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ABSTRACT 

	
Aims: Breast cancer is the most prevalent cancer affecting women worldwide. Aberrant signalling through the phosphatidylinositol 3’ kinase (PI3K) and extracellular signal regulated kinase (ERK) pathways promotes metastatic spread of breast carcinomas. As prevalent chemotherapeutic treatments can cause toxic side effects, exploring the anti-tumorigenic potential of natural phytochemicals as inhibitors of these pathways is important. Methodology: In our study we analyzed binding efficacy and patterns of interactions of the phytochemicals curcumin, resveratrol and all-trans retinoic acid (ATRA) with PI3K and ERK using molecular docking and computer based analysis. Results & Discussion: Molecular docking showed curcumin, ATRA and resveratrol to have very good binding affinity and interactions with PI3K-α and ERK2 indicating their excellent potential as inhibitors of these signalling cascades with ATRA showing the highest binding affinity (ΔG = -7.73 kcal/mole) to PI3K-α and curcumin showing the highest binding affinity (ΔG = -8.10 kcal/mole) to ERK2. Analysis showed that curcumin, ATRA and resveratrol interact at a similar site on PI3K-α while for ERK2, ATRA and curcumin interact at a similar site while resveratrol interacts with a different site. While most synthetic inhibitors target a single signalling pathway, curcumin, ATRA and resveratrol all show excellent potential for targeting both signalling pathways which may prevent cancer cells from circumventing treatment by activating alternative pathways. Using these phytochemicals for therapy may also help in reducing side effects. Conclusion: Our study highlights the excellent potential of curcumin, ATRA and resveratrol for targeting both PI3K and ERK signalling pathways which could lead to inhibition of breast cancer progression and metastasis and, following further in vitro and in vivo studies, pave a pathway for therapies with less side effects and better clinical outcomes.
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1. INTRODUCTION

The GLOBOCAN 2022 data of World Health Organization showed breast cancer to be the leading form of cancer affecting women in India with around 192,020 cases of breast cancer reported which account for 26.6% of cancers in women. It was also the leading cause of cancer related deaths (World Health Organization, International Agency for Research on Cancer). Breast cancer was also diagnosed in younger Indian women and was reported to be more aggressive compared to western countries (Bhardwaj et al., 2024). Research has indicated various cellular signalling pathways play important roles in breast cancer development and progression. Aberrant expression and signalling through the phosphatidylinositol 3’ kinase (PI3K) pathway and the extracellular signal regulated kinase (ERK) pathway have been reported to cause breast cancer development and metastasis (Li et al., 2023; Miricescu et al., 2020; Ortega et al., 2020)
.
Signalling via receptor tyrosine kinases (RTKs) and G-protein coupled receptors lead to activation of PI3K via phosphorylation at the 3rd position of the inositol ring. This activates other protein kinases like Akt (known as protein kinase B). Akt activates downstream targets to promote breast cancer development and metastasis (Ortega et al., 2020; Paplomata et al., 2014). Around 30-40% of breast cancers show mutations in the PIK3CA gene which encodes for p110α catalytic subunit. HER2 positive, ER (oestrogen receptor) positive and luminal breast cancers show overexpression of PI3K-Akt activity with PIK3CA mutations, along with loss of PTEN function (Miricescu et al., 2020). Aberrant signalling via PI3K-Akt pathway has been reported in various breast cancer subtypes including triple negative breast cancers (Costa et al., 2018; Ortega et al., 2020). Dysregulation of PI3K signalling was reported to cause epithelial to mesenchymal transition along with MMP-2 and MMP-9 expression in MDA-MB 231 cells (Rajendran et al., 2020). Activation of EGFR mediated signalling through PI3K promoting high MMP-2, MMP-9 and MT1-MMP expression has been reported in MCF-7 breast cancer cells (Majumder et al., 2019). 

Aberrant signalling through the MEK/ ERK (ERK1/2 isoforms) pathway following interaction of ligands with integrin or growth factor receptors plays important roles in cancer development and metastasis (Li et al., 2017; Zhu et al., 2020). Treatment of SK-BR3 cells with TGF-α and EGF lead to activation of EGFR phosphorylation mediated ERK1/2 signalling and MMP-1 overexpression (Park et al., 2011). Heregulin-β1 treatment of SK-BR3 and MCF-7 cells was shown to upregulate PI3K and ERK signalling promoting MMP-9 expression and activity (Yao et al., 2001). Over expression of FGFR1 receptor in breast cancer led to metformin resistance via activation of ERK signalling as studied in MCF-7 and T47D cells (Shi et al., 2021). Treatment of MDA-MB-231 cells with IGF-1 caused over expression of VEGF-C and ERK1/2 phosphorylation to promote metastasis to lymphatic vessels (Zhu et al., 2011). Long non-coding RNAs have been reported to promote angiogenesis by activating the IGF-1/ERK pathway in breast cancers (Zhang et al., 2020).
Chemotherapy remains the major technique for therapy in metastatic breast cancers and a number of chemotherapeutic drugs including synthetic signalling pathway inhibitors are currently under study or in use for breast cancer treatment. However, development of drug resistance and negative side effects (including fatigue, nausea, anaemia, hair loss and myelosuppression) may limit effectiveness of treatment (Wiranata et al., 2024; Wopat et al., 2024). An alternative method of treatment could involve use of natural phytochemical compounds with anti-tumorigenic potential for breast cancer therapy. 

Curcumin is obtained from the rhizome of turmeric plant (Curcuma longa) and is a potent phytophenol with anti-microbial, anti-viral, anti-oxidant, anti-inflammatory, anti-diabetic, cardio-protective, neuroprotective and anti-cancer properties (Fu et al., 2021; Liu et al., 2018). Curcumin modulates NF-κB signalling to mediate mitochondrial-endoplasmic reticulum stress and cause cell arrest in G2/M phase, apoptosis and inhibition of cancer cell proliferation (Liu et al., 2018). Curcumin reduces gemcitabine resistance along with sensitization to paclitaxel, cyclophosphamide and 5-fluro-uracil in breast cancer cells via regulation of NF-κB pathway (Farghadani et al., 2021). Treatment of Hs578T and MDA-MB-231 breast cancer cells with curcumin reduced expression of β catenin, p-Akt, Akt, p-S6, S6, mTOR, N-cadherin and fibronectin and blocked EMT (Chen et al., 2024). Treatment of breast cancer cells with curcumin reduced expression of cancer stem cell markers like ALDH1A1, CD44, Oct4, Nanog via downregulation of Shh and Wnt/β catenin signalling pathways (Li et al., 2018).

All-trans retinoic acid (ATRA), a metabolite of retinol and active form of Vitamin A found in carotenoid rich fruits and vegetables, mediates tissue organization, differentiation and embryo development by interacting mainly with retinoic acid receptors (RARs). ATRA has anti-inflammatory and anti-oxidant properties along with immune-stimulation and has shown potent effects in treating pro-myelocytic leukemia (Das et al., 2013; Siddikuzzaman et al., 2013). Treatment of MCF-7 breast cancer cells with ATRA led to cellular signalling which caused downstream regulation of Bcl-xl, Bcl-2 and Bax, promoting apoptosis (Ye et al., 2004). Binding of ATRA with RARα has been reported to modulate MAPK signalling in breast cancer cells and tumour fibroblasts through interaction with G-protein αq (Caricasulo et al., 2024). Targeting overexpressed Pin1 (peptidyl-prolyl-isomerase) with ATRA treatment downregulated ERK-1/2 and Akt expression and transcriptional activity of ERα and inhibited cell proliferation and viability in tamoxifen resistant breast cancer cells (Huang et al., 2019).

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a non-flavonoid phytopolyphenol and phytoestrogen obtained from berries, peanuts, pomegranate and soy beans. Resveratrol shows anti-inflammatory and anti-bacterial properties and has been shown to improve outcomes in patients suffering from metabolic disorders, cardiologic problems, diabetes, hypertension and Alzheimer’s disease (Singh et al., 2019; Sinha et al., 2016). Resveratrol has been reported to regulate the STAT3 cascade causing reversal of chemoresistance and doxorubicin resistance and promotion of apoptosis in vitro and in vivo via regulation of PI3K/ Akt pathway in breast cancer cells (Chen et al., 2018; Kohandel et al., 2021). Downregulation of Akt phosphorylation and Bcl-2 with activation of caspase-9 mediated apoptosis was reported in MCF-7 cells under resveratrol treatment (Li et al., 2006).

Thus, using natural compounds for targeting signalling pathways in breast cancer has considerable potential for cancer treatment. With this objective, we analysed the potential of curcumin, ATRA and resveratrol by studying their interactions with important components of some specific signalling pathways which play important roles in breast cancer. 

2. methodology

[bookmark: _Hlk186494136][bookmark: _Hlk186494163][bookmark: _Hlk186494184][bookmark: _Hlk186494247]In order to study and analyse the interactions between curcumin, ATRA and resveratrol with macromolecules, molecular docking technique with AutoDock Tools (ADT) 1.5.6 (Scripps Research Institute, USA, https://ccsb.scripps.edu/mgltools/1-5-6/) was used. The crystal structures of the macromolecules (PI3K, ERK2 and MAPK) were obtained from Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (www.rcsb.org/). Crystal structures of human PI3K-α (PDB ID: 8EXU) and human ERK2 (PDB ID: 5NHJ) were obtained from the Protein Data Bank site. Structure of the phytochemicals, curcumin, ATRA and resveratrol, were obtained from PubChem, NIH, National Centre for Biotechnology Information (National Center for Biotechnology Information, PubChem https://pubchem.ncbi.nlm.nih.gov/). Post molecular docking, analysis of docked macromolecule-ligand complexes was conducted using PYMOL (version 2.5.4, Schrodinger, LLC). Surface images of docked complexes were obtained using Chimera 1.18 and PYMOL. Some macromolecule structures obtained from PDB had bound ligands. Prior to docking with above natural compounds, these inherent ligands were removed. In the docking process, water molecules were removed, polar hydrogens and Kollman charges were added to assign AD4 subtype to prepare macromolecules. Ligand preparation with choosing and detection of roots was done, followed by setting up grid parameters, grid box and docking parameters involving both the protein and ligand. After docking, generation of protein ligand complex of the best conformation was done where pattern of interactions was analysed via PYMOL (https://www.pymol.org). Binding pattern and affinity were studied by considering the lowest ΔG value of conformations of the docked protein-ligand complexes. 

3. results 

3.1 Interactions of curcumin, ATRA and resveratrol with PI3K
Molecular docking (Table 1) showed high binding affinity of curcumin, ATRA and resveratrol with human PI3K-α with ATRA (ΔG = -7.73 kcal/mole) showing a higher binding affinity compared to resveratrol (ΔG = -7.46 kcal/mole) and curcumin (ΔG = -7.32 kcal/mole). The domains and amino acids of PI3K with which curcumin, ATRA and resveratrol interact are as shown in Fig. 1. Curcumin formed hydrogen bonds with Arg-162, Met-697 and His-701 (Fig. 1E), ATRA formed hydrogen bonds with Gln-661 and His-701 (Fig. 1G) and resveratrol formed hydrogen bonds with Pro-168, Asp-258, Gln-661 and Arg-662 (Fig. 1I).

3.2 Interactions of curcumin, ATRA and resveratrol with ERK2
Molecular docking (Table 2) showed high binding affinity of curcumin, ATRA and resveratrol with human ERK2 with curcumin (ΔG = -8.10) having the highest binding affinity followed by ATRA (ΔG = - 7.79 kcal/mole) and resveratrol (ΔG = - 7.20 kcal/mole).  The domains and amino acids of ERK2 with which curcumin, ATRA and resveratrol interact are as shown in Fig. 2. Curcumin formed hydrogen bonds with Tyr-36, Lys-54 and Met-108 (Fig. 2E), ATRA formed hydrogen bonds with Ala-35 and Arg-67 (Fig. 2G) and resveratrol formed hydrogen bonds with Asn-238, Pro-247 and Leu-267 (Fig. 2I).

Table 1: Binding affinities of curcumin, ATRA and resveratrol with human PI3K-α (PDB ID: 8EXU)

	Compound
	PubChem CID
	Molecular Weight
	ΔG 
(Kcal/mole)
	H-Bonding to Amino Acids with Bond Lengths

	Curcumin
	969516
	368.4
	-7.32
	Arg-162 (2.6Ǻ), Met-697 (2.3Ǻ), His-701 (2.0Ǻ)

	ATRA
	444795
	300.4
	-7.73
	Gln-661(2.6Ǻ), His-701 (2.3Ǻ)

	Resveratrol
	445154
	228.24
	-7.46
	Pro-168 (1.9Ǻ), Asp-258 (2.6Ǻ), Gln-661 (1.8Ǻ), Arg-662 (2.6Ǻ)



Table 2: Binding affinities of curcumin, ATRA and resveratrol with human ERK2 (PDB ID: 5NHJ)

	Compound
	PubChem CID
	Molecular Weight
	ΔG
(Kcal/mole)
	H-Bonding to Amino Acids with Bond Lengths

	Curcumin
	969516
	368.4
	-8.10
	[bookmark: _Hlk190521790]Tyr-36 (2.2Ǻ), Lys-54 (2.0 Ǻ), Met-108 (1.6Ǻ & 2.5Ǻ)

	ATRA
	444795
	300.4
	-7.79
	Ala-35(2.0Ǻ), Arg-67 (1.8Ǻ & 2.7Ǻ)

	Resveratrol
	445154
	228.24
	-7.20
	Asn-238 (2.2Ǻ), Pro-247 (2.0Ǻ), Leu-267 (2.0Ǻ)
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[bookmark: _Hlk190523556]Fig. 1: Analysis of interactions of curcumin, ATRA & resveratrol with human PI3K. Interactions of human PI3K-α (PDB ID: 8EXU) with curcumin, ATRA and resveratrol represented using surface zoomed view (Fig. 1A, 1B, 1C respectively) and ribbon representations (Fig. 1D, 1F, 1H respectively) and hydrogen bonding of amino acids of human PI3K with curcumin (Fig. 1E), ATRA (Fig. 1G) and resveratrol (Fig. 1I) with estimated bond distances.
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[bookmark: _Hlk190521555]Fig. 2: Analysis of interactions of curcumin, ATRA and resveratrol with human ERK2. Interactions of human ERK2 (PDB ID: 5NHJ) with curcumin, ATRA and resveratrol represented using surface zoomed view (Fig. 2A, 2B, 2C respectively) and ribbon representations (Fig. 2D, 2F, 2H respectively) and hydrogen bonding of amino acids of human ERK2 with curcumin (Fig. 2E), ATRA (Fig. 2G) and resveratrol (Fig. 2I) with estimated bond distances.

Analysis of sites of interaction of curcumin, ATRA and resveratrol with human PI3K-α and ERK2 
Superimposition of protein-ligand complexes indicated the regions on the molecules with which curcumin, ATRA and resveratrol interact. For PI3K-α, curcumin, ATRA and resveratrol interact at similar sites (Fig. 3A) while for ERK2, ATRA and curcumin interact at similar sites while resveratrol shows interaction with a different site (Fig. 3B). 

[image: ]
Fig. 3: Sites on signalling molecules with which curcumin, ATRA and resveratrol interact. Sites of interaction of curcumin, ATRA and resveratrol with human PI3K-α (PDB ID: 8EXU), and human ERK2 (PDB ID: 5NHJ). Curcumin is shown in cyan, ATRA in red and resveratrol in purple.

4. discussion 

Breast carcinomas develop and metastasize via activation of important signalling pathways including the PI3K and ERK pathways. Aberrant signalling via these pathways activates downstream factors which aid in cellular migration, motility, EMT, intravasation, extravasation, angiogenesis and metastasis (Li et al., 2023; Miricescu et al., 2020; Ortega et al., 2020). Chemotherapeutic treatment of metastatic breast cancers has been shown to pose adverse side effects (Wopat et al., 2024). Anthracycline-taxane combined adjuvant/ neo-adjuvant chemotherapy for longer cycles was reported to cause extensive gastro-intestinal, epithelial and psycho-neurological damages in patients and extensive use of taxanes was reported to cause neurological, gastrointestinal and hematological toxicity in breast cancer patients (Jivani et al., 2024; Wiranata et al., 2024). Even post-treatment, late toxic effects of chemotherapy included pneumonitis, cardiologic toxicity, reproductive issues, oedema in arm lymph circulation, neuro-pathological issues and skin damage Agrawal et al., 2014). Research with natural compounds may lead to development of treatments with less side effects and targeting signalling pathways with natural phytochemical compounds having anti-tumorigenic potential could thus be important for breast cancer therapy.

[bookmark: _Hlk192511052]Curcumin, ATRA and resveratrol all showed appreciable binding affinity for PI3K-α with the binding affinity of ATRA being the highest followed by resveratrol and curcumin; binding affinity of all three phytochemicals were in a similar range. Analysis of patterns of amino acid interactions and protein-ligand complexes indicated that curcumin, ATRA and resveratrol interact around a similar site on PI3K-α. PI3K has been associated with a variety of solid tumours with the catalytic subunit p110α showing aberrant expression and activity due to gene amplification or activating mutations. Activating mutations of the p110α subunit can increase PI3K mediated signalling, promoting cell growth and invasion (Madsen et al., 2018; Ortega et al., 2020). The high binding affinity of curcumin, ATRA and resveratrol for PI3K-α indicate their excellent potential as possible inhibitors of p110α activity and the PI3K/Akt signalling pathway for breast cancer therapy.

[bookmark: _Hlk192507042]Curcumin, ATRA and resveratrol all showed high binding affinity for ERK2 with binding affinity of curcumin being the highest followed by ATRA and resveratrol which had somewhat lower but still appreciably high binding affinity. Analysis of amino acid interactions and protein-ligand complexes showed ATRA and curcumin interact with similar sites on the ERK2 molecule while resveratrol interacts with a different site. High levels of ERK2 expression and activity have been correlated with a lower survival rate in triple-negative breast cancer (TNBC) patients and breast cancer patients with tumours having high expression levels of ERK2 show a poorer prognosis in comparison to patients having tumours with low ERK2 expression. ERK2 has been reported to promote metastasis and the cancer stem cell (CSC) phenotype in breast cancer cells and ERK2 knockdown inhibits metastasis and alters CSC formation (Gagliardi et al., 2020).  The high binding affinity of curcumin, ATRA and resveratrol indicate their excellent potential as possible inhibitors of the ERK2 signalling pathway for breast cancer therapy.

[bookmark: _Hlk192511076]Interestingly, our analysis indicated that even when curcumin, ATRA and resveratrol bind at similar sites on the protein molecules, the same amino acids can engage in different kinds of interactions with different phytochemicals. For instance, in the case of PI3K-α, both Pro-168 and Asp-258 showed hydrogen bonding with resveratrol but nonpolar interactions with curcumin while Arg-662 showed hydrogen bonding with resveratrol but nonpolar interactions with both ATRA and curcumin. Gln-661 showed hydrogen bonding with both ATRA and resveratrol but nonpolar interactions with curcumin. In the case of ERK2, Arg-67 showed hydrogen bonding with ATRA but nonpolar interactions with curcumin while Tyr-36 showed hydrogen bonding with curcumin but nonpolar interactions with ATRA. Thus, modes of interaction with, and consequently mechanisms of inhibition of PI3K and ERK signalling by curcumin, ATRA and resveratrol may be different even when they appear to interact at similar sites on these protein molecules. This indicates the possibility that simultaneous treatment with two or more of these phytochemicals could have synergistic effects on inhibition of signalling pathways by reinforcing each other’s inhibitory effects.

[bookmark: _Hlk192511090]A number of synthetic inhibitors of PI3K and ERK are currently under study or in use for treatment of cancers including breast cancers. While many of these synthetic inhibitors appear to be quite effective in inhibiting signalling pathways in vitro, their efficacies as therapeutic agents are often hampered because of toxicity and effective pharmacological doses not being well tolerated physiologically. For instance, phase III clinical trials using the PI3K inhibitor taselisib in breast cancers showed improved survival but serious side effects (Baselga et al., 2018). Treatment with alpelisib, (BYL719), a PI3K inhibitor approved by FDA for breast cancer therapy, had to be discontinued in around 25% patients due to side effects like diarrhea and hyperglycemia (Andre et al., 2019). Using natural phytochemical compounds like curcumin, ATRA and resveratrol for targeting signalling pathways may help in reducing side effects, as these natural compounds and the plant sources they are obtained from are a part of human diet. 

Also, synthetic signalling pathway inhibitors each usually target a single signalling pathway. Cross talk between different signalling pathways including PI3K and ERK have been reported in various cancers and studies indicate that PI3K/Akt and MEK/ERK cascades are interconnected at various levels and mutations in these pathways can occur simultaneously (Li et al., 2022; Saini et al., 2013).  Therefore, even if signalling through one pathway is inhibited by a specific synthetic inhibitor, maintenance of signalling through the other pathway may allow cancer cells to continue to proliferate, metastasize and evade apoptosis. As curcumin, ATRA and resveratrol all show excellent potential for inhibiting signalling through multiple signalling pathways like PI3K and ERK, targeting multiple signalling pathways simultaneously by treatment with these phytochemicals may prevent cancer cells from circumventing treatment by activating alternative pathways of signalling and developing resistance to treatment.

5. CONCLUSION

[bookmark: _Hlk192511122]Our study indicated that curcumin, ATRA and resveratrol showed excellent potential for targeting PI3K and ERK signalling pathways which play key roles in breast cancer progression. Targeting multiple signalling pathways at the same time by treatment with curcumin or ATRA or resveratrol, or by synergistic treatment with two or more of these phytochemicals, has good potential of improving prognosis and treatment outcomes in breast cancers. Using these phytochemicals may also help in reducing side effects and could also possibly lower the treatment costs. Further study and analysis for understanding the pattern of interactions of curcumin, ATRA and resveratrol with target molecules, beside in vitro and in vivo studies about their anti-cancer potential could pave a pathway for future therapies with less side effects and better clinical outcomes for breast cancer patients.
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