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Palmitic acid (PA) is a saturated fatty acid commonly found in coconut oil and palm oil. It serves as an energy source for the body and plays a role in the structure and function of cell membranes. Beyond its industrial applications, PA has gained attention for its potential therapeutic properties. Modern pharmacological studies have demonstrated that PA exhibits anti-inflammatory, antioxidant, and immune-enhancing effects. In recent years, PA has emerged as a promising anti-tumor agent with demonstrated efficacy against various malignancies including gastric cancer, liver cancer, cervical cancer, breast cancer, and colorectal cancer. Its anti-tumor effects encompass inducing apoptosis in tumor cells, inhibiting tumor cell proliferation, suppressing metastasis and invasion, enhancing sensitivity to chemotherapy, and improving immune function. The main anticancer mechanism of palmitic acid (PA) involves the induction of cell apoptosis through the mitochondrial pathway, facilitated by the promotion of intracellular reactive oxygen species (ROS) generation. PA also exhibits interference with the cancer cell cycle, leading to cell cycle arrest predominantly in the G1 phase. Moreover, PA induces programmed cell autophagy death, inhibits cell migration, invasion, and angiogenesis, and synergistically enhances the efficacy of chemotherapy drugs while reducing adverse reactions. PA acts on various intracellular and extracellular targets, modulating tumor cell signaling pathways, including the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), endoplasmic reticulum (ER), B Cell Lymphoma-2 (Bcl-2), P53, and other signaling pathways. Furthermore, derivatives of PA play a significant regulatory role in tumor resistance processes. This paper provides a comprehensive review of recent studies investigating the anti-tumor effects of PA. It summarizes the underlying mechanisms through which PA exerts its anti-tumor effects, aiming to inspire new perspectives for the treatment of malignant tumors in clinical settings and the development of novel anti-cancer drugs.
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1 Introduction

In recent years, the global incidence and mortality rates of cancer have been on the rise, making it a major cause of death worldwide (1). With approximately 19.3 million new cases and around 10 million deaths annually, cancer poses a significant public health challenge (2, 3). It accounts for one in eight deaths globally, highlighting the urgent need to explore the pathogenesis of cancer and develop safe and effective anti-tumor therapies.

Palmitic acid (PA) is a common fatty acid that constitutes 20-30% of the total fatty acids in the human body (4).It can be obtained through dietary intake (5), or synthesized in the body through fat metabolism (6). Palmitic acid exhibits unique functional properties compared to other saturated fatty acids (7, 8). Research has shown that PA can induce endoplasmic reticulum (ER) stress, which is attributed to the increased saturation level of phospholipids within the ER (9).The saturation level of phospholipids in the endoplasmic reticulum affects membrane chemical and physical properties, including fluidity and protein-membrane interactions. These changes impact the activation of specific signaling pathways, such as the activation of endoplasmic reticulum-related sensors like protein kinase RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) (10–13). Furthermore, palmitic acid can be transferred to target proteins by a group of enzymes known as palmitoyl transferases (PATs). These enzymes facilitate the attachment of palmitic acid to specific cysteine residues within target proteins. Palmitoyl groups form unstable thioester bonds with cysteine residues, allowing for reversible palmitoylation, which dynamically regulates protein function (14, 15). Palmitic acid plays a vital role in post-translational modifications, specifically protein palmitoylation, which influences protein localization, stability, and interactions, thereby impacting various cell signaling pathways and processes (16–18).

PA exhibits a broad range of pharmacological activities, including antiviral, anti-inflammatory, analgesic, and regulation of lipid metabolism (19, 20). Regarding its anticancer properties, PA has been shown to induce cell cycle arrest and promote apoptosis in human neuroblastoma and breast cancer cells (21, 22). Extensive research has been conducted to elucidate the anti-tumor mechanisms of PA, both in in vivo and in vitro studies. These mechanisms include inhibiting the proliferation and differentiation of tumor cells, inducing apoptosis, and suppressing tumor cell invasion and migration.

Despite these findings, a comprehensive summary of PA’s anti-tumor potential and its molecular targets in various cancers is lacking. Therefore, this paper aims to systematically review the literature on the anti-tumor effects of PA in recent years, focusing on the mechanisms and targets involved. The objective is to provide new insights and a theoretical foundation for the further development and application of PA in cancer treatment.




2 Inhibition of tumor cell proliferation in response to PA

Cell proliferation is a critical process in cell growth and differentiation (23).Abnormal cell proliferation is a key characteristic of cancer (24), making the inhibition of tumor cell proliferation a crucial strategy in cancer therapy (25).Notably, both in vitro and in vivo studies have demonstrated the potential of PA in effectively inhibiting the proliferation of various cancer cell types, including prostate cancer, gastric cancer, and breast cancer cells.



2.1 Cell cycle blockade

Tumor-associated cell cycle defects are often driven by dysregulation of cyclins and cyclin-dependent kinases (CDKs) (26, 27). CDK inhibitors (CDKis) such as p27 play a crucial role in inhibiting the activity of CDK-cyclin complexes (28). In the context of prostate cancer, Zhu et al. (29) discovered that PA could dose-dependently inhibit the growth of PC3 and DU145 prostate cancer cells. Further investigations revealed that PA significantly increased the expression of p27 while decreasing the expression of pRb and cyclin D1 in these cells, leading to cell cycle arrest at the G1 phase. These findings indicate that PA can inhibit the proliferation of prostate cancer cell lines by disrupting the cell cycle progression. Similarly, in a study by Hsiao et al. (21), PA was found to induce cell cycle arrest at the G2/M phase in human neuroblastoma cells through protein palmitylation, demonstrating its anti-proliferative effect on tumor cells.




2.2 Janus kinase-signal transducer and activator of transcription pathway

JAK-STAT pathway plays a crucial role in various cellular processes, including tumor cell recognition and tumor-driven immune evasion (30). Consequently, inhibitors targeting the JAK/STAT3 pathway have the potential to impede tumor cell growth and promote antitumor immune responses. STAT3 is a pro-inflammatory and oncogenic transcription factor associated with tumorigenesis, inflammation, and immunosuppression (31). In gastric cancer cells, STAT3 is typically activated and localized in the nucleus, exhibiting high expression levels (32). In a study by Yu et al. (33), immunofluorescence analysis revealed that PA could reduce the expressions of p-STAT3, p-JAK2, n-cadherin, and vimentin in gastric cancer cells. Furthermore, PA inhibited the nuclear localization of p-STAT3, indicating its potential to inhibit the proliferation and metastasis of gastric cancer cells by suppressing the JAK2/STAT3 immune signaling pathway. These findings suggest that PA exerts its anti-tumor effects in gastric cancer by targeting the JAK2/STAT3 pathway. By downregulating the activation and nuclear translocation of STAT3, PA may inhibit tumor cell proliferation, metastasis, and promote antitumor immune responses.




2.3 The phosphoinositide 3-kinase/protein kinase B pathway

PI3K/AKT signaling pathway plays a critical role in tumor development and metastasis (34, 35). In a study by Zhu et al. (29), it was observed that palmitic acid (PA) could inhibit the expression of PI3K-P110α and PI3K-P110β, as well as the phosphorylation of downstream effectors including PDK1, Akt, mTOR, p70S6K, and GSK-3β in a dose-dependent manner. This inhibition resulted in the blockade of prostate cancer cell proliferation. Huang et al. (36) discovered that PA reduces glucose uptake in HepG2 cells by inducing the expression of miR-221. This microRNA binds to PI3K mRNA, thereby inhibiting PI3K/AKT signal transduction. Consequently, PA decreases the expression of glucose transporter type 4 (GLUT4) and inhibits the growth of hepatoma HepG2 cells. In a study by Sai Srinivas et al. (37), it was found that PA inhibits the growth of differentiated human neuroblastoma cells by blocking insulin-induced metabolic activation. This is achieved by inhibiting the activation of the insulin/PI3K/Akt pathway and activating mTOR kinase downstream of Akt. These findings collectively demonstrate that PA exerts its anti-tumor effects by modulating the PI3K/AKT signaling pathway. By inhibiting the expression and activation of key components within this pathway, PA effectively hinders tumor cell proliferation and growth in various cancer types.




2.4 The nuclear factor kappa-light-chain-enhancer of activated B cells pathway

NF-κB is a crucial regulator of tumor cell apoptosis, as well as tumor angiogenesis and invasion (38). It has been reported that STAT3 can directly bind to NF-κB and facilitate its nuclear translocation and target gene expression, suggesting that STAT3 is involved in the constitutive activation of NF-κB (39). Interleukin-10 (IL-10) is known to suppress the anti-tumor T cell response and promote tumor growth (40). IL-10 induces the activation of STAT3, and persistent activation of STAT3 is associated with poor prognosis and metastasis (41). Studies have also demonstrated that IL-10 stimulates the epithelial-mesenchymal transition (EMT) process in cancer cells and enhances cancer cell proliferation through the STAT3-NF-κB-IL-10 signaling axis (42, 43). In a study by Fernandes et al. (44), it was found that palmitic acid (PA) inhibited the expression of IL-10, downregulated the expression of STAT3 and NF-κB, and suppressed the proliferation of mouse colorectal cancer (CT-26) cells. These findings suggest that PA can interfere with the STAT3-NF-κB-IL-10 signaling axis, leading to reduced IL-10 expression and inhibition of the downstream pathways involving STAT3 and NF-κB. By targeting this signaling axis, PA exerts anti-tumor effects by inhibiting cancer cell proliferation and potentially suppressing tumor growth and metastasis.





3 Induction of tumor cell apoptosis after PA intervention

Tumor cell apoptosis is a crucial process involving the programmed death of tumor cells under both physiological and pathological conditions, playing a significant role in tumor occurrence and development (45). The disruption of the apoptosis mechanism in tumor cells is a key marker of tumorigenesis (46). Consequently, the induction of tumor cell apoptosis serves as a pivotal factor in the selection of anticancer drugs (47). In the field of biomedicine, targeting tumor cell apoptosis holds immense therapeutic potential (20, 48). Small-molecule drugs are commonly employed in clinical treatments as they can trigger tumor cell apoptosis, leading to the elimination of cancer cells.Apoptosis pathways can be categorized into three main types: exogenous apoptosis pathways, endogenous (mitochondrial) apoptosis pathways, and endoplasmic reticulum stress-induced apoptosis (49). By understanding and targeting these apoptosis pathways, researchers and clinicians can develop effective strategies to promote tumor cell apoptosis, thereby improving cancer treatment outcomes.



3.1 Tumor suppressor protein p53

The p53 protein is a critical tumor suppressor, and its functional loss is often a prerequisite for the development of cancer (50, 51). In a study by Yu et al. (52), it was discovered that palmitic acid triggers the activation of p53 and the expression of its downstream target genes, namely p21 and Sesn2, in a dose- and time-dependent manner. This activation of p53 was found to promote the apoptosis of colon cancer cells (HCT116). Another study by Saha et al. (53) employed a comprehensive analysis of quantitative proteomics and global phosphorylated proteomics to demonstrate that palmitic acid disrupts the stability of p53 by reducing the expression of ubiquitin-specific protease 7 (USP7). This disruption subsequently facilitates the translocation of apoptosis-inducing factor (AIF) to the nucleus, thereby mediating apoptosis in HepG2 cells.




3.2 B cell lymphoma-2 protein family

The high activation of Bcl-2, which exhibits anti-apoptotic effects, has been associated with the occurrence, progression, and prognosis of cancer (54). Consequently, targeting the inactivation of Bcl-2 to enhance apoptosis sensitivity holds great promise for cancer treatment. In a study (55), it was discovered that PA could induce apoptosis of hOSCC cells by upregulating the Bax/Bcl-2 ratio and the expression of Cysteine aspartate-directed proteases-3 (caspase-3). Another study by Cvjeti National et al. (56) demonstrated that PA can trigger Caspase-3-mediated apoptosis in rat insulinoma cells through the activation of p38 mitogen-activated protein kinase (MAPK).These findings highlight the potential of targeting Bcl-2 inactivation and the modulation of caspase-3 activity in inducing apoptosis of cancer cells.




3.3 The endoplasmic reticulum

ER plays a vital role in maintaining cellular homeostasis (57). ER stress has been shown to induce apoptosis, a form of cell invasiveness (58). Various markers can be utilized to monitor the state of the ER, with CCAAT/enhancer-binding protein homologous protein (CHOP) being frequently employed alongside pathways such as PKR-like ER kinase (PERK)-Eukaryotic Initiation Factor 2 (eIF2)-activating transcription factor 4 (ATF4) and activating transcription factor 6 (ATF6) (59, 60) PA has been associated with ER stress and apoptosis in pancreatic beta cells (61), hepatocytes (62), and neurons (63) through ER stress mechanisms. Hsiao et al. (21) discovered that PA triggers endoplasmic reticulum stress and cell apoptosis in human neuroblastoma cells by stimulating an increase in phosphorylated eukaryotic translation inhibition factor 2α (a marker of ER stress). Nagata et al. (49) found that PA could induce apoptosis in multiple myeloma (MM) cells by inducing ER stress. Baumann et al. (41) observed in breast cancer cells that PA activates the inositol-requiring enzyme 1 (IRE1)/X-box binding protein 1 (XBP1) and ATF6 axis, leading to a partial ER stress response. However, the PERK-eIF2α axis is not activated, ultimately resulting in CHOP-dependent apoptosis. These studies collectively demonstrate the involvement of ER stress pathways, particularly the activation of CHOP, in PA-induced apoptosis in various cell types. Understanding the intricate relationship between PA, ER stress, and apoptosis contributes to our knowledge of the underlying mechanisms and potential therapeutic applications for diseases associated with ER dysfunction.




3.4 Reactive oxygen species

ROS are highly reactive oxygen-containing molecules with a short lifespan, and they play a significant role in inducing DNA damage and affecting the DNA damage response. ROS can trigger tumor cell apoptosis by promoting anti-tumor signaling and initiating oxidative stress (64). Yu et al. (52) demonstrated that PA promotes apoptosis in human colon cancer cells (HCT116) through the induction of reactive oxygen species (ROS) synthesis. This effect is accompanied by a reduction in the levels of important antioxidants such as n-acetylcysteine (NAC) and reduced glutathione (GSH) within the cancer cells. Interestingly, in the context of normal cells, P53 has been shown to play a protective role by safeguarding against DNA damage under low-level cellular stress induced by PA treatment. This protective mechanism potentially contributes to cell survival in normal cells.Another study by Boubaker et al. (65) revealed that PA can enhance lysosome activity and the antioxidant capacity of host macrophages, while inhibiting B16-F10 cells by capturing free radicals and ROS generated from endogenous stress associated with melanin production. Beeharry et al. (66) found that PA can increase oxidative stress by generating ROS, leading to the inhibition of RINm5F cell growth and increased apoptosis. These findings highlight the role of ROS in mediating the effects of PA on tumor cell apoptosis.





4 Inhibition of tumor cell metastasis and invasion in response to PA

Tumor invasion and metastasis refer to the process by which tumor cells spread from the primary site to adjacent tissues and eventually to distant parts of the body. This process is pivotal in the development of metastatic cancer and is strongly associated with poor prognosis and disease recurrence. The migratory and invasive capacity of tumor cells plays a critical role in their ability to metastasize (67).

Epithelial-mesenchymal transition (EMT) is a critical process in which epithelial cells undergo a transformation to acquire mesenchymal characteristics (68). In the context of cancer, EMT is closely associated with tumor initiation, invasion, metastasis, and treatment resistance (69). Consequently, blocking the EMT process holds significant promise as an anti-tumor strategy. E-cadherin, a tumor suppressor protein, is involved in regulating EMT and is typically downregulated during cancer metastasis (70). Zhu et al. (29) discovered that PA can modify the expression of various proteins, including protein kinase C zeta (PKCζ), p-integrin β1, and E-cadherin, resulting in the inhibition of metastasis in PC3 and DU145 cells. Moreover, studies have shown that PA can exert an anti-tumor effect by modulating the polarization of tumor-associated macrophages (TAMs) towards an M2 phenotype, thereby impeding EMT in M2 macrophages (44). He et al. (71) demonstrated that PA has the ability to inhibit the proliferation and metastasis of 4T1 breast cancer cells. This effect was achieved by downregulating the mRNA levels of Nfkb1, Snai1, and Stat3, reducing the expression of the EMT marker vimentin, and increasing the expression of E-cadherin. These findings collectively validate the capacity of PA to inhibit EMT and suppress tumor metastasis. The inhibition of EMT holds considerable therapeutic potential for combating cancer progression and metastasis. Further exploration of the mechanisms underlying the modulation of EMT by PA and the development of targeted interventions are warranted to advance our understanding and application of this promising approach in anti-tumor strategies.




5 Effect of PA on other factors affecting tumor growth



5.1 Metabolic reprogramming

Metabolic reprogramming is a hallmark of cancer, and alterations in energy metabolism are commonly observed in tumor progression. The Warburg effect, characterized by increased aerobic glycolysis, is a well-known metabolic alteration in cancer cells (72) Regarding lipid metabolism and cancer, several studies have investigated the effects of PA and its modulation on cancer cell behavior. Lin et al. (73) demonstrated that PA can impact the aggressiveness of malignant cells in a mouse xenograft model through lipid omics analysis. The precise mechanism underlying this effect may involve changes in cell membrane fluidity and glucose metabolism regulation. Additionally, Sun et al. (74) found that PA can regulate the expression of specific genes involved in fatty acid metabolism, such as stearoyl-CoA desaturase-1 (SCD1), fatty acid synthase (FASN), and elongation of long-chain fatty acids family member 6 (ELOVL6), which are associated with the proliferation of gastric cancer cell lines. The acyl-CoA synthetase long-chain family member 5 (ACSL5) gene, known to play a role in intracellular energy maintenance and carnitine palmitoyl transferase 1A (CPT1A) activity, has been implicated as a key gene in cell proliferation (75). Furthermore, Zhang et al. (76) integrated clinical phenomics, lipidomics, and transcriptomics and found that PA can modulate the expression of the pyruvate dehydrogenase kinase 4 (PDK4) gene and ACSL5 gene in different patterns, leading to the inhibition of proliferation in lung adenocarcinoma or small lung cancer cells by altering cellular energy metabolism. These findings indicate the potential biomedical significance of altered lipid metabolism as a diagnostic marker for cancer cells and suggest the possibility of targeting dysregulated lipid metabolism for cancer treatment. However, it is important to note that further research is needed to fully understand the intricate mechanisms and potential therapeutic strategies related to altered lipid metabolism in cancer.




5.2 Enhanced sensitivity to antitumor drugs

Chemotherapy resistance is a significant challenge in cancer treatment, and understanding the mechanisms underlying drug resistance and developing strategies to overcome it are crucial for effective tumor therapy (77). Doxorubicin (DOX) is a commonly used chemotherapy drug for breast cancer; however, its selectivity for tumor cells is limited, and the development of drug resistance is a common issue (78). He et al. (79) conducted a study using poly D, L-lactic acid co-glycolic acid (PLGA) nanoparticles (NPs) encapsulating PA to enhance the efficacy of DOX in breast cancer cells. In mouse models with breast tumors, PLGA-PA NPs exhibited comparable efficacy in reducing primary tumor growth and metastasis when compared to NPs loaded with DOX, PA, and DOX or free DOX. These findings suggest that PA, alone or in combination with DOX, could be a promising strategy for breast cancer treatment. In the case of paclitaxel, another first-line chemotherapy drug, it has been observed that it not only spares macrophages but can also polarize them into classically activated macrophages (M1) (80, 81). Xiang et al. (82) developed palmitic acid-modified human serum albumin (PSA) nanoparticles (NPs) to achieve dual targeting of macrophages and tumor cells for enhanced anti-breast cancer effects.

Short interfering RNA (siRNA) has emerged as a promising tool for targeted therapy in various diseases, including cancer. siRNA molecules, typically around 21-23 nucleotides in length, can specifically bind to complementary mRNA sequences, leading to the degradation of target mRNA and subsequent inhibition of protein synthesis (83–85). In a study by Kubo et al. (86), a PA-coupled siRNA, specifically a 27-nt DsiRNA (C16Dsi27RNA), was developed using a simple synthesis strategy. This C16Dsi27RNA demonstrated enhanced efficacy compared to unmodified Dsi27RNA and cholesterol-conjugated Dsi27RNA in interfering with exogenous enhanced green fluorescent protein (eGFP) and endogenous vascular endothelial growth factor (VEGF) genes in human gastric cancer cell lines (GCIY-eGFP). Moreover, C16-siEGFP, the PA-coupled siRNA targeting eGFP, exhibited significantly higher tumor inhibition compared to unmodified siRNA. Overall, the development of PA-coupled siRNAs provides a promising approach to enhance the efficacy and stability of siRNA-based therapies, opening up new possibilities for targeted treatment options in various diseases, including cancer.




5.3 Enhance immunity

The immune system plays a crucial role in defending the body against various diseases, including cancer. Immune cells and their products can have both pro-tumor and anti-tumor effects, and modulating the immune response is an important strategy in cancer therapy (87).Studies have indicated that PA possesses immunomodulatory properties and can enhance the body’s immune response against certain types of cancer (88). Inflammation and cancer progression have been associated with the Toll-like receptor 4 (TLR4) signaling pathway (89). It has been discovered in recent studies that PA can activate TLR4 (90). In line with this, Zhang et al. demonstrated that a combination therapy involving PA and γ-interferon (γ-IFN) inhibits the progression of gastric cancer (GC) by modulating macrophage polarization through the TLR4 pathway (91).

In cervical cancer models, dual PA-coupled toll-like receptor agonists have demonstrated the ability to stimulate M2 macrophage depletion and induce anti-tumor immune responses (92). These findings suggest that PA may have potential as an immune-modulating agent in tumor therapy. It is important to note that the anti-tumor immune effects and mechanisms of PA may vary depending on the specific type of tumor cells involved. Further research is needed to elucidate the specific mechanisms by which PA influences the immune response in different types of cancer.Understanding these mechanisms will contribute to the development of targeted immunotherapies and the optimization of PA-based strategies in cancer treatment.




5.4 Autophagy

Autophagy, a process of cellular self-degradation and recycling, plays a significant role in various pathological processes, including malignant transformation, tumor progression, and immune responses in cancer treatment. The modulation of autophagy has been implicated in the development and therapeutic response of cancer (93). Studies have shown that PAcan induce the expression of ER stress marker genes, such as glucose-regulatory protein 78 (GRP78) and CHOP, as well as modulate the expression of autophagy-related genes (microtubule-associated protein 1 light chain 3 (LC3), Autophagy-related gene (Atg) 5, p62, and Beclin) (94). These changes in gene expression promote apoptosis-related gene expression, such as Caspase 3 and BAX, and influence autophagy flux. PA has been found to increase apoptosis and autophagy in Saos-2 cells, suggesting its potential as an antitumor drug by triggering autophagy, which may be particularly relevant in cases where classical apoptosis processes are resistant. Furthermore, PA has been shown to mediate autophagy in hepatoma cells through the regulation of mitochondrial uncoupling protein 2 (UCP2) expression (95). This suggests that PA can modulate autophagy through different molecular mechanisms depending on the specific cellular context. The ability of PA to induce autophagy has significant implications in cancer therapy, as autophagy can impact cell survival, tumor growth, and response to treatment. Understanding the role of PA-induced autophagy and its interactions with other cellular processes will contribute to the development of targeted therapeutic strategies and the optimization of PA-based antitumor approaches. However, it is important to note that the precise mechanisms underlying the autophagy-inducing effects of PA and its therapeutic implications in different cancer types are still being actively investigated. Further research is needed to fully elucidate the complex relationship between PA, autophagy, and cancer pathogenesis, which will guide the development of effective treatment strategies.




5.5 Palmitic acid derivatives

Palmitic acid derivatives are compounds derived from palmitic acid through various chemical reactions or modifications. In a study by Liu et al. (96), it was reported that Porcupine (PORCN), in combination with palmitoleoyl-CoA substrate, regulates Wnt signaling and exhibits anticancer properties.Another study by Chen et al. demonstrated that palmitoyl chloride enhances the stability of epigallocatechin-3-gallate (EGCG), and their synthesized compound EGCG palmitate not only induces apoptosis and autophagy in cancer cells but also significantly reduces oxidative stress in normal cells, thereby exerting a protective effect (97). The chemical stability and targeted cytotoxicity of EGCG palmitate make it a promising candidate for anticancer drug development. Although research on the anticancer effects of palmitic acid derivatives is still in its early stages, it has begun to gain attention. It is anticipated that more anticancer drugs based on the properties of palmitic acid will emerge in the near future.





6 Conclusion and perspective

Indeed, PA has shown great medical potential as a long-chain fatty acid with broad-spectrum anti-tumor effects in various malignancies. It has demonstrated efficacy in inhibiting the proliferation of tumor cells, promoting tumor cell apoptosis, and influencing the cell cycle in gastric cancer, liver cancer, cervical cancer, breast cancer, colorectal cancer, and other types of tumors. The anti-cancer effects of PA primarily involve its impact on the chemical and physical properties of the cell membrane. By increasing the saturation level of membrane lipids, PA influences membrane-related signal transduction pathways, resulting in several beneficial outcomes. These include the inhibition of tumor cell proliferation, induction of tumor cell apoptosis, suppression of tumor cell invasion and migration, and enhancement of the efficacy of chemoradiotherapy drugs. Additionally,PA possesses immune-regulating properties and induces cellular autophagy, which further contributes to its anti-cancer mechanisms. Multiple pathways are involved in the regulation of tumor cell behavior by PA, as illustrated in Figure 1 and summarized in Table 1.




Figure 1 | Anti-tumor effect of palmitic acid. PA induces apoptosis by upregulating the expression of P53, reducing the expression of cyclin and cyclin-dependent kinase CDK, inhibiting the expression of Bcl-2, and activating the apoptosis pathway to promote cell apoptosis. PA causes DNA oxidative damage and apoptosis by inducing ROS production. PA can inhibit cell proliferation by increasing the gene expression of TP53 and decreasing the gene expression of CDK, thereby leading to cell cycle arrest. It also reduces the expression levels of IL-10, PERK, and CHOP and the phosphorylation level of JAK/STAT3 and inhibits the JAK/STAT signaling pathway to suppress cell proliferation and metastasis. PA inhibits CDK induced phosphorylation of tyrosinase, thereby inhibiting the activation of NF-κB. PA reduces the phosphorylation of Akt and PI3K and inhibits the activation of the PI3K/AKT pathway. PA inhibits cell invasion and migration by reducing the expression levels of VEGF mRNA and protein and CD34 protein. PA inhibits E-cadherin-induced angiogenesis and inhibits invasion and migration. STAT, signal transduction and transcriptional activator; JAK, Janus kinase; BCL-2, B-cell lymphoma-2; Bax, Bcl-2-associated X; PI3K, phosphatidylinositol 3 kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; P53, tumor protein 53; Caspase, cysteinyl aspartate specific proteinase; CDK, cyclin-dependent kinases; ROS, reactive oxygen species; TP53, tumor protein 53; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor-k-gene binding; IL, interleukin; VEGF, vascular endothelial growth factor; EMT, epithelial-mesenchymal transition; NAC, n-acetylcysteine; GSH, glutathione; eIF, Eukaryotic Initiation Factor; PERK, PKR-like ER kinase; ATF, activating transcription factor; MAPK, mitogen-activated protein kinase.




Table 1 | The antitumor effects of PA.



However, despite its tolerability and safety, most studies on PA have been conducted in vitro or using rodent models. Therefore, further research is needed to determine the optimal dosage and safety profile for specific human applications. Additionally, while promising anticancer effects have been observed, the exact mechanisms of action for PA are still not fully understood. The bioavailability of fatty acid components, including PA, is complex and influenced by various factors such as absorption, metabolism, transport, and storage. In addition to its direct effects, the therapeutic mechanism of PA in cancer therapy may be further enhanced through synergistic interactions with extracts, oils, or other substances found in various food sources. Natural products, such as plant extracts and dietary ingredients, are known to contain a diverse array of bioactive compounds, including other fatty acids, polyphenols, flavonoids, terpenoids, and phytochemicals. When combined with PA, these substances have the potential to exert complementary or additive effects on cancer cells, thereby enhancing the overall therapeutic potential of PA. The synergistic interactions between PA and these bioactive compounds can result in improved efficacy and outcomes in cancer treatment.Thus, efficient extraction processes for PA need to be developed to expand its applications in clinical medicine, food, and drug fields.

It is also important to note that PA may exhibit contradictory effects in cancer treatment in certain cases. The effects of PA might vary in different tumor cell lines, emphasizing the need for further research to clarify its mechanisms of action. Furthermore, despite being a natural compound, high doses of PA may have potential side effects and safety risks. Therefore, thorough investigation is necessary to evaluate the risks and benefits of PA in different therapeutic contexts.

In conclusion, while the role and mechanism of PA in cancer therapy require further exploration, it holds promise as a potential therapeutic agent, particularly when combined with other treatment modalities. Future studies should focus on investigating the specific indications, optimal therapeutic dosages, and potential risks of PA. This research will pave the way for the development of safe and effective treatment strategies involving PA in the field of oncology.





Author contributions

NB conceived and designed the review. XW and CZ wrote the first draft of the manuscript in light of the literature data. Data authentication is not applicable. All authors contributed to the article and approved the submitted version for publication.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Stratton, MR, Campbell, PJ, and Futreal, PA. The cancer genome. Nature (2009) 458(7239):719–24. doi: 10.1038/nature07943

3. Holohan, C, Van Schaeybroeck, S, Longley, DB, and Johnston, PG. Cancer drug resistance: an evolving paradigm. Nat Rev Cancer (2013) 13(10):714–26. doi: 10.1038/nrc3599

4. Carta, G, Murru, E, Banni, S, and Manca, C. Palmitic acid: physiological role, metabolism and nutritional implications. Front Physiol (2017) 8:902. doi: 10.3389/fphys.2017.00902

5. Mancini, A, Imperlini, E, Nigro, E, Montagnese, C, Daniele, A, Orrù, S, et al. Biological and nutritional properties of palm oil and palmitic acid: effects on health. Molecules (2015) 20(9):17339–61. doi: 10.3390/molecules200917339

6. Zhang, D, Tong, X, Arthurs, B, Guha, A, Rui, L, Kamath, A, et al. Liver clock protein BMAL1 promotes de novo lipogenesis through insulin-mTORC2-AKT signaling. J Biol Chem (2014) 289(37):25925–35. doi: 10.1074/jbc.M114.567628

7. Acosta-Montaño, P, Rodríguez-Velázquez, E, Ibarra-López, E, Frayde-Gómez, H, Mas-Oliva, J, Delgado-Coello, B, et al. Fatty acid and lipopolysaccharide effect on beta cells proteostasis and its impact on insulin secretion. Cells (2019) 8(8):884. doi: 10.3390/cells8080884

8. Gouk, SW, Cheng, SF, Ong, AS, and Chuah, CH. Stearic acids at sn-1, 3 positions of TAG are more efficient at limiting fat deposition than palmitic and oleic acids in C57BL/6 mice. Br J Nutr (2014) 111(7):1174–80. doi: 10.1017/S0007114513003668

9. Leamy, AK, Egnatchik, RA, Shiota, M, Ivanova, PT, Myers, DS, Brown, HA, et al. Enhanced synthesis of saturated phospholipids is associated with ER stress and lipotoxicity in palmitate treated hepatic cells. J Lipid Res (2014) 55(7):1478–88. doi: 10.1194/jlr.M050237

10. Manford, AG, Stefan, CJ, Yuan, HL, Macgurn, JA, and Emr, SD. ER-to-plasma membrane tethering proteins regulate cell signaling and ER morphology. Dev Cell (2012) 23(6):1129–40. doi: 10.1016/j.devcel.2012.11.004

11. Balsa, E, Soustek, MS, Thomas, A, Cogliati, S, García-Poyatos, C, Martín-García, E, et al. ER and nutrient stress promote assembly of respiratory chain supercomplexes through the PERK-eIF2α Axis. Mol Cell (2019) 74(5):877–890.e6. doi: 10.1016/j.molcel.2019.03.031

12. Chen, Y, and Brandizzi, F. IRE1: ER stress sensor and cell fate executor. Trends Cell Biol (2013) 23(11):547–55. doi: 10.1016/j.tcb.2013.06.005

13. Jin, JK, Blackwood Azizi, EA, Thuerauf, K, Fahem, DJ, Hofmann, AG C, et al. ATF6 decreases myocardial ischemia/reperfusion damage and links ER stress and oxidative stress signaling pathways in the heart. Circ Res (2017) 120(5):862–75. doi: 10.1161/CIRCRESAHA.116.310266

14. Szczepankowska, D, and Nałecz, KA. Palmitoylcarnitine modulates palmitoylation of proteins: implication for differentiation of neural cells. Neurochem Res (2003) 28(3-4):645–51. doi: 10.1023/A:1022802229921

15. Tabaczar, S, Czogalla, A, Podkalicka, J, Biernatowska, A, and Sikorski, AF. Protein palmitoylation: Palmitoyltransferases and their specificity. Exp Biol Med (Maywood) (2017) 242(11):1150–7. doi: 10.1177/1535370217707732

16. Liu, Z, Xiao, M, Mo, Y, Wang, H, Han, Y, Zhao, X, et al. Emerging roles of protein palmitoylation and its modifying enzymes in cancer cell signal transduction and cancer therapy. Int J Biol Sci (2022) 18(8):3447–57. doi: 10.7150/ijbs.72244

17. Zhou, B, Hao, Q, Liang, Y, and Kong, E. Protein palmitoylation in cancer: molecular functions and therapeutic potential. Mol Oncol (2023) 17(1):3–26. doi: 10.1002/1878-0261.13308

18. Wang, Y, Lu, H, Fang, C, and Xu, J. Palmitoylation as a signal for delivery. Adv Exp Med Biol (2020) 1248:399–424. doi: 10.1007/978-981-15-3266-5_16

19. Librán-Pérez, M, Pereiro, P, Figueras, A, and Novoa, B. Antiviral activity of palmitic acid via autophagic flux inhibition in zebrafish (Danio rerio). Fish Shellfish Immunol (2019) 95:595–605. doi: 10.1016/j.fsi.2019.10.055

20. Mayneris-Perxachs, J, Guerendiain, M, Castellote, AI, Estruch, R, Covas, MI, Fitó, M, et al. Plasma fatty acid composition, estimated desaturase activities, and their relation with the metabolic syndrome in a population at high risk of cardiovascular disease. Clin Nutr (2014) 33(1):90–7. doi: 10.1016/j.clnu.2013.03.001

21. Hsiao, YH, et al. Palmitic acid-induced neuron cell cycle G2/M arrest and endoplasmic reticular stress through protein palmitoylation in SH-SY5Y human neuroblastoma cells. Int J Mol Sci (2014) 15(11):20876–99. doi: 10.3390/ijms151120876

22. Pereira, DM, et al. Palmitic acid and ergosta-7,22-dien-3-ol contribute to the apoptotic effect and cell cycle arrest of an extract from Marthasterias glacialis L. @ in neuroblastoma cells. Mar Drugs (2013) 12(1):54–68. doi: 10.3390/md12010054

23. Díaz-Coránguez, M, Liu, X, and Antonetti, DA. Tight junctions in cell proliferation. Int J Mol Sci (2019) 20(23):5972. doi: 10.3390/ijms20235972

24. Hanahan, D, and Weinberg, RA. Hallmarks of cancer: the next generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

25. Cardano, M, Tribioli, C, and Prosperi, E. Targeting proliferating cell nuclear antigen (PCNA) as an effective strategy to inhibit tumor cell proliferation. Curr Cancer Drug Targets (2020) 20(4):240–52. doi: 10.2174/1568009620666200115162814

26. Zheng, K, et al. Selective autophagy regulates cell cycle in cancer therapy. Theranostics (2019) 9(1):104–25. doi: 10.7150/thno.30308

27. Malumbres, M, and Barbacid, M. Cell cycle, CDKs and cancer: a changing paradigm. Nat Rev Cancer (2009) 9(3):153–66. doi: 10.1038/nrc2602

28. Razavipour, SF, Harikumar, KB, and Slingerland, JM. p27 as a transcriptional regulator: new roles in development and cancer. Cancer Res (2020) 80(17):3451–8. doi: 10.1158/0008-5472.CAN-19-3663

29. Zhu, S, et al. Palmitic acid inhibits prostate cancer cell proliferation and metastasis by suppressing the PI3K/Akt pathway. Life Sci (2021) 286:120046. doi: 10.1016/j.lfs.2021.120046

30. Owen, KL, Brockwell, NK, and Parker, BS. JAK-STAT signaling: A double-edged sword of immune regulation and cancer progression. Cancers (Basel) (2019) 11(12):2002. doi: 10.3390/cancers11122002

31. Hu, X, et al. The JAK/STAT signaling pathway: from bench to clinic. Signal Transduct Target Ther (2021) 6(1):402. doi: 10.1038/s41392-021-00791-1

32. Seif, F, et al. The role of JAK-STAT signaling pathway and its regulators in the fate of T helper cells. Cell Commun Signal (2017) 15(1):23. doi: 10.1186/s12964-017-0177-y

33. Yu, X, Peng, W, Wang, Y, Xu, W, Chen, W, Huang, L, et al. Palmitic acid inhibits the growth and metastasis of gastric cancer by blocking the STAT3 signaling pathway. Cancers (Basel) (2023) 15(2):388. doi: 10.3390/cancers15020388

34. Shorning, BY, Dass, MS, Smalley, MJ, and Pearson, HB. The PI3K-AKT-mTOR pathway and prostate cancer: at the crossroads of AR, MAPK, and WNT signaling. Int J Mol Sci (2020) 21(12):4507. doi: 10.3390/ijms21124507

35. Fresno Vara, JA, et al. PI3K/Akt signalling pathway and cancer. Cancer Treat Rev (2004) 30(2):193–204. doi: 10.1016/j.ctrv.2003.07.007

36. Huang, F, et al. Palmitic acid induces microRNA-221 expression to decrease glucose uptake in HepG2 cells via the PI3K/AKT/GLUT4 pathway. BioMed Res Int (2019) 2019:8171989. doi: 10.1155/2019/8171989

37. Calvo-Ochoa, E, et al. Palmitic acid stimulates energy metabolism and inhibits insulin/PI3K/AKT signaling in differentiated human neuroblastoma cells: The role of mTOR activation and mitochondrial ROS production. Neurochem Int (2017) 110:75–83. doi: 10.1016/j.neuint.2017.09.008

38. Fan, Y, Mao, R, and Yang, J. NF-κB and STAT3 signaling pathways collaboratively link inflammation to cancer. Protein Cell (2013) 4(3):176–85. doi: 10.1007/s13238-013-2084-3

39. Kamran, MZ, Patil, P, and Gude, RP. Role of STAT3 in cancer metastasis and translational advances. BioMed Res Int (2013) 2013:421821. doi: 10.1155/2013/421821

40. Bolpetti, A, et al. Interleukin-10 production by tumor infiltrating macrophages plays a role in Human Papillomavirus 16 tumor growth. BMC Immunol (2010) 11:27. doi: 10.1186/1471-2172-11-27

41. Baumann, J, et al. Palmitate-induced ER stress increases trastuzumab sensitivity in HER2/neu-positive breast cancer cells. BMC Cancer (2016) 16:551. doi: 10.1186/s12885-016-2611-8

42. Grivennikov, SI, and Karin, M. Dangerous liaisons: STAT3 and NF-kappaB collaboration and crosstalk in cancer. Cytokine Growth Factor Rev (2010) 21(1):11–9. doi: 10.1016/j.cytogfr.2009.11.005

43. Murray, PJ. The primary mechanism of the IL-10-regulated antiinflammatory response is to selectively inhibit transcription. Proc Natl Acad Sci U.S.A. (2005) 102(24):8686–91. doi: 10.1073/pnas.0500419102

44. de Araujo Junior, RF, et al. Ceramide and palmitic acid inhibit macrophage-mediated epithelial-mesenchymal transition in colorectal cancer. Mol Cell Biochem (2020) 468(1-2):153–68. doi: 10.1007/s11010-020-03719-5

45. Wong, RS. Apoptosis in cancer: from pathogenesis to treatment. J Exp Clin Cancer Res (2011) 30(1):87. doi: 10.1186/1756-9966-30-87

46. Pistritto, G, et al. Apoptosis as anticancer mechanism: function and dysfunction of its modulators and targeted therapeutic strategies. Aging (Albany NY) (2016) 8(4):603–19. doi: 10.18632/aging.100934

47. Bacus, SS, et al. Taxol-induced apoptosis depends on MAP kinase pathways (ERK and p38) and is independent of p53. Oncogene (2001) 20(2):147–55. doi: 10.1038/sj.onc.1204062

48. Kashyap, D, Garg, VK, and Goel, N. Intrinsic and extrinsic pathways of apoptosis: Role in cancer development and prognosis. Adv Protein Chem Struct Biol (2021) 125:73–120. doi: 10.1016/bs.apcsb.2021.01.003

49. Nagata, Y, et al. Palmitic acid, verified by lipid profiling using secondary ion mass spectrometry, demonstrates anti-multiple myeloma activity. Leuk Res (2015) 39(6):638–45. doi: 10.1016/j.leukres.2015.02.011

50. Levine, AJ. The many faces of p53: something for everyone. J Mol Cell Biol (2019) 11(7):524–30. doi: 10.1093/jmcb/mjz026

51. Muller, PA, Vousden, KH, and Norman, JC. p53 and its mutants in tumor cell migration and invasion. J Cell Biol (2011) 192(2):209–18. doi: 10.1083/jcb.201009059

52. Yu, G, Luo, H, Zhang, N, Wang, Y, Li, Y, Huang, H, et al. Loss of p53 sensitizes cells to palmitic acid-induced apoptosis by reactive oxygen species accumulation. Int J Mol Sci (2019) 20(24):6268. doi: 10.3390/ijms20246268

53. Saha, S, et al. Proteomic analysis reveals USP7 as a novel regulator of palmitic acid-induced hepatocellular carcinoma cell death. Cell Death Dis (2022) 13(6):563. doi: 10.1038/s41419-022-05003-4

54. Zhang, L, Lu, Z, and Zhao, X. Targeting Bcl-2 for cancer therapy. Biochim Biophys Acta Rev Cancer (2021) 1876(1):188569. doi: 10.1016/j.bbcan.2021.188569

55. Budi, HS, et al. Palmitic acid of Musa Paradisiaca induces apoptosis through caspase-3 in human oral squamous cell carcinoma. Eur Rev Med Pharmacol Sci (2022) 26(19):7099–114. doi: 10.26355/eurrev_202210_29895

56. Cvjetićanin, T, et al. T cells cooperate with palmitic acid in induction of beta cell apoptosis. BMC Immunol (2009) 10:29. doi: 10.1186/1471-2172-10-29

57. Szymański, J, Janikiewicz Michalska, J, Patalas-Krawczyk, B, Perrone, P, Ziółkowski, M W, et al. Interaction of mitochondria with the endoplasmic reticulum and plasma membrane in calcium homeostasis, lipid trafficking and mitochondrial structure. Int J Mol Sci (2017) 18(7):1576. doi: 10.3390/ijms18071576

58. Fernández, A, et al. Melatonin and endoplasmic reticulum stress: relation to autophagy and apoptosis. J Pineal Res (2015) 59(3):292–307. doi: 10.1111/jpi.12264

59. Ron, D, and Walter, P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat Rev Mol Cell Biol (2007) 8(7):519–29. doi: 10.1038/nrm2199

60. Hetz, C. The unfolded protein response: controlling cell fate decisions under ER stress and beyond. Nat Rev Mol Cell Biol (2012) 13(2):89–102. doi: 10.1038/nrm3270

61. Karaskov, E, et al. Chronic palmitate but not oleate exposure induces endoplasmic reticulum stress, which may contribute to INS-1 pancreatic beta-cell apoptosis. Endocrinology (2006) 147(7):3398–407. doi: 10.1210/en.2005-1494

62. Wei, Y, et al. Saturated fatty acids induce endoplasmic reticulum stress and apoptosis independently of ceramide in liver cells. Am J Physiol Endocrinol Metab (2006) 291(2):E275–81. doi: 10.1152/ajpendo.00644.2005

63. Bolognesi, A, et al. Membrane lipidome reorganization correlates with the fate of neuroblastoma cells supplemented with fatty acids. PloS One (2013) 8(2):e55537. doi: 10.1371/journal.pone.0055537

64. Moloney, JN, and Cotter, TG. ROS signalling in the biology of cancer. Semin Cell Dev Biol (2018) 80:50–64. doi: 10.1016/j.semcdb.2017.05.023

65. Boubaker, J, et al. Antitumoral Potency by Immunomodulation of Chloroform Extract from Leaves of Nitraria retusa, Tunisian Medicinal Plant, via its Major Compounds β-sitosterol and Palmitic Acid in BALB/c Mice Bearing Induced Tumor. Nutr Cancer (2018) 70(4):650–62. doi: 10.1080/01635581.2018.1460683

66. Beeharry, N, Chambers, JA, and Green, IC. Fatty acid protection from palmitic acid-induced apoptosis is lost following PI3-kinase inhibition. Apoptosis (2004) 9(5):599–607. doi: 10.1023/B:APPT.0000038039.82506.0c

67. Kim, YM, et al. Anti-metastatic effect of cantharidin in A549 human lung cancer cells. Arch Pharm Res (2013) 36(4):479–84. doi: 10.1007/s12272-013-0044-3

68. Pastushenko, I, and Blanpain, C. EMT transition states during tumor progression and metastasis. Trends Cell Biol (2019) 29(3):212–26. doi: 10.1016/j.tcb.2018.12.001

69. Bakir, B, et al. EMT, MET, plasticity, and tumor metastasis. Trends Cell Biol (2020) 30(10):764–76. doi: 10.1016/j.tcb.2020.07.003

70. Na, TY, et al. The functional activity of E-cadherin controls tumor cell metastasis at multiple steps. Proc Natl Acad Sci U.S.A. (2020) 117(11):5931–7. doi: 10.1073/pnas.1918167117

71. He, Y, Rezaei, S, Júnior, RFA, Cruz, LJ, and Eich, C. Multifunctional role of lipids in modulating the tumorigenic properties of 4T1 breast cancer cells. Int J Mol Sci (2022) 23(8):4240. doi: 10.3390/ijms23084240

72. Wu, Z, et al. Emerging roles of aerobic glycolysis in breast cancer. Clin Transl Oncol (2020) 22(5):631–46. doi: 10.1007/s12094-019-02187-8

73. Lin, L, et al. Functional lipidomics: Palmitic acid impairs hepatocellular carcinoma development by modulating membrane fluidity and glucose metabolism. Hepatology (2017) 66(2):432–48. doi: 10.1002/hep.29033

74. Sun, Q, et al. Activation of SREBP-1c alters lipogenesis and promotes tumor growth and metastasis in gastric cancer. BioMed Pharmacother (2020) 128:110274. doi: 10.1016/j.biopha.2020.110274

75. Luo, Q, et al. Role of ACSL5 in fatty acid metabolism. Heliyon (2023) 9(2):e13316. doi: 10.1016/j.heliyon.2023.e13316

76. Zhang, L, et al. Roles of acyl-CoA synthetase long-chain family member 5 and colony stimulating factor 2 in inhibition of palmitic or stearic acids in lung cancer cell proliferation and metabolism. Cell Biol Toxicol (2021) 37(1):15–34. doi: 10.1007/s10565-020-09520-w

77. Tang, C, et al. Excessive activation of HOXB13/PIMREG axis promotes hepatocellular carcinoma progression and drug resistance. Biochem Biophys Res Commun (2022) 623:81–8. doi: 10.1016/j.bbrc.2022.07.066

78. Sun, Z, et al. Dihydromyricetin alleviates doxorubicin-induced cardiotoxicity by inhibiting NLRP3 inflammasome through activation of SIRT1. Biochem Pharmacol (2020) 175:113888. doi: 10.1016/j.bcp.2020.113888

79. He, Y, et al. Effective breast cancer therapy based on palmitic acid-loaded PLGA nanoparticles. Biomater Adv (2023) 145:213270. doi: 10.1016/j.bioadv.2022.213270

80. Wang, P, et al. Exosomes from M1-polarized macrophages enhance paclitaxel antitumor activity by activating macrophages-mediated inflammation. Theranostics (2019) 9(6):1714–27. doi: 10.7150/thno.30716

81. Tang, M, et al. Paclitaxel induces cognitive impairment via necroptosis, decreased synaptic plasticity and M1 polarisation of microglia. Pharm Biol (2022) 60(1):1556–65. doi: 10.1080/13880209.2022.2108064

82. Xiang, L, et al. Palmitic acid-modified human serum albumin paclitaxel nanoparticles targeting tumor and macrophages against breast cancer. Eur J Pharm Biopharm (2023) 183:132–41. doi: 10.1016/j.ejpb.2022.12.016

83. Dyawanapelly, S, et al. RNA interference-based therapeutics: molecular platforms for infectious diseases. J BioMed Nanotechnol (2014) 10(9):1998–2037. doi: 10.1166/jbn.2014.1929

84. Shim, MS, and Kwon, YJ. Efficient and targeted delivery of siRNA in vivo. FEBS J (2010) 277(23):4814–27. doi: 10.1111/j.1742-4658.2010.07904.x

85. Geisbert, TW, et al. Postexposure protection of non-human primates against a lethal Ebola virus challenge with RNA interference: a proof-of-concept study. Lancet (2010) 375(9729):1896–905. doi: 10.1016/S0140-6736(10)60357-1

86. Kubo, T, Yanagihara, K, and Seyama, T. In vivo RNAi efficacy of palmitic acid-conjugated dicer-substrate siRNA in a subcutaneous tumor mouse model. Chem Biol Drug Des (2016) 87(6):811–23. doi: 10.1111/cbdd.12720

87. Wang, SS, et al. Tumor-infiltrating B cells: their role and application in anti-tumor immunity in lung cancer. Cell Mol Immunol (2019) 16(1):6–18. doi: 10.1038/s41423-018-0027-x

88. Chatila, TA. Role of regulatory T cells in human diseases. J Allergy Clin Immunol (2005) 116(5):949–59. doi: 10.1016/j.jaci.2005.08.047

89. Chen, CY, Kao, CL, and Liu, CM. The cancer prevention, anti-inflammatory and anti-oxidation of bioactive phytochemicals targeting the TLR4 signaling pathway. Int J Mol Sci (2018) 19(9):2729. doi: 10.3390/ijms19092729

90. Hidalgo, MA, Carretta, MD, and Burgos, RA. Long chain fatty acids as modulators of immune cells function: contribution of FFA1 and FFA4 receptors. Front Physiol (2021) 12:668330. doi: 10.3389/fphys.2021.668330

91. Zhang, YY, Li, J, Li, F, Xue, S, Xu, QY, Zhang, YQ, et al. Palmitic acid combined with γ-interferon inhibits gastric cancer progression by modulating tumor-associated macrophages' polarization via the TLR4 pathway. J Cancer Res Clin Oncol (2023) 149(10):7053–67. doi: 10.1007/s00432-023-04655-9

92. Shen, KY, et al. Depletion of tumor-associated macrophages enhances the anti-tumor immunity induced by a Toll-like receptor agonist-conjugated peptide. Hum Vaccin Immunother (2014) 10(11):3241–50. doi: 10.4161/hv.29275

93. Yamazaki, T, et al. Autophagy in the cancer-immunity dialogue. Adv Drug Delivery Rev (2021) 169:40–50. doi: 10.1016/j.addr.2020.12.003

94. Yang, L, et al. Palmitic acid induces human osteoblast-like Saos-2 cell apoptosis via endoplasmic reticulum stress and autophagy. Cell Stress Chaperones (2018) 23(6):1283–94. doi: 10.1007/s12192-018-0936-8

95. Lou, J, et al. Uncoupling protein 2 regulates palmitic acid-induced hepatoma cell autophagy. BioMed Res Int 2014 (2014) p:810401. doi: 10.1155/2014/810401

96. Liu, Y, et al. Mechanisms and inhibition of Porcupine-mediated Wnt acylation. Nature (2022) 607(7920):816–22. doi: 10.1038/s41586-022-04952-2

97. Chen, X, et al. Improved stability and targeted cytotoxicity of epigallocatechin-3-gallate palmitate for anticancer therapy. Langmuir (2021) 37(2):969–77. doi: 10.1021/acs.langmuir.0c03449




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Wang, Zhang and Bao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2023.1224125_cover.jpg
& frontiers | Frontiers in Oncology

Molecular mechanism of palmitic acid and
its derivatives in tumor progression





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Molecular mechanism of palmitic acid and its derivatives in tumor progression

      

        		

          1 Introduction

        



        		

          2 Inhibition of tumor cell proliferation in response to PA

        

          		

            2.1 Cell cycle blockade

          



          		

            2.2 Janus kinase-signal transducer and activator of transcription pathway

          



          		

            2.3 The phosphoinositide 3-kinase/protein kinase B pathway

          



          		

            2.4 The nuclear factor kappa-light-chain-enhancer of activated B cells pathway

          



        



        



        		

          3 Induction of tumor cell apoptosis after PA intervention

        

          		

            3.1 Tumor suppressor protein p53

          



          		

            3.2 B cell lymphoma-2 protein family

          



          		

            3.3 The endoplasmic reticulum

          



          		

            3.4 Reactive oxygen species

          



        



        



        		

          4 Inhibition of tumor cell metastasis and invasion in response to PA

        



        		

          5 Effect of PA on other factors affecting tumor growth

        

          		

            5.1 Metabolic reprogramming

          



          		

            5.2 Enhanced sensitivity to antitumor drugs

          



          		

            5.3 Enhance immunity

          



          		

            5.4 Autophagy

          



          		

            5.5 Palmitic acid derivatives

          



        



        



        		

          6 Conclusion and perspective

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Cell/tissue type

se/concentrat

Reference

Proliferation PC3, DU145 5,10 and 15 uM pRb, cyclin D1 (29)
SH-SY5Y 0.3 mM PKC (21

MGC-803, BGC-823 and SGC-7901 75-150uM p-STAT3, p-JAK2 (33)

PC3, DUI145 5,10 and 15 uM PI3K-P1100: and PI3K-P110B (29)

HepG2 0.2-0.8mM miR-221, PI3K/AKT (36)

MSN 100, 200, 500 uM PI3K/AKT, mTOR (44)

CT-26 5, 10uM STAT3-NF-kB-IL-10 (44)

Apoptosis HCT116 116, 500uM p53. p21 and Sesn2 (52)
HepG2 2.0mM USP7, P53, AIF (53)

hOSCC 10 pg/mL Bax/Bcl-2 (55)

LNC 500uM caspase-3\MAPK (56)

SH-SY5Y 0.3 mM translation inhibition factor 20; (33)

MM 0-1000 uM ER stress (49)

SKBR3, BT474 3.2mM (IRE1)/X-box (29)

HCT116 116, 500uM ROS, NAC, GSH (52)

B16-F10 25 UM ROS (65)

RINmSF 10 mmol/L ROS (66)

Metastasis PC3, DU145 5,10 and 15 uM E-cadherin (29)
M2 macrophage 5, 10uM STAT3-NF-kB-IL-10 (56)

4T1 30uM Vimentin, Nfkbl, Snai and Stat3 (72)

GCIY-eGFP 50mM VEGF (86)

Metabolic reprogramming BGC-823, HGC-27 50, 100, 200 uM membrane fluidity and glucose metabolism (73)
AGS, MGC-803 5,10 and 15 uM SCD1, FASN, ELOVL6 (74)

Autophagy Saos-2 0-800uM Caspase, BAX (94)
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