanced its interactions with ICN1 (Intracellular Notch1), leading to the ubiquitinylation and degradation of ICN1. Knockdown of c-Cbl reversed flavone-induced down-regulating of ICN1 and the inhibition of cell proliferation in T-ALL cells. Consequently, there findings provided experimental support for the development of flavone as a potential leukemia treatment and c-Cbl as a new target for anti-Notch1 therapy in T-ALL.

Pinostrobin (PN) is a dietary bioflavonoid naturally present in various medicinal plants (58). PN triggered the generation of reactive oxygen species (ROS) in A549 cells, which activated key apoptosis regulators such as Bax, Bad and Bcl2, as well as lead to the release of cytochrome c, and the activation of the caspase cascade, including caspase-9 and -3. Furthermore, PN treatment of A549 cells resulted in a dose-dependent decrease in the expression levels of Notch1, Jagged-1 and Hes-1 (59). These results demonstrated that PN inhibited the growth of A549 cells by down-regulating the Notch pathway.

Xanthohumol is a natural flavonoid derived from the cones of hops (Humulus lupulus Linn.) (60). Kunnimalaiyaan et al. (61) evaluated the effectiveness of xanthohumol on pancreatic cancer cell lines (AsPC-1, PANC-1, L3.6pl, MiaPaCa-2, 512, and 651) in terms of inhibiting cell growth, using real-time and colony-forming assays. Treatment with xanthohumol resulted in a decrease in cellular proliferation in a dose- and time-dependent manner. The growth-inhibitory effect of xanthohumol on pancreatic cancer cell lines is attributed to enhanced apoptosis through the inhibition of the Notch1 signaling pathway, as demonstrated by the reduction of Notch1, Hes-1, and survivin at both mRNA and protein levels. These findings clearly indicated that the growth-inhibitory effect of xanthohumol in pancreatic cancer cells is primarily mediated by the reduction of Notch1.



4.2 Non-flavonoid polyphenolic compounds

Non-flavonoids polyphenolic compounds (Figure 4) are widely found in plants and have various pharmacological effects, including antioxidant, anti-inflammatory, and anticancer properties. Green tea polyphenols and caffeic acid are typical representatives of this class of compounds. Epigallocatechin gallate (EGCG), the main component in green tea polyphenols, has been shown to significantly inhibit Notch signaling (62). Research shows that EGCG regulates Notch target gene expression by reducing NICD production, thereby inhibiting cancer cell proliferation, migration, and invasiveness (63). EGCG’s anticancer effects have been widely reported in models of breast cancer, lung cancer, and others (64). Both Notch1 and Notch2 were observed to be overexpressed in tongue squamous cell carcinoma in comparison to their levels in normal tongue cells. As a potent agent, EGCG inhibited the activation of the Notch signaling pathway, leading to significant deregulation of downstream target genes such as Hey1, CyclinD1 and CDK4, which in turn modulated the expression level of Notch1 and enhanced the sensitivity of tongue cancer cells to EGCG (65). Additionally, EGCG can reduce the production of pro-inflammatory cytokines, alleviating inflammation and demonstrating significant anti-inflammatory effects in some inflammatory disease models.
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FIGURE 4
 The chemical structures and sources of non-flavonoid polyphenols that can interact with the Notch signaling pathway.


Caffeic acid, a common plant polyphenol found in coffee, grains, and fruits, also exhibits significant anti-inflammatory and anticancer effects. Studies have found that caffeic acid inhibits Notch signaling activity and blocks the proliferation signaling of cancer cells (66). In certain cancer cell models, caffeic acid induces apoptosis by inhibiting Notch signaling. Moreover, caffeic acid reduces the expression of pro-inflammatory cytokines, alleviating inflammation, and shows potential in chronic inflammatory diseases.

Resveratrol, found in grape skins and red wine, has been demonstrated to significantly inhibit Notch signaling. Specifically, resveratrol downregulates the expression of Notch receptors and ligands, which leads to a decrease in the production of NICD, thereby inhibiting the activation of Notch signaling pathway (67). Previous study indicated that, in neuroendocrine cancers, administration of resveratrol at doses of 2.5 g/twice a day suppressed the cancer growth and invasion by modulating the Notch-1 signaling pathway (68). Additionally, research has also shown that this regulatory effect of resveratrol can decrease the secretion of pro-inflammatory factors, thus alleviating inflammation in models of inflammatory disease (69). Furthermore, resveratrol can inhibit the proliferation of cancer cells by activating apoptosis pathways, particularly in models of breast cancer, colon cancer, and others, demonstrating significant anticancer effects.

Ellagic acid, a dimeric derivative of gallic acid, is present in a variety of fruits, vegetables, and wines, such as persimmon, pomegranates, raspberries, black raspberries, strawberries (70). Ellagic acid is widely recognized for its potent anti-inflammatory, anticancer, antioxidant and antidiabetic properties (71, 72). Wang et al. (73) investigated the effects of ellagic acid on cancer growth in glioblastoma xenografted mice. They found that treatment with ellagic acid significantly suppressed cancer growth in these xenografted models. Furthermore, a marked reduction in Akt and Notch signaling was observed in the xenografts of cancer-bearing mice treated with ellagic acid. These findings clearly suggested that ellagic acid might be advantageous in the treatment of glioblastoma.



4.3 Terpenoids

Terpenoids are widely found in plants and exhibit various bioactivities, including anti-cancer, anti-inflammatory, and antimicrobial effects (Table 2) (74). Among them, curcumin, ursolic acid and carvacrol are well-known terpenoids that have been extensively studied. Curcumin, a natural compound extracted from turmeric, has significant anti-inflammatory and anticancer properties (75). Studies have shown that curcumin exerts its anticancer effects by inhibiting Notch signaling activity (76). Specifically, curcumin interferes with Notch receptor activation and the generation of NICD, thereby inhibiting Notch signaling and suppressing cancer cell proliferation and survival, especially in models of colon cancer, breast cancer, and others, where it shows good anticancer effects (77, 78). At the same time, curcumin also reduces the production of pro-inflammatory factors, alleviating inflammation, and demonstrates significant anti-inflammatory effects in inflammatory disease models (79).


TABLE 2 The effects of bioactive compounds other than polyphenols on the Notch signaling pathway and their molecular mechanisms.


	Name of natural food factor
	Function
	Molecular mechanism

 

 	Curcumin 	Anti-inflammatory, anti-cancer 	Inhibit Notch signaling activity, reduce NICD production, and inhibit cancer cell proliferation and survival


 	Ursolic acid 	Anti-cancer, anti-inflammatory 	Inhibits γ-secretase activity, reduces NICD production, inhibits cancer cell proliferation and induces apoptosis


 	Carvacrol 	Antioxidant, anti-inflammatory, anti-cancer 	Downregulation of Notch-1 and Jagged-1 expression


 	Diallyl trisulfide 	Anti-cancer, anti-inflammatory 	Reduce Notch receptor and ligand expression, inhibit Notch signaling pathway


 	Berberine 	Anti-inflammatory, anti-cancer 	Interfere with Notch signaling activity and reduce the secretion of pro-inflammatory factors




 

Ursolic acid, a natural triterpenoid compound found in many plants, has been shown to have both anticancer and anti-inflammatory effects. Ursolic acid inhibits γ-secretase activity, thereby reducing the production of NICD and suppressing Notch signaling activation (80). Research indicates that ursolic acid significantly inhibits cancer cell proliferation and induces apoptosis, particularly in cancer models of lung and liver cancer. Additionally, ursolic acid has notable anti-inflammatory properties. By regulating Notch signaling, it reduces the expression of pro-inflammatory cytokines, providing protective effects in inflammatory diseases (81).

Carvacrol is a monoterpenoid phenol predominantly found in the essential oils of plants from the Lamiaceae family. Numerous previous studies have highlighted various biological activities of carvacrol, including its antioxidant, anti-inflammatory and anticancer properties. Khan et al. (82) investigated the chemopreventive and therapeutic effects of carvacrol against the prostate cancer cell line PC-3, along with its detailed mechanism of action. They discovered that treatment with carvacrol significantly decreased the viability of PC-3 cells in a dose- and time-dependent manner. Additionally, they demonstrated that carvacrol could inhibit Notch signaling in PC-3 cells by downregulating Notch-1, and Jagged-1.



4.4 Other bioactive compounds

In addition to the above-mentioned bioactive compounds, many other natural products have been found to regulate Notch signaling. Sulfur compounds and alkaloids are examples of such compounds. For instance, diallyl trisulfide (DATS) from garlic, a sulfur compound, inhibits the activation of Notch signaling by decreasing the expression levels of Notch receptors and ligands. As a result, DATS demonstrates significant anticancer effects in in vitro cancer models (83). Moreover, DATS also reduces the production of pro-inflammatory cytokines, offering protective effects in various inflammatory diseases.

Berberine, an alkaloid widely found in the plant Coptis chinensis, has both anti-inflammatory and anticancer properties (84). Studies show that berberine interferes with Notch signaling activity, reducing the secretion of pro-inflammatory factors and thus alleviating inflammation (10). Additionally, berberine inhibits the proliferation of various cancer cells and induces apoptosis, contributing to its anticancer effects. These effects of berberine have been demonstrated in multiple cancer models, including colon cancer and leukemia.




5 The potential and challenges of Notch signaling as a therapeutic target

Due to its important regulatory role in various pathological processes, particularly its multifaceted effects in cancer, the Notch signaling pathway holds great promise as a therapeutic target. However, the dual effects of Notch signaling in these diseases also present significant challenges. In different types of cancers, Notch signaling may have either a promoting or inhibiting effect. Therefore, designing targeted therapies based on Notch signaling requires careful selection of the appropriate modulation strategy to avoid or minimize side effects.

One key consideration in designing targeted therapies is the tissue-specific effects of Notch signaling. The functional differences of this pathway in various tissues and cell types mean that a single Notch inhibitor or agonist may not have a universal therapeutic effect across different diseases. For example, Notch1 signaling has an oncogenic effect in some cancers such as breast cancer but acts as a cancer suppressor in others, such as skin cancer (85). Therapeutic strategies need to consider these differential effects and analyze the specific role of particular Notch signaling components in various cancer to select the most suitable intervention.

Time dependency is another important factor to consider in Notch signaling-targeted therapy. The role of Notch signaling in key processes such as cell proliferation, differentiation, and apoptosis often depends on the precise timing of its regulation. Therefore, intervention strategies targeting the Notch pathway must precisely regulate the timing of signal activation to avoid potential negative effects. Developing modulators that can dynamically adjust Notch signaling activity, rather than merely inhibiting or activating it, will be crucial for achieving optimal therapeutic outcomes.

In addition to tissue specificity and time dependence, structural modification of bioactive compounds offers new opportunities for targeting Notch signaling in therapy. In recent years, structural modification and optimization of natural bioactive compounds have significantly improved their selectivity, efficacy, and pharmacokinetic properties. For example, modifying the molecular structure of flavonoids and polyphenolic compounds can enhance their binding efficiency to specific Notch family members while reducing interference with other signaling pathways (86). Through rational structural optimization, the efficacy of these compounds can be improved, and their specificity enhanced, thereby reducing side effects in non-target tissues. Furthermore, metabolic stability and bioavailability issues can also be addressed through structural modifications, improving their therapeutic effectiveness in vivo. In summary, although the Notch signaling pathway holds great potential as a therapeutic target, its complex dual effects and the challenges in applying bioactive compounds to target this pathway in therapy remain significant. Future research should focus on further understanding the specific regulatory mechanisms of Notch signaling in different pathological environments, optimizing the structure of bioactive compounds to enhance selectivity and stability, and facilitating the clinical application of Notch-targeted therapies.



6 Prospects and conclusion

The complex mechanisms of Notch signaling in cancer provide both rich possibilities and challenges for targeted modulation of this pathway. Although aberrant activation or inhibition of Notch signaling plays a key role in many disease processes, the tissue specificity and time dependence of this pathway mean that a one-size-fits-all approach to regulation is unlikely to be effective. Precision therapies targeting Notch not only need to understand the role of this pathway in specific diseases but also must consider individual patient differences and the unique features of each disease.

Bioactive compounds, with their natural low toxicity and diverse physiological activities, show broad potential in regulating Notch signaling. These compounds can selectively modulate Notch signaling and interact with other signaling pathways, offering multiple therapeutic effects in the treatment of cancer. Through in-depth studies of polyphenols, flavonoids, terpenoids, and other bioactive compounds, scientists have found that these natural molecules can influence multiple stages of Notch signaling to regulate cancer development. In specific cancer models, these compounds exhibit significant anticancer activity, while also showing pronounced anti-inflammatory effects in models of inflammatory diseases.

Future research should focus on several key areas: first, further elucidating the specific mechanisms of Notch signaling in different types of cancer to design more targeted treatment strategies; second, exploring structural optimization of bioactive compounds to improve their targeting specificity and in vivo stability, thereby enhancing their therapeutic efficacy and safety; and finally, emphasizing the integration of in vitro and in vivo studies to promote the translation of basic research into clinical applications, providing a solid foundation for the use of Notch-targeted therapies in treating cancer.

In conclusion, the multifunctional regulatory role of Notch signaling in cancer offers vast potential for therapeutic strategies targeting this pathway. Bioactive compounds, as potential modulators of this signaling, also demonstrate significant application potential. Future research should aim to integrate basic science with clinical trials, optimizing bioactive compound design and deepening our understanding of Notch signaling to gradually achieve precision therapies targeting Notch, offering new treatment options for patients with inflammation and cancer.
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