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ABSTRACT
Colorectal cancer (CRC) is still one of the major causes of mortality, particularly in nations with low-to-middle income, due late diagnosis and limited access to therapeutics that are effective, affordable and less toxic. Multi-target anticancer potential of luteolin has been reported, yet its mechanisms in CRC are not well understood because most of the studies rely on one-target or one-pathway analysis. Consequently, this study used a multipronged approach including network pharmacology (NP), molecular docking, and In vivo experimentation to investigate the therapeutic potential of luteolin against CRC. Targets of luteolin and CRC were retrieved from online databases with intention to identify shared interactome. Hub genes were identified from protein-protein interaction network using STRING and cytoscape.  Stability of luteolin and its targets were validated by docking and subsequent 100ns simulation. In vivo efficacy was verified in an azoxymethane (AOM)-induced Drosophila model of CRC. NP identified 379 shared targets existed between luteolin and CRC, including hub genes like AKT1, mTOR, TP53 and BCL2. Following enrichment analysis, the main targets are those in PI3K/Akt, Wnt and MAPK signaling pathways. Molecular docking predicted high binding energies - caspase-3 (-9.761 kcal/mol), AKT1 (-8.613 kcal/mol) and mTOR (-7.92 kcal/mol). Complexes were predicted to be favourable using MMGBSA, the major complex being predicted for AKT1 (-54.22 kcal/mol). MD simulations (100ns) demonstrated high structural integrity as the mean RMSD of the caspase-3 complex with luteolin was 1.8 Å and the variation of residues was small. In vivo data revealed luteolin significantly reduced tumour burden in all the groups supplemented with the diet compared to the AOM-only groups, achieving an exceptional result. End-point PCR analysis verified the predicted mechanism, as luteolin significantly (p < 0.05) down regulated oncogenic markers including mTOR, AKT1, c-MYC, and the anti-apoptotic BCL2. Luteolin up regulated critical pro-apoptotic and regulatory genes, specifically TP53, CDKN1A (dap), CASP3 (drice), and CASP9 (dronc). Luteolin disrupts CRC hallmarks by simultaneously inhibiting survival signaling and triggering apoptosis through a stable, multi-target interactome. These data scientifically position luteolin as a potent, multi-target chemopreventive agent which should be further investigated in a more physiologically relevant mammalian model of CRC.
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CHAPTER ONE

1.0 					  INTRODUCTION
1.1	Background to the Study
Colorectal cancer (CRC) is still of the most redoubtable world health challenges in the 21st century, its major characteristics is uncontrolled proliferation of epithelial cells that line either the colon or rectum, it often progress from benign adenomas to malignant carcinomas through a series of genetic and epigenetic alterations (Adebayo et al., 2023). Being the number three most common  malignancy in the world, it accounts for about 10% of all cancer diagnoses and also about 9.4% of all cancer-related mortality – it has an estimated 1.93 million new incidence and 916,000 mortality cases reported in the year 2020 alone (Sukrueangkul et al., 2024). Its burden is not evenly distributed – high-income countries are showing reducing or declining incidence as a result of effective screening interventions, while low-and middle-income nations (LMICs) still experience rapid surge which is adduced to westernized diets, sedentary lifestyles, and ageing populations (Adebayo et al., 2023; Sukrueangkul et al., 2024). 
Despite progress in screening, chemotherapy, surgery, and targeted treatments, the treatment of CRC still faces redoubtable limitations that long-term remission and patient quality of life (QoL) (Adebayo et al., 2023). 5-fluorouracil, oxaliplatin, and irinotecan, the common chemotherapeutic agents, are still plagued by acquired drug resistance, occurring in the majority of patients due to genetic mutations and efflux pumps like ATP-Binding Cassette (ABC) transporters (Alatise et al., 2025). Toxicity profiles are equally of concern, with neurotoxicity, gastrointestinal distress, and cardiotoxicity affecting a great deal of patients, leading to dose reductions or discontinuation (Azwar et al., 2025). Single-target therapies, such as EGFR inhibitors (cetuximab) or VEGF blockers (bevacizumab), are limited by tumour heterogeneity and pathway redundancy, resulting in low response rates and inevitable relapse (Bakillah et al., 2025). 
Off-target effects of chemotherapeutics further worsen morbidity, particularly secondary malignancy and immune suppression (Moen et al., 2024). Other challenges include high rate of recurrence, lateness of diagnosis in resource-limited nations, variability in genetics across population, and unaffordable cost of precision medicine, restricting access in resource-limited settings like Nigeria (Moen et al., 2024; Alatise et al., 2025). These factors collectively contribute to stagnant improvements in survival, necessitating safer, multi-target therapeutic options that address the multifaceted nature of CRC pathogenesis.
Compounds from natural products have emerged as promising alternatives, with luteolin attracting attention for its reported pleiotropic anticancer potentials. Luteolin is a member of flavone family, a sub-class of flavonoids having pale yellow crystalline appearance. It is the active component of the yellow die from Reseda luteola. The compound is mainly found in the leaves of plants, and has also been detected in the rinds of fruits, in bark tissues, clover flowers, and ragweed pollen (Wang et al., 2025). It was isolated from Salvia tomentosa, a member of the Lamiaceae family, which is aromatic, and it can also be found in peppermint and thyme. Other foods that contain flavonoids: celery, broccoli, artichoke, green pepper, parsley, dandelion, perilla, chamomile tea, carrot, olive oil, rosemary, navel orange, oregano (Fusi et al., 2020). 
Luteolin halts proliferation of cancerous cells, causes apoptosis, and restrain metastasis via a lot of pathways - including PI3K/Akt, MAPK, and NF-κB (Almatroodi et al., 2024). Many studies have documented its efficacy against numerous malignancies - it represses growth of tumor in breast cancer by reducing the expression of HER2 and inducing G2/M arrest (Lee et al., 2012); in lung cancer, it sensitizes cells to cisplatin via ROS-mediated apoptosis (Pratheeshkumar et al., 2014); prostate cancer models demonstrate inhibition of androgen receptor signaling and migration (Ganai et al., 2021); colon cancer exhibits reduced invasion via Wnt/β-catenin suppression (Rauf et al., 2024); liver cancer is targeted through STAT3 inhibition (Liu et al., 2010); pancreatic cancer shows enhanced gemcitabine sensitivity (Panebianco et al., 2021); gastric cancer involves p53 upregulation (Busuttil et al., 2014); and leukaemia responds to Bcl-2 downregulation (Tuli et al., 2022). The above listed examples show luteolin has broad spectrum of activity – yet a lot of these focus on tradition one-target or one-pathway approach, leaving behind the holistic and multiple target interactions that occurs in complex disease as in the case of CRC.
This limitation underlines the need for a robust and comprehensive research that unravels the full therapeutic potential of luteolin against CRC. NP – a modern scientific approach that integrates bioinformatics, omics data, and molecular docking, offers a reputable framework which helps to predict drug-target interactions, map signaling networks, and identifying synergistic pathways (Tuli et al., 2022). By constructing compound-target-disease networks, it will reveal how luteolin modulates multiple hubs in CRC pathogenesis, such as apoptosis, angiogenesis, and cell cycle regulation. In vivo validation using Drosophila melanogaster (Drosophila) - genetically tractable, cost-effective, and ethically favourable - further bridges computational predictions to biological outcomes. Drosophila shares above 75% of human disease genes, enabling rapid screening of hub genes like p53 or mTOR orthologues in CRC-like phenotypes (Sang et al., 2024).
This study therefore employs NP to investigate luteolin's multi-target mechanisms against CRC, followed by In vivo validation on hub genes using the Drosophila model. By addressing the gaps in single-target research, the study aims to establish luteolin as a safe, multi-pathway therapeutic candidate, potentially reducing reliance on toxic chemotherapies and improving outcomes in high-burden regions like Nigeria.
1.2	Statement of the Problem
CRC is a growing public health problem, and its increasing incidence and mortality is a major concern in LMICs (Singh et al., 2024). However, current therapeutic options face limitations - these treatments have serious side effects that negatively impact patient QoL, especially vulnerable populations (Adebayo et al., 2023). Furthermore, their high prices mean that they are inaccessible in LMICs (Alatise et al., 2025), where healthcare infrastructure is often weak. However, in a significant fraction of patients, resistance to targeted therapies is mediated by genetic changes in pathways which further decreases the effectiveness of these drugs, and there are few treatment options for advanced CRC with a poor prognosis (Moen et al., 2024). 
Phytochemicals have the potential to be used as anti-CRC agents, because they are widely available and relatively inexpensive; however, their use is hindered by a lack of understanding of the molecular mechanisms involved. Pre-clinical studies suggest that luteolin, a naturally occurring flavonoid, possesses anti-inflammatory, antioxidant, and tumor growth inhibitory properties, indicating its potential benefits (Imran et al., 2019; Ganai et al., 2021; Almatroodi et al., 2024). But the exact molecular targets and pathways that luteolin influences in CRC are not well characterized, hindering its progress to clinical use. In contrast, traditional drug discovery strategies are typically targeted towards single molecular targets and are not well suited to the multi-target actions of phytochemicals such as luteolin. 
Mammalian models are useful for detailed information, but are costly, have long experiments duration and are genetically complex to be useful for large-scale and rapid testing. The genetic conservation with human species, negligible redundancy and high-throughput in Drosophila have not been fully exploited for CRC research, which can help to connect In silico predictions with clinical studies (Yang et al., 2024). This study aimed to overcome these limitations by using NP to build the molecular network of luteolin in CRC and by measuring its therapeutic effects in Drosophila. 
1.3 Justification of the Study
There is a global surge in the incidence of CRC which requires immediate efforts to develop therapies that are readily available and less toxic, particularly in LMICs where healthcare inequities increase mortality rates (Adebayo et al., 2023). Current CRC treatments such as chemotherapy and targeted therapies can have significant side effects, financial costs and genetic mutations causing resistance, making them unavailable to many patients and not accessible in LMICs (Almatroodi et al., 2024). Phytochemicals such as luteolin, a flavonoid with demonstrated anticancer, anti-inflammatory and antioxidant activity, provide an attractive alternative, as they are relatively inexpensive, and have multiple targets. Although luteolin has demonstrated anti-carcinogenic properties in preclinical research, its precise molecular mechanisms in CRC pathways remain largely unclear, hindering its clinical development. The molecular interactions of luteolin with CRC pathways are not well understood and require further investigation to support its clinical advancement (Almatroodi et al., 2024). 
The traditional single-target drug discovery strategy is not suitable for finding all the effects of luteolin, so the network pharmacology is used to map the interactome of luteolin. Furthermore, there are no affordable and high throughput In vivo models available, which limits preclinical validation. Drosophila is an often overlooked but ideal platform for CRC drug testing due to its high percentage of human disease gene orthologs, little genetic redundancy, and low cost, rapid screening (Yang et al., 2024). The selection of the focus of this study is justified by the integration of network pharmacology and Drosophila models to gain insight into luteolin's anti-CRC potential, which is supported by preclinical evidence that will aid the development of luteolin as an accessible therapy for global CRC management.
1.4	Research Questions  
The following questions will guide this research work:  
1. What important targets and pathways are modulated by luteolin in CRC progression as predicted by analysis?
2. How efficacious is luteolin in repressing the progression of colorectal tumorigenesis and modulating important pathways in Drosopjila model of CRC. 
3. Can the integration of network pharmacology and Drosophila melanogaster models provide a reliable framework for elucidating the multi-target anticancer mechanisms of phytochemicals like luteolin for affordable CRC therapy development?
1.5	Aim of the Study  
This study seeks to investigate the molecular mechanisms by which luteolin exerts its anti-colorectal cancer effects using an integrated network pharmacology approach and Drosophila melanogaster models of colorectal cancer, while validating its predicted interactions with selected druggable targets through molecular docking simulations.
1.6	Objectives of the Study  
The main objectives of this study are to:  
1. identify and characterize the molecular targets and signaling pathways that mediate luteolin's anti-CRC activity. 
2. determine the In vivo activity of luteolin against CRC in Drosophila by measuring its ability to prevent tumour growth, survival and expression of relevant molecular markers.
3. design an integrative approach (network pharmacology and Drosophila models of CRC) to examine the multi-target anticancer activity of luteolin.
4. perform binding of luteolin to druggable targets in luteolin-CRC network pathway using molecular docking.


CHAPTER TWO
2.0					LITERATURE REVIEW
2.1	Overview
Colorectal cancer (CRC) is a significant worldwide health issue driven by genetic, epigenetic and environmental factors. Although significant advances have been made in screening and treatment, CRC incidence and mortality are still on the increase, particularly in LMICs where healthcare access is low. Advanced stages may not be treated with conventional therapies like surgery, chemotherapy, or radiotherapy because they are toxic, resistant, and expensive (Adebayo et al., 2023; Alatise et al., 2025). There have been increasing interests in natural compounds and the phytochemicals are being investigated as safer alternative with multiple targets. Luteolin has demonstrated significant anticancer activity among these, characterized by its properties in inhibiting tumor growth, inducing apoptosis and decreasing inflammation and oxidative stress (Almatroodi et al., 2024). Its exact molecular mechanisms are not known, though. In this chapter, the CRC biology, current therapies and therapeutic potential of luteolin are reviewed, and the use of network pharmacology and Drosophila as novel tools to understand the anti-CRC effects of luteolin are discussed.
2.2	Global Epidemiology and Burden of CRC
The Global Cancer Observatory (GLOBOCAN) estimates that there were an estimated 19.3 million new cancer cases and 10 million cancer deaths in the world in 2020. CRC accounted for around 1.93 million (10%) of new cases and 0.94 million (9.4%) deaths (Figure 2.1), making a significant contribution to the global cancer burden (Morgan et al., 2023; Sukrueangkul et al., 2024). CRC incidence and mortality vary significantly between countries and regions, and are strongly associated with socioeconomic status (Arnold et al., 2017). However, both incidence and mortality are higher in wealthier regions globally, and lower in lower income regions (Morgan et al, 2023). CRC is more common in countries with higher income, but there is a rise in prevalence in both men and women in developing countries. The highest incidence of cases (45.94%) and fatalities (49.37%) were reported in upper-middle-income countries, while high-income countries reported 42.43% of cases and 36.40% of fatalities, which could be due to improved access to effective treatment and healthcare infrastructure (Ji et al., 2024).
CRC is the second most common cancer in men, and the sixth most common cancer in women, in 186 and 6 countries respectively worldwide in 2020 (Hossain et al., 2022). In contrast, CRC was the most diagnosed cancer among men in just 10 countries, and among women in no country in 2018 (Bray et al., 2018). About 5% of countries had CRC as the top cancer in men, rising to 10%, and 3.24% of the countries had CRC as top cancer in women. CRC is more prevalent in males than females and has been observed more than four times as often in high income countries as in low income countries. Also, mortalities are roughly 2.5 times more in rich countries than in poor countries (Bray et al., 2018; Hossain et al., 2022).
The age-standardized incidence rate of CRC was 19.8 persons per 100,000 population for both sexes combined in 2020, similar to the incidence rates in 2018, which were 23.4 and 16.2 per 100,000 population for men and women, respectively. The corresponding age-standardized mortality rate was 9.1 per 100,000, comprising 11.0 per 100,000 in men and 7.2 per 100,000 in women (Alatise et al., 2025).
[image: https://www.mdpi.com/cancers/cancers-14-01732/article_deploy/html/images/cancers-14-01732-g002.png]
Figure 2.1: Global cancer observatory (GLOBOCAN) data on the incidence and mortality of colorectal cancer (Morgan et al., 2023) 



2.3	Pathophysiology and Molecular Mechanisms of CRC
The development of CRC is a complex process that progresses through a series of genetic and epigenetic alterations in the cells of the colon's mucosal lining, leading to the transformation of healthy colon into a tumor with cells that are capable of invading adjacent tissues and organs (Zoratto et al., 2014). This evolution involves sequential stages from aberrant crypt foci (ACF) to adenomas and ultimately invasive carcinomas, driven by diverse mutations and environmental influences (Testa et al., 2018). Recent literature emphasizes the heterogeneity of CRC, with molecular subtypes influencing pathogenesis, prognosis, and therapeutic responses. Several molecular pathways are involved in the pathogenesis of CRC, with chromosomal instability (CIN), microsatellite instability (MSI), and CpG island methylator phenotype (CIMP) being the most relevant, which promote colorectal tumorigenesis in different ways but share some common mechanisms (Yang et al., 2024). 
The adenoma–carcinoma sequence is well established as the most important pathway of CRC pathogenesis and is responsible for almost 85% of sporadic CRC via the chromosomal instability (CIN) pathway. This usually starts with mutation of the adenomatous polyposis coli (APC) gene, which is a critical regulator of Wnt/β-catenin signaling. Disruption of APC causes the accumulation and nuclear localization of β-catenin, which turns on the genes required for proliferation, such as MYC or CCND1 (cyclin D1), which facilitate the development of adenomas and the progression of tumors. This fosters hyperproliferation and formation of early adenomas (Wang et al., 2024). Progression to intermediate adenomas involves activating KRAS mutations, amplifying MAPK/ERK signaling to enhance cell survival and proliferation (Singh et al., 2024). Late-stage adenomas acquire mothers against decapentaplegic homolog 4 (SMAD4) or deleted in colorectal cancer (DCC) deletions on chromosome 18q, disrupting TGF-β signaling and promoting invasiveness. Carcinoma transition is marked by mutations in TP53, impairing the repair DNA and apoptosis, enabling unchecked growth and genomic instability (Wang et al., 2024; Bocchi et al., 2025). Metastasis, often to the liver or lungs, involves epithelial-mesenchymal transition (EMT) via pathways like PI3K/AKT/mTOR, upregulated by PTEN loss or PIK3CA mutations (Roshan et al., 2019).
Alternative pathways include the MSI-high (MSI-H) subtype, prevalent in right-sided tumors and linked to Lynch syndrome (hereditary nonpolyposis CRC) or sporadic hypermethylation of mismatch repair (MMR) genes like MLH1 (Battaglin et al., 2018). MSI-H tumors exhibit high mutation burdens, neoantigen loads, and immune infiltration, which correlate with better prognosis but also with resistance to 5-FU chemotherapy (Wang et al., 2025). The CIMP pathway, overlapping with MSI-H, involves hypermethylation of promoter regions, silencing tumor suppressors like CDKN2A (p16) (Chang et al., 2020). Beyond genetic alterations, inflammation plays a pivotal role, as seen in inflammatory bowel disease (IBD)-associated CRC, where chronic cytokine release (e.g., TNF-α, IL-6) activates NF-κB and STAT3 pathways, promoting survival and angiogenesis (Yang et al., 2024). The gut microbiome contributes via dysbiosis, with Fusobacterium nucleatum enhancing Wnt signaling and immune evasion (Roshan et al., 2019). Angiogenesis, mediated by VEGF and HIF-1α under hypoxic conditions, supports tumor vascularization, while metabolic reprogramming (Warburg effect) via PI3K/AKT sustains rapid proliferation (Yang et al., 2024).
To illustrate these mechanisms, Figure 2.2 depicts key molecular pathways in CRC development, encompassing the adenoma-carcinoma sequence and associated genetic alterations. These insights underscore CRC's molecular complexity, informing targeted therapies like EGFR inhibitors for left-sided CRC or immune checkpoint blockers for MSI-H tumors (Yang et al., 2024). However, challenges persist in translating these mechanisms to personalized medicine, particularly in addressing resistance and metastasis. Future research leveraging natural products and AI may further elucidate these pathways for improved interventions. 
 [image: ]
Figure 2.2: Diagrammatic representation showing the key molecular pathways involved in the development of colorectal cancer from normal colonic epithelium to colon cancer (Kasi et al., 2020).


2.3.1	Mechanism of Azoxymethane-Induced CRC
Azoxymethane (AOM) is a powerful chemical form of carcinogen commonly used to model CRC models. It is preferred because closely resembling the molecular and histopathological characteristics of sporadic CRC, it is a useful tool to study the process of carcinogenesis and to test chemopreventive agents (Waly et al., 2014). Carcinogenic process induced by AOM is a sequence of biochemical and molecular events such as metabolic activation, DNA alkylation, oxidative stress, inflammation and activation of oncogenic signaling pathways (Chen and Huang, 2009). 
After administration, AOM is activated to the active carcinogenic metabolite, methylazoxymethanol (MAM), principally in the liver, by enzymes of the cytochrome P450 family, specifically CYP2E1 (Dalrymple, 2014) (Fig. 2.3). This metabolite is subsequently carried via the blood to the colon and rectum and it possesses genotoxic properties on the epithelial cells (Waly et al., 2014; Dalrymple, 2014). In the colonic tissue MAM is converted into methyl diazonium ions that can alkylate DNA bases, specifically O6 position of guanine, generating O6-methylguanine adducts (Nyskohus et al., 2013). During DNA replication, these adducts can incorrectly pair with thymine, generating mutations that frequently affect key cancer-associated genes, including KRAS, CTNNB1 (β-catenin), and TP53, thereby promoting malignant transformation and tumour progression. (Chen and Huang, 2009; Nyskohus et al., 2013). 
AOM exposure also triggers genotoxic stress which results in excessive production of ROS and nitrosative stress, which causes lipid peroxidation, mitochondrial dysfunction and chronic inflammation in colonic tissues (Waly et al., 2014). This inflammatory environment facilitates other genetic changes and is a conducive environment for tumor initiation and progression (Nyskohus et al., 2013; Waly et al., 2014). Several oncogenic signaling pathways are triggered by the DNA damage and inflammation resulting from AOM. They are Wnt/β-catenin pathway which control uncontrolled proliferation and maintain the cancer stem cell properties (Kohno et al., 2025); the MAPK/ERK pathway that fosters mitogenic signaling (Aravindaram and Yang, 2010); the NF-κB pathway that maintains inflammation and thereby dampens apoptosis (Huang et al., 2022); and the generation of ROS (Huang et al., 2026). These signaling pathways are co-activated, ultimately causing unchecked cell growth, suppression of cell death, and increased angiogenesis, which promote tumor growth. 
2.4	Conventional Therapeutic Approaches and Limitations
The standard treatment for CRC is a multitargeted approach using surgery, chemotherapy, targeted therapy and immunotherapy, depending on the stage and molecular characteristics of the disease. Surgical resection continues to play a crucial role in CRC treatment and is the main curative option, with 5-year survival rates > 90%, especially for localized disease (stages I and II) (Aigner et al., 2025) In stage III and metastatic CRC, treatment with adjuvant chemotherapy, mainly fluoropyrimidine-based such as 5-fluorouracil (5-FU) or capecitabine and oxaliplatin (FOLFOX), has been shown to prolong survival, but they are associated with adverse effects such as myelosuppression and neuropathy (Taieb and Gallois, 2020). Specific molecular subtypes can be targeted, such as with anti-EGFR (cetuximab) and anti-VEGF (bevacizumab) monoclonal antibodies; however, there are issues with resistance and cost of these treatments, and they can cost more than other therapies. $100,000 per course (Hecht et al., 2009). Immunotherapies like PD-1 inhibitors have been found to be effective in microsatellite instability-high (MSI-H) CRC, but not in microsatellite stable (MSS) tumors (Kasi et al., 2020). When applied sparingly (in rectal cancer), radiotherapy is a long-term risk of bowel dysfunction (Vendrely et al., 2022). These modalities, despite providing better outcomes, are limited by toxicity, resistance, lack of availability in LMICs and inadequate results in high burden disease, calling for new therapeutic approaches.
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Figure 2.3: Summary of the mechanisms by which AOM induce CRC (Chen and Huang, 2009). 
	
2.4.1	Phytochemicals in Cancer Therapy
Colorectal cancer (CRC) is a growing global disease and the currently available therapeutic options are not effective enough to curb the burden of the disease. Plant-derived phytochemicals are one of the more promising candidates as a group of naturally occurring molecules that are bioactive and have inhibitory effects on various cancer-promoting processes. These compounds have been demonstrated to cause interference in cellular proliferation, metastatic progression and resistance to programmed cell death, and are generally less toxic and less costly to produce than many synthetic drugs (Ganai et al., 2021; Almatroodi et al., 2024). Further, epidemiological investigations have indicated that the consumption of diets high in phytochemical-rich foods is associated with reduced risk of CRC, suggesting that diets containing these phytochemicals may be potential cancer prevention diets (Adebayo et al., 2023; Almatroodi et al., 2024).
The anticancer properties of phytochemicals occur through a wide range of biological activities such as inducing apoptosis, inhibiting angiogenic signaling pathways, dampening chronic inflammation and reducing oxidative stress by neutralizing reactive oxygen species (ROS). They work on several targets at once, unlike therapies that target one molecular target, and because of this, are less likely to fail due to mutations that contribute to resistance, like those in KRAS or BRAF, in CRC (Ganai et al., 2021). The high abundance of these compounds in edible plants makes them good candidates for use in prevention or treatment, especially in low and middle income countries where access to costly cancer treatment is limited. The ability of phytochemicals to target multiple hallmarks of cancer has been shown in numerous experimental studies and early-stage clinical trials, suggesting that their effect on CRC may be more comprehensive and a more holistic approach to its management (Imran et al., 2019; Almatroodi et al., 2024).
The flavonoids luteolin and quercetin are two of the most widely studied phytochemicals, both with strong anticancer properties. Luteolin has been shown to induce apoptosis in CRC cells from 10–50 μM by upregulating the pro-apoptotic mediators BAX and caspase-3, while down-regulating Bcl-2, an anti-apoptotic protein. The molecular effects are reflected in significant inhibition of tumour growth in xenograft models (Singh Tuli et al., 2022). Quercetin has also exhibited strong activity against CRC, as it has been shown to inhibit the Wnt/β-catenin signaling cascade, which is involved in the majority of colorectal tumours, and led to a significant reduction in CRC tumours in experimental animal studies (Duan et al., 2025). Moreover, phenolic acids such as caffeic acid and ferulic acid play a role in chemoprevention by exerting antioxidant properties that prevent accumulation of mutations and genomic damage in colorectal epithelial cells caused by ROS (Fakhri et al., 2025). Caffeic acid phenethyl ester (CAPE), a derivative of caffeic acid, inhibits PI3K/AKT signaling and inhibits HCT-116 cells proliferation at 20 μM (Kapare et al., 2022). Additionally, CAPE has been shown to increase the sensitivity of 5-fluorouracil (5-FU), and thus the therapeutic efficacy, in preclinical models of CRC (Chuu et al., 2012; Kapare et al., 2022; Fakhri et al., 2025).
2.4.2	Luteolin: Structure and Pharmacological Properties
Structurally, luteolin possesses the characteristic C6–C3–C6 flavonoid framework built around a 2-phenyl-1-benzopyran-4-one nucleus. Its molecular architecture is distinguished by hydroxyl substituents located at the 3′, 4′, 5, and 7 positions, together with a C2=C3 unsaturation within the heterocyclic C-ring. This configuration, depicted in Fig. 2.4 enhances its electron-donating capacity, contributing to its antioxidant activity and ability to chelate metal ions. The catechol moiety (3',4'-dihydroxy) in the B-ring is critical for ROS scavenging and enzyme inhibition, while the planar structure facilitates interactions with cellular targets like kinases and transcription factors. 
Luteolin possesses potent antioxidant and anti-inflammatory effects with significant implications for the pathogenesis of colorectal cancer (CRC). The hydroxyl groups are capable of effectively scavenging reactive oxygen species (ROS) which can lead to oxidative DNA damage, which is known to play a significant role in about 10-15% of sporadic cases of CRC (Adebayo et al., 2023). HCT-116 cells treated with 20 μM luteolin markedly reduce ROS production within the cells, preventing lipid peroxidation and mutagenesis (Kapare et al., 2022). In addition to redox modulation, luteolin has strong anti-inflammatory properties, and it inhibits the NF-κB and STAT3 signaling pathways, resulting in significant decreases for pro-inflammatory cytokines like IL-6, TNF-α and IL-1β (Fakhri et al., 2025). In models of CRC associated with chronic inflammation, like inflammatory bowel disease, this is especially important, as chronic inflammation accounts for approximately 15–20% of CRC cases (Adebayo et al., 2023).
Luteolin possesses significant anticancer, anti-angiogenic, anti-metastatic, antioxidant and anti-inflammatory properties. It promotes apoptosis of CRC cell lines, such as HT-29 and SW480, in a concentration-dependent manner at 10–60 μM by increasing pro-apoptotic markers (Bax, caspase-3 and caspase-9) and decreasing the anti-apoptotic protein Bcl-2, causing marked growth inhibition (Singh Tuli et al., 2023; Zhu et al., 2024). Luteolin inhibits key oncogenic pathways that are involved in almost 80% of all CRCs such as Wnt/β-catenin (with decreased c-Myc expression), PI3K/AKT, and MAPK/ERK signaling (Aigner et al., 2025). Luteolin has been shown to decrease tumor volume by 40–60%, and formation of aberrant crypt foci (ACF) by about 50% in AOM/DSS-induced mouse models at a dosage of 20–50 mg/kg (Ashokkumar and Sudhandiran, 2011). Moreover, luteolin exerts anti-angiogenic and anti-metastatic effects through the repression of the expression of VEGFA and MMP-2/9, the suppression of invasion capacity in xenograft models, and the downregulation of markers for epithelial–mesenchymal transition (vimentin and N-cadherin) involved in the metastatic potential of advanced CRC (Rocchetti et al., 2023).
2.5	Network Pharmacology in Drug Discovery 
[bookmark: _heading=h.edp7yj8vebzd]Network pharmacology is a revolution in drug discovery, which combines systems biology, bioinformatics, and multi-omics, to chart complex drug-target-disease interactions. It is different from traditional single-target methods as it builds dynamic interactomes of drugs, targets, and pathways with disease, and is based on databases, allowing the prediction of therapeutic mechanisms and synergies (Li and Kar, 2025). The method is well adapted to the study of multi-target drugs such as phytochemicals in complex diseases such as CRC.
Network pharmacology is a method used to analyze biological systems as networks, in order to discover key nodes (genes, proteins) and pathways which are altered by drugs (Olanrewaju et al., 2024). It uses computational tools to put together genomic, proteomic and metabolic data, predicting the efficacy and side effects of drugs. Drug repurposing, polypharmacology and personalized medicine applications (Li and Kar, 2025). In cancer, it correlates oncogenic pathways (e.g. Wnt/β-catenin, PI3K/AKT) and prioritizes lead compounds, thereby minimizing preclinical failures. In CRC, for example, novel targets of 5-FU have been identified by network analyses, which improves the efficacy of combination therapies (Liao et al., 2022; Huang et al., 2022).
Phytochemicals with their multi-target activity are well suited for network pharmacology and to elucidate how they interact with cancer pathways. It integrates databases such as TCMSP and DisGeNET, which predict the interactions between phytochemicals and their targets, and shows 20-30 targets per compound in CRC, including EGFR, MAPK and NF-κB (Olanrewaju et al., 2024). In silico and In vivo, recent studies have demonstrated that quercetin and curcumin induce modulation of Wnt and PI3K/AKT which in turn inhibit tumor growth (Reyes-Farias and Carrasco-Pozo, 2019; Shahbaz et al., 2023). This will shorten lead optimization time and enable identification of synergistic combinations.
The various targets of luteolin in CRC, such as inducing apoptosis and inhibiting Wnt/β-catenin, are in line with network pharmacology. This maps the interactions of luteolin with hub genes and predicts the effect of luteolin on these targets in CRC. In this study, the CRC interactome of luteolin is first mapped using network pharmacology and then validated in In vivo Drosophila system, which will help develop luteolin as a low-cost and low-toxicity therapeutic agent for CRC.
2.5.1 	Drosophila melanogaster as a Model for Cancer Research
The current drawbacks in CRC treatment, including toxicity, cost, and drug resistance, make it essential to have an efficient preclinical model to assess new drugs, including luteolin. The model system Drosophila is an excellent In vivo system for cancer research, because of its genetic conservation, physiological relevance, and economy of use. Drosophila offers a powerful system to study CRC pathogenesis and test phytochemicals, such as luteolin, as more than 75% of human disease related genes have orthologs in Drosophila. The advantage of having a short life cycle and high-throughput also fits this study, which integrates network pharmacology with in vivo validation to explore luteolin's anti-CRC activity and its effect on physiological changes in the case of wild-type flies (WT).
The midgut is very similar to the human colon, in which the intestinal stem cells (ISCs) give rise to the epithelial renewal of the colon, as seen in the fly (Sadaqat et al., 2021; Silcock, 2024; Park et al., 2025). Human CRC's adenoma-carcinoma sequence is recapitulated in chemically induced CRC models as conserved signaling pathways such as Wnt (Wingless), EGFR/RAS/MAPK and Notch regulate ISC proliferation and differentiation (Silcock, 2024). Familiarize flies with AOM or other cancer-provoking chemicals can cause tumor-like overgrowths that can reflect early stages of CRC in flies. Similar to human CRC, inflammation and microbiota dysbiosis are also triggers for the fly gut. 
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Figure 2.4: Structure of Luteolin (wikipedia)


In such models, aberrant crypt-like structures are formed in the intestines of WT flies within 7-14 days which allows for a fast evaluation of therapeutic compounds. Tumour-like growth is suppressed by 40% with luteolin at 50-100 μM in the diets of the wild-type flies (Yang et al., 2024). The model is also validated by the ability of known CRC drugs, such as aspirin (1 mM) and metformin (5 mM), to also inhibit ISC proliferation. phenotypic assays, such as survival, gut morphology (via microscopy) and gene expression (qPCR for Wingless and Ras) offer quantifiable readouts as part of a high throughput screen of phytochemicals combined with network pharmacology predictions.
2.5.2	Advantages of Drosophila Models of CRC
Drosophila offers distinct advantages over mammalian models for CRC research. Its streamlined genome minimizes genetic redundancy, providing clearer phenotypic responses to carcinogens or drugs compared to mice, where compensatory pathways obscure effects. The short lifecycle (10-14 days) and high fecundity (thousands of progeny) enable rapid experiments, unlike rodents requiring 6-12 months. Cost is a major benefit, with WT fly experiments costing <$0.01 per fly versus $100-$500 per rodent. Ethically, Drosophila bypasses vertebrate regulations (for example, EU Directive 2010/63), aligning with 3Rs principles (replacement, reduction, refinement). WT flies allow straightforward chemical induction of CRC-like phenotypes, simplifying setup compared to genetically engineered rodents, while maintaining relevance for screening luteolin’s effects.
2.6 	Integration of Network Pharmacology and Drosophila Models
The complexity of CRC necessitates innovative approaches to identify and validate novel therapeutics. Integrating network pharmacology with Drosophila models offers a powerful strategy to bridge In silico predictions with In vivo validation, leveraging the strengths of systems-level analysis and a cost-effective, genetically relevant model. Network pharmacology maps luteolin’s multi-target interactions within CRC pathways, while WT Drosophila provides a rapid, high-throughput platform to test its efficacy, aligning with this dissertation’s aim to elucidate luteolin’s anti-CRC potential. This approach addresses the limitations of conventional drug discovery, enhancing mechanistic understanding and therapeutic translation for resource-constrained settings.
Network pharmacology, rooted in systems biology, constructs dynamic interactomes of drug-target-pathway-disease networks using bioinformatics tools and databases (Olanrewaju et al., 2024). It predicts how compounds like luteolin modulate multiple CRC pathways by identifying hub genes and protein-protein interactions (PPIs). This holistic approach captures the polypharmacological effects of phytochemicals, contrasting with single-target methods that miss synergistic actions. Drosophila complements this by providing a living system to validate predictions, using WT flies exposed to carcinogens (AOM) to model CRC-like phenotypes. The fly’s conserved pathways and quantifiable readouts enable functional testing of network-derived targets, integrating In silico and In vivo insights for robust drug discovery.
Recent studies demonstrate the efficacy of combining network pharmacology with Drosophila models (Yamamura et al., 2021; Munnik et al., 2022). For instance, a 2026 study mapped curcumin’s CRC targets using network analysis, then validated its suppression of Ras-driven midgut tumors, reducing proliferation significantly (Yuan et al., 2026). Another study used network pharmacology to predict quercetin’s inhibition of NF-κB, confirming reduction in inflammation-driven gut lesions (Bai et al., 2025). These studies highlight the synergy of In silico target identification and Drosophila’s rapid screening, achieving 2-3-fold faster validation than mammalian models. 
Despite these advances, knowledge gaps persist in applying integrated approaches to luteolin in CRC. Network pharmacology studies predict luteolin’s modulation of CRC targets (e.g., APC, KRAS, VEGF), but In vivo validation, particularly in WT Drosophila, is limited. Existing Drosophila studies focus on genetically modified flies, overlooking WT models’ simplicity for chemical induction and screening. This study addresses these gaps by using network pharmacology to map luteolin’s CRC interactome and WT Drosophila to validate its efficacy against AOM-induced tumors, aiming to provide preclinical evidence for luteolin as a safe, affordable CRC therapy, particularly for low-resource settings.


CHAPTER THREE
3.0                			MATERIALS AND METHODS
[bookmark: _heading=h.r3gpwgia5ijz]To gain insight into the effect of luteolin on the prevention of colorectal cancer (CRC), target prediction and pathway enrichment were conducted. Further, molecular docking and molecular dynamics simulations were used to confirm the suggested mechanisms of action. The whole flow of this study is shown in Figure 3.1.
3.1 	Materials 
Spectrophotometer (Jenway 6100), electric weighing balance (TORBAL AGZN120), centrifuge (Jenway 3117), polymerase chain reaction (PCR) machine (MERRAD PTC-15), electrophoretic machine (MERRAD PRC-24), photophoretic machine (Fotodyne 1-1430). Azoxymethane, luteolin, and nipagin were all supplied by Meck Pharmaceuticals and Chemicals. Corn-meal, ethanol, formamide, RNase-free water, tris-boric acid EDTA (TBE) buffer, primers, glycerol, isoamyl alcohol, TRIzol, chloroform, reverse transcriptase mix, PCR master mix, sucrose and all other reagents used for this research work were of top and analytical grade. 
3.2	Methods
3.2.1	Luteolin Retrieval and Target Prediction
Luteolin structure was retrieved from the PubChem database as its SMILES structure in accordance with the procedure outlined by Olanrewaju et al. (2024). The SwissTargetPrediction and BindingDB were used to search for potential molecular targets. For SwissTargetPrediction, Drosophila melanogaster was chosen as the target species and only genes with prediction probabilities ≥ 0.70 were kept. Likewise, BindingDB was searched for the 2D SDF structure of luteolin and the targets with similarity score ≥ 0.70 were selected. The UniProtKB database was then used to map to official gene and protein information using corresponding UniProt identifiers. All recovered targets were picked, combined and sorted to eliminate duplicates. The non-redundant set of targets was used in the following analysis.
3.2.2	Identification of Colorectal Cancer–Related Targets
The gene targets involved in CRC were identified from OMIM, GeneCards and DisGeNET databases with the search term of “colorectal cancer” (Piñero et al., 2016; Jain et al., 2024). The gene lists were merged and duplicated genes were eliminated, resulting in a unique list of targets associated with CRC. Later, potentially shared targets between luteolin and CRC were identified by the Venny 2.1.0 platform (Olanrewaju et al., 2023; Jain et al., 2024). The intersection genes were then chosen for the construction of the network and molecular docking validation.
3.3	Protein–Protein Interaction (PPI) Network and Hub Gene Analysis
The targets that overlap for CRC and luteolin were subjected to computational query on STRING version 11.5 online database at (https://string db.org/) to capture intersection that exist between the targets (Szklarczyk et al., 2019). Multiple proteins section in STRING was used to search for the official gene symbols for common targets with organism name set as D. melanogaster. 0.70 was set as the minimum confidence score – this was done to increase the reliability of the interactions (Szklarczyk et al., 2019; Olanrewaju et al., 2024).  



[bookmark: _heading=h.9y50rvaz0pd9][image: ]
[bookmark: _heading=h.uu27i6h85sas]Figure 3.1: Illustration of the methodological approach in current study.


[bookmark: _heading=h.xg59mhvuud97][bookmark: _heading=h.uqgslwjms1qg][bookmark: _heading=h.f04l10wv8zyg]A protein–protein interaction network was generated and saved as TSV file which was then imported into Cytoscape for the purpose of visualizing the network and conducting topological evaluation (Olanrewaju et al., 2024). The Network Analyzer plugin was used to calculate the properties of the network such as node and edge parameters. These key targets were then identified using the CytoNCA plugin, which uses degree, betweenness and closeness centrality metrics (Li et al., 2021). The ten most influential hub genes were first identified using the CytoHubba plugin (Jain et al., 2024) and nodes with degree values equal to or higher than the median were then retained for subnetwork construction.
3.4	Functional Enrichment and Pathway Analysis
[bookmark: _heading=h.z4h2k528q4ga]To elucidate the therapeutic mechanisms of luteolin against CRC, the identified core targets were subjected to Gene Ontology (GO) and KEGG pathway enrichment analyses using the DAVID 2021 functional annotation platform. Official gene symbols were uploaded with D. melanogaster specified as the reference organism. The analyses generated the top 10 molecular function terms and pathway categories, alongside the top 20 enriched KEGG pathways. Significant terms were selected based on gene count, p < 0.01, and FDR < 0.01 (Dorant et al., 2024). GO and KEGG enrichment results, including bubble plots, were subsequently visualized using SRPlot








3.5	Network Construction and Visualization
To investigate the relationship between luteolin and the predicted overlapping targets (Olanrewaju et al., 2024), a bioactive target network was created in Cytoscape v3.9.1. The compound and shared gene targets were added to the software and the network topology was evaluated with the cytoNCA plugin according to the degree values. The PPI enrichment and KEGG enrichment results were integrated to create a luteolin–target–pathway network that includes the top 20 paths taken from the KEGG pathways and the hub genes. Each node in this network reflects a compound, target, or pathway; each edge reflects an interaction between the nodes.
3.6	Molecular Docking and Dynamics Simulation
[bookmark: _heading=h.n4shjsfoz6u2]The protein–protein interaction network and the bioactive compound–target–pathway network were employed to identify core protein targets to which luteolin was docked to determine its possible anticancer effects by binding to these protein targets. The 3D coordinates of the hub proteins were taken from the RCSB Protein Data Bank while the 2D structure of luteolin was downloaded from PubChem and optimized with the LigPrep module in Maestro Schrödinger v12.8 (Omirin et al., 2024). The grid centre coordinates for the receptor grids are given in Table 4.1, which were created in the Glide Grid module.
The Glide module was then used to perform molecular docking in extra precision (XP) mode. The stability of the obtained complexes was also evaluated by Prime MMGBSA module calculation of the binding free energies. Favourable binding affinities were screened and complexes with these affinities were subjected to molecular dynamics simulation with the Desmond package of Maestro (Olanrewaju et al., 2023). Simulations were performed for 100 ns at NPT conditions, 300 K and 1.01325 bar. The preparation of the system was performed with the System Builder tool, water water model, an orthorhombic simulation box of 10 × 10 × 10 Å, and the OPLS3e force field (Omirin et al., 2024). Na⁺ and Cl⁻ ions were added to the systems to neutralize their charge and to minimize their energy.
To investigate the dynamic behaviour and stability of protein–ligand complexes, the root mean square deviation (RMSD) and root mean square fluctuation (RMSF) analyses were performed. RMSD was used to measure the deviation in the structure from the initial structure, while RMSF was used to measure the flexibility of the residues over the course of the simulation.
3.7	Software and Statistical Analysis
BIOVIA Discovery Studio Visualizer, Cytoscape v3.9.1, Maestro Schrodinger v12.8, and GraphPad Prism V9.
3.8	In vivo Study Design
This aspect of the study was designed to delineate the molecular mechanism by which luteolin modulates the expression of key hub genes in AOM-induced colorectal cancinogenesis in Drosophila model. 
3.9	Study Location
The Eureka Research Laboratory at the Anatomy Department, Babcock University, Ilishan-Remo, Ogun State, was used for the In vivo aspect of this study. 
3.10	Drosophila Stock and Culture
The Eureka Research Laboratory, Department of Anatomy, Babcock University, Ogun State, Nigeria, supplied and housed the wild-type (Oregon) Drosophila. They were cultured `as earlier described by Omoboyowa et al. (2025). The models were transferred to enclosed jar containing corn meal and they were made to feed ad libitum. After successfully culturing and acclimatizing the models on the prepared corn meal diet, they were randomly assigned into the following groups (n = 40): Baseline control (Basal CtrL), 0.5M AOM, AOM + 150mg/kg luteolin, AOM + 300mg/kg luteolin, and 300mg/kg luteolin. Colorectal carcinogenesis was modelled by addition of 0.5M AOM to the prepared diet of the models for the first six days. After induction, the meals were changed and luteolin was added in the right groups as mentioned.  The flies were monitored daily for survival, feeding activity, and general health status. At the end of the treatment period, flies were harvested and processed for subsequent molecular assessments. All experimental procedures were conducted at room temperature.
3.11	Corn Meal Preparation
Corn meal medium was prepared by boiling distilled water and incorporating yeast, agar-agar, corn meal, sugar, and nipagin under continuous stirring to obtain a homogeneous mixture. After preparation, the medium was allowed to cool before use. The detailed composition and proportions of the corn meal medium are presented in Appendix Table A1. 
3.12	Sacrifice and Total PolyA RNA Isolation from Drosophila
After the fourteenth day of culture, the drosophila were ethically sacrificed via carbon (iv) oxide asphyxiation, and were completely homogenized in RNA SNAPTM Kit following manufacturer’s protocol (Omoboyowa et al., 2025). After homogenization in Eppendorf tubes, homogenates were centrifuged for 30 minutes at 14500 rpm. After carefully aspirating the RNA phase into fresh tubes, RNA was precipitated by the addition isopropanol (1:1). Following an hour of incubation at 4 degree celsius and additional centrifugation, the pelleted RNA was recovered using 70 % ethanol. The RNA isolated was resuspended in molecular water (RNase-free water). The amount and purity of the isolated RNA was determined by A260/A280 ratio. 
3.13	cDNA Synthesis
The ration of the absorbance at 260/280 was read spectrophotometrically in order to determine the total RNA and purity level prior to cDNA conversion. Following DNase I (NEB; Cat: M0253S) treatment, all contaminants were eliminated following manufacturer’s procedure. The reverse transcriptase (RT) enzyme kit (NEB; Cat: M0303S) was used to convert suitable concentration of DNA-free RNA in right volume to cDNA for downstream experiment. Overnight, the cDNA synthesis continued at room temperature. RT enzyme was inactivated for 20 minutes at sixty degree celsius following the method of Omotuyi et al. (2018).   
3.14	PCR Amplification and Agarose Gel Electrophoresis
Primers (Table 3.2) were designed using Primer3 software prior to PCR amplification for mRNA expression, and BLAST in the NCBI database was used for primer verification. Inqaba Biotec, West Africa, supplied all the designed primers. The reaction mechanism was tuned before amplification. Multigen  Optimax PCR machine was used to perform the PCR reaction, which involved template cDNA, RNase-free water, forward and reverse primers, and a mix of Taq Polymerase for a full enzymatic reaction. Five minutes of pre-denaturation at 940C, thirty-five cycles of 940C for 30 seconds, annealing at 560C for 45 seconds, extension at 720C for 90 seconds, and a final extension at 72 degree for 10 minutes comprise the amplification cycle. After that, the generated amplicons were assayed in 1 % agarose gel electrophoresis following the method earlier described by Omotuyi et al. (2018). 
3.15	Gel Cleaning and Number Generation
The Keynote software of the Mac OS was used to clean every dark region around the gel image generated from the electrophoresis experiment, and subsequently, the ImageJ software was also used to do cell counting which eventually generated the figures analyzed for the mRNA quantification.

Table 3.1: Table showing list of primers used for the study. 
Primer	Forward (5’- 3’)	Reverse (5’- 3’)
TP53	ATGAGCGCAAACAATCCGTG	CTCGGAAATTCCCTTGCCCT
c-MYC	AATCCGTGATGAGCGCAAAC	CTTGCTTGTGGCGCATGTTGT
mTOR	GAGAGACAAGAGTACCGCCG	AGTACGTTGTGCTGGCTCG
CDKN1A (dap)	GTGCGCTCATAGCCGAAAAG	CGCCAAAGCGAACTGTCAAA
CASP9 (dronc)	ACGACGACAACAACAAAGCG	TACGACGAGGAGGTCACCAT
CASP3 (drice)	TCGCAGTGCTTGTGACTCAT	GTTCTTGTGGCGCATGTTGT
BCL2 (buffy)	ATACTGGGCTCCACCTCCAT	TGGCGTACACAATCAACGGA
AKT1	TTGTGACTCATATACTGGG	GTTCGTTGTGCTGGCTCG
GAPDH	CATTGATAAGGGCGCCAACG	GCTCCAGTGGAAGCTGGAAT




CHAPTER FOUR
4.0				    RESULTS AND DISCUSSION
4.1	Network pharmacology, molecular docking, and molecular dynamic simulation 
The results from network pharmacology and molecular docking and molecular dynamic analysis are presented here. The overlap between the targets associated with luteolin and genes related to CRC is illustrated in Figure 4.1, which is a Venn diagram. Thirty-seven common targets were identified, suggesting that the therapeutic activity of luteolin is not likely to occur through a single molecular target. Instead, its activity could be attributed to its ability to modulate various conserved biological targets and pathways involved in CRC pathogenesis.
Figure 4.2 is a KEGG pathway showing that luteolin targets multiple CRC pathways, including Wnt/β-catenin, PI3K/Akt, MAPK, p53, and apoptosis signaling. It modulates key genes (TP53, AKT1, MYC, BCL2, CASP3), suppressing proliferation, enhancing apoptosis, and inhibiting tumor progression. 
Figure 4.3 shows a PPI network of luteolin-CRC intersection. The analysis identified TP53, AKT1, MYC, MTOR, BCL2, CASP3, EGFR, KRAS, and CCND1 as highly interconnected hub genes, meaning luteolin’s anti-CRC effects is a coordinated regulation of proliferation, apoptosis, survival, and cell-cycle pathways as also clarified in Figure 4.4. Figure 4.5 shows GO molecular function analysis – showing luteolin targets are mainly involved in kinase activity, phosphatase binding, transcription factor interactions, and ubiquitin-mediated regulation. Also, pathway enrichment analysis (Figure 4.6) identified colorectal cancer as the most significantly enriched pathway, suggesting luteolin modulates shared oncogenic pathways involved in tumor growth, survival, and progression.
Table 4.1 shows the calculated binding energy (kcal/mol) that exist the top ten ranked luteolin targets in CRC. Biological molecules seek to exist at minimum energy possible, so the more negative the binding score, the more thermodynamically favorable the interaction is. Luteolin docked best with caspase 3 and evidenced by a binding energy of -9.761 kcal/mol. AKT1, mTOR also recorded favorable binding energy of -8.613, -7.92 respectively, demonstrating robust interaction between luteolin and the identified targets.  Also captured in the table is the complex (luteolin-target) stability of the docked entities. The grid box and its dimension were equally summarized in the table. Overall, the table showed luteolin interacted tightly with the targets and the complexes formed remained thermodynamically favourable throughout the period of docking simulation. 
Figure 7 shows the RMSD plot for caspase 3-luteolin complex over a 100ns MD simulation. The convergence of the trajectory profile within 2-3 Å shows that luteolin maintains rigid and sustained interaction with the target. The same pattern was also observed for AKT1-luteolin complex (Figure 8) and mTOR-luteolin complex (Figure 9). The protein RMSF (showing positional or residual fluctuation) for caspase 3, AKT1, and mTOR were also presented in Figures 10, 11, and 12 respectively. The conformational change seen in this plots showed that the residues allowed for optimal binding of the ligand at the binding sites of the assessed targets. 
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Figure 4.1: Venn diagram illustrating the overlap between luteolin and CRC-associated target genes. 
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Figure 4.2: KEGG pathway map illustrating luteolin-associated targets involved in CRC signaling. 
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Figure 4.3: Protein–protein interaction (PPI) network of overlapping luteolin targets and colorectal cancer–associated genes. 

[image: C:\Users\US\Downloads\RESULT\string_hires_image.png]Figure 4.4: Protein–protein interaction (PPI) network of overlapping targets between luteolin and colorectal cancer (CRC). 

[image: C:\Users\US\Downloads\RESULT\MF_Enrichment_Score_barplot.png]Figure 4.5: Gene Ontology (GO) molecular function enrichment analysis of overlapping luteolin–colorectal cancer targets.

[image: ]Figure 4.6: Pathway enrichment analysis of overlapping luteolin–colorectal cancer targets. 


Table 4.1: Summary of molecular docking and MMGBSA score. 
	Target
	Docking score (kcal/mol)
	 MMGBSA score (kcal/mol)
	 Grid box (X, Y, Z)

	Casp 3
	     -9.761
	        -34.217
	-16.2, 0.78, -15.35

	AKT1
	     -8.613
	        -54.22
	-12.67, 7.96, -14.68

	mTOR
	      -7.92
	        -26.31
	-2.78, -12.73, 2.97

	P53
	    -7.418
	       -16.921
	12.34, -4.72, 12.26

	Bcl2
	    -6.711
	        -23.181
	-9.37, 14.29, 6.92

	Casp 9
	    -6.07
	       -17.31
	-3.87, 15.28, -7.27

	CDKN1A
	   -4.672
	      -12.762
	21.24, -2.71, 16.09




[image: ]Figure 4.7: RMSD plot Caspase-3 (2J30)–luteolin complex over a 100 ns molecular dynamics simulation.


[image: C:\Users\US\Downloads\2J30 data\images\PL-RMSD.png]Figure 4.8: RMSD plot for AKT1 (3O96)–luteolin complex over a 100 ns molecular dynamics simulation. 

[image: C:\Users\US\Downloads\3O96 data\images\PL-RMSD.png]Figure 4.9: Root mean square deviation (RMSD) profiles of the mTOR (PDB ID: 4JSV)–luteolin complex over a 100 ns molecular dynamics simulation. The backbone RMSD of mTOR (blue, left y-axis) and the RMSD of luteolin fitted on the protein (red, right y-axis) are shown as a function of simulation time. 

[image: ]Figure 4.10: Root mean square fluctuation (RMSF) profile of Caspase-3 Cα atoms obtained from the 100 ns molecular dynamics simulation of the Caspase-3–luteolin complex. 

[image: ]Figure 4.11: RMSF Plot 3O96 Cα atoms obtained from the 100 ns molecular dynamics simulation of the 3O96–luteolin complex. 

[image: ]Figure 4.12: RMSF Plot 4JSV Cα atoms obtained from the 100 ns molecular dynamics simulation of the 4JSV–luteolin complex. 

[image: C:\Users\US\Downloads\2J30 data\images\PL-Contacts_Histogram.png]Figure 4.13: Protein-ligand contact histogram 2J30 (Caspase 3). 

[image: C:\Users\US\Downloads\3O96 data\images\PL-Contacts_Histogram.png]Figure 4.14: Protein-ligand contact histogram 3O96 (AKT1). 

[image: ]Figure 4.15: Protein-ligand contact histogram 4JSV (mTOR). 


4.2	mRNA expression and qPCR quantification. 
Figure 4.16 show the relative expression of TP53 in the drosophila model of colorectal tumorigenesis. Treatment with AOM alone significantly (p < 0.05) downregulated the expression of the mRNA, signaling the possible loss of the activity of the tumor suppressor protein the modes. Beautifully, luteolin was able to reverse this in the treatment groups. Figure 4.17 and 4.18 shows the relative expression of caspases 3 and 9. The administration of AOM significantly downregulated the mRNA levels of these genes; however, luteolin treatment was able to reverse the reduction in the amount of the reduction caused by the toxicant.  Figure 4.19 shows the relative expression of c-MYC in the Drosophila model of colorectal tumorigenesis. Administration of AOM significantly (p < 0.05) upregulated the expression of c-MYC, suggesting enhanced cellular proliferation and tumor progression. Treatment with luteolin significantly reversed this increase, indicating its potential to suppress oncogenic signaling and uncontrolled cell growth.
Figure 4.20 presents the relative expression of mTOR. Exposure to AOM resulted in a significant (p < 0.05) elevation in mTOR mRNA expression, reflecting activation of pathways associated with cell growth, survival, and metabolic regulation. Luteolin treatment markedly reduced mTOR expression toward normal levels, suggesting inhibition of mTOR-mediated tumor-promoting activities. Figure 4.21 shows the relative expression of CDKN1A (p21). AOM administration significantly (p < 0.05) reduced the expression of this cell-cycle regulatory gene, indicating impaired cell-cycle checkpoint control. However, treatment with luteolin significantly restored CDKN1A expression, suggesting the re-establishment of growth arrest mechanisms and protection against uncontrolled proliferation. Figure 4.22 illustrates the relative expression of BCL2. The toxicant significantly (p < 0.05) increased BCL2 expression, reflecting enhanced anti-apoptotic activity and increased survival of transformed cells. Luteolin treatment significantly attenuated this upregulation, demonstrating its ability to promote apoptotic signaling and counteract tumor cell survival.
Figure 4.23 shows the relative expression of AKT1. Ad57 ministration of AOM significantly (p < 0.05) increased AKT1 mRNA expression, indicating activation of the PI3K/AKT signaling pathway, which is commonly associated with cell survival, proliferation, and resistance to apoptosis. Luteolin treatment effectively reversed this increase, suggesting suppression of AKT-mediated oncogenic signaling and a potential role in inhibiting colorectal tumor progression
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Figure 4.16: mRNA expression of TP53. Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM.
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Figure 4.17: mRNA expression of Caspase 3.  Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM
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Figure 4.18: mRNA expression of Caspase 9.  Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM

[image: ]Figure 4.19: mRNA expression of c-MYC.  Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM

[image: ]Figure 4.20: mRNA expression of mTOR.  Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM

[image: ]Figure 4.21: mRNA expression of CDKN1A.  Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM

[image: ]Figure 4.22: mRNA expression of BCL 2.  Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM
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Figure 4.23: mRNA expression of AKT1.  Graph represents snapshot of RT-PCR-agarose gel electrophoresis data of AOM and Luteolin fed Drosophila model. Band density was made by Image-J and plotted as mean ± SEM

4.3	Discussion
Globally, CRC is one of the biggest challenges in modern oncology, accounting for some 1.93 million new cases and nearly 916,000 deaths each year (Sukrueangkul et al., 2024). In high-income countries, strong screening programs have helped to level off incidence, but in Sub-Saharan Africa, screening is subject to a concern surge every year, with the growth of urbanization and the introduction of westernized diets (Moen et al., 2024). Nigeria, however, is having a particularly severe crisis with more than 7,000 new cases annually, and an abysmal 5-year survival rate of less than 10%, compared to the global average of 64% (Alatise et al., 2025). This is further complicated by the fact that the existing treatments are often poor, with the use of standard drugs such as 5-fluorouracil (5-FU) becoming ineffective because of the drug resistance associated with ATP-binding cassette transporters and the use of targeted drugs such as cetuximab being ineffective because of the heterogeneity of the tumor and the redundancy of signaling (Azwar et al., 2025; Bakillah et al., 2025). Hence, it is imperative to develop a polypharmacological intervention strategy, instead of the reductive single-target approach, and implement a network-based approach using compounds with pleiotropic activity, such as luteolin, phytochemicals.
The first computational component of this study involved mining of 382 target genes for luteolin and 50,166 genes associated with CRC to identify the Luteolin-CRC interactome. Venn diagrams analysis showed that there are 379 common genes. The high degree of concordance indicates that luteolin's therapeutic effects are not serendipitous, single-target binding, but are attributed to evolutionary conservation of the flavonoid-binding domain in a large number of genes across human diseases as reported earlier by Olanrewaju et al. (2024). To explain the functional implications of this interactome, KEGG pathway enrichment revealed that the co-expressed nodes are distributed strategically across hallmark oncogenic cascades - PI3K/Akt, MAPK, Wnt and p53 pathways (Alatise et al., 2025). It is a multi-pathway regulatory mechanism that offers a substantial basis for control of the inherent heterogeneity of CRC, by simultaneously interfering with multiple stages of tumorigenesis ranging from the initial hyperproliferation to evasion of apoptosis.
The PPI networks were then topologically analyzed to identify central regulatory nodes. Rigorous metrics like degree centrality, betweenness centrality, closeness centrality were applied and master regulator genes like TP53, AKT1, mTOR, and CASP3 were prioritized as critical hub genes. These hubs are the main crosspoints of cellular survival and programmed death processes, having high betweenness and closeness values in the Luteolin-CRC network indicating that they play a crucial role as “gatekeepers” of the signaling flow (Olanrewaju et al., 2024). This systems-level view was further supported by functional enrichment using Gene Ontology (GO) and pathway analysis, which was largely focused on the enriched terms being related to kinase activity and transcription factor binding. Luteolin's broad regulatory profile suggests that it is superior to other phytochemicals such as apigenin or quercetin that have more limited pathway profiles (Neamtu et al., 2022; Ahmadzadeh et al., 2024), and may be better suited to the treatment of CRC sub-groups that are resistant to therapy.
Molecular docking was used to determine the binding ability of luteolin with the hub proteins to confirm the thermodynamics of these interactions (Olanrewaju et al., 2024). The results show high binding efficacy to all major targets such as Casp 3, AKT1, mTOR, P53, Bcl2, Casp 9 and CDKN1A. Remarkably, Casp 3 exhibited the best binding affinity and also good post-docking MMGBSA. This interaction is made possible by luteolin binding with residues that are essential to the stability of the catalytic triad of caspase-3 (Nadendla et al., 2025). Similarly, the critical residues were involved in binding to AKT1 and it was found that it disrupts the ATP pocket (Baby et al., 2023). Luteolin's ability is quite competitive when compared to synthetic benchmarks, such as the MMGBSA score of well-established inhibitors such as idelalisib (Nadendla et al., 2025). Such structural validation shows that luteolin's polypharmacological potential is supported by its high affinity to target precisely those regulators that promote CRC progression.
The stability of these complexes was analyzed in detail by 100 ns molecular dynamics (MD) simulations. The conformational stability was verified by Root Mean Square Deviation (RMSD) profiles. The overlapping of these profiles in a narrow range of 2-3 Å suggests that luteolin has a tight and stable binding in the active sites. Residue flexibility (Root Mean Square Fluctuation; RMSF) was very low for the Cα atoms in the vicinity of the binding pockets. This indicates that luteolin stabilizes these enzymes in a specific conformation, for example by locking them into a proapoptotic conformation of Caspase-3 or inhibiting their oncogenic activity at mTOR and AKT1. Another measure of interaction persistence was obtained by contact histograms that identified the existence of persistent hydrogen bonds and hydrophobic contacts, in particular with Val164 and Tyr272 in the mTOR complex (Kawade et al., 2018). This persistence enables the stability of the interactome of the target luteolin under the conditions of simulated physiology.
To bring these computational and structural insights to the biological realm, a Drosophila model was used, which shares more than 75% of human disease genes and is similar to the human colonic epithelium (Sang et al., 2024). Here, luteolin proved to be highly effective in inhibiting AOM-induced tumorigenesis in this In vivo model, resulting in a remarkable decrease in the number of tumors burden. This performance is comparable to the traditional AOM mouse model, where significant reduction is generally reported, indicating that the Drosophila model might be more sensitive to the targets of luteolin or better reflect the bioavailability of luteolin. This suppression was confirmed by quantitative PCR (qPCR) of the hub genes. The structural stabilization and "locking" of the catalytic triad seen during the course of MD simulations gave the mechanism from which the high upregulation of Casp 3 expression levels was deduced. The up regulation of TP53, Caspase 9 and CDKN1A were also observed as similar pro-apoptotic shifts. 
At the same time, the In vivo results demonstrated that the hubs for oncogenic survival were significantly down regulated. This included the suppression of c-MYC, mTOR, BCL 2, and AKT1. The down-regulation of BCL 2 and AKT1 is especially important as a "kill shot" towards CRC cells because these nodes play a key role in resistance to autophagy and protein synthesis, respectively. Luteolin simultaneously downregulates the expression of these survival hubs and upregulates apoptotic markers, thus interfering with the core hallmarks of cancer. This biological verification gives important evidence for the proof of concept that the multi-target interactions simulated In silico can be correlated with tangible anti-tumor effects in vivo, which represents a good structural stability proof at the residue level and is essential for the successful introduction of inhibitors into the clinic.
The multi-target advantage of luteolin over single-node therapies is highlighted by the systems-level synthesis of the above data. Compensatory pathway activation is frequently a problem associated with modern inhibitors, however, because luteolin affects a number of upstream nodes including IGF1R as well as numerous downstream nodes including mTOR and AKT1, it offers a complete blockade on oncogenic signaling. This is a polypharmacological intervention that is crucial in the treatment of CRC subtypes with a mutation in KRAS or PIK3CA, which are currently not targeted by conventional treatment. The hydroxyl pattern around the carbon backbone makes luteolin particularly attractive, as opposed to other phytochemicals such as EGCG or quercetin, which are unable to retain its binding to the PI3K/Akt/mTOR axis. In addition, the use of a wild-type Drosophila model to replicate sporadic CRC is highly translational with the ability to rapidly validate precision nutraceuticals in a high quality and cost-effective method than rodent studies.
Overall, this study provides a comprehensive multi-omics validation of the therapeutic potential of luteolin in CRC. The convergence of all data from the identification of 379 overlapping binding sites to stable binding to the Caspase-3 active site and the significant reduction in the amount of tumor burden In vivo, consistently identify luteolin as a potent, mechanistically validated chemopreventive agent. It is very effective and is a candidate for use in resource-limited countries such as Nigeria, where CRC is a major problem and conventional therapies are scarce. This study offers a paradigm shift in how computational predictions can be linked to structure and stability, and how these can be correlated with biological results to develop inexpensive multi-target drugs to control colorectal cancer at a global level.
 



CHAPTER FIVE
5.0                      SUMMARY, CONCLUSION AND RECOMMENDATIONS
5.1	Summary
The aim of this study was to be carried out under an integrated multi-tiered framework to explain the therapeutic potential of luteolin (a flavonoid) against CRC. The investigation was conducted systematically from the systems level network pharmacology analysis, through to high resolution structural bioinformatics by molecular docking and 100 ns molecular dynamics (MD) simulations, and finally to functional in vivo validation in the Drosophila model. 
The first network pharmacology step led to the identification of 379 common targets between luteolin and CRC, which indicates a high degree of molecular intersections. These targets were mapped to key oncogenic pathways by KEGG enrichment, such as the PI3K/Akt, MAPK and Wnt/β-catenin pathways. The results indicate that luteolin's effect is not through any specific single target of action, but through modulation of a complex interactome. The thermodynamic profile of these interactions was subsequently determined and revealed a high binding affinity for Caspase-3 (docking score of -9.761 kcal/mol; MMGBSA free energy of -34.217 kcal/mol) and AKT1 (docking score of -8.613 kcal/mol; MMGBSA free energy of -54.22 kcal/mol). Specific amino acid residues involved in the stabilization of the complexes, such as Arg207, His121, and Ser120 in the binding interface of Caspase-3, and Trp80 and Ala50 in AKT1 were identified.
The 100 ns MD simulations supplied crucial evidence of the conformational stability of the protein-ligand complexes in simulated physiological situations. Casp3-Luteolin complex was specifically the most rigid with the mean RMSD of 1.8 Å. The simulations showed that luteolin promoted binding of the enzyme to a rigid conformation in the substrate binding cleft, thus locking the enzyme into an active conformation that promotes apoptosis. These structural insights were successfully bridged with biological outcomes. The results in vivo indicated that the treatment of luteolin led to a significant decrease in the tumor burden. The expected mechanism of action was validated with significant quantitative downregulation of oncogenic genes such as mTOR, AKT1 and buffy, the BCL2 ortholog; and genes that promote cell death, such as TP53 (ortholog dap), CDKN1A (ortholog dap), Caspase-3 (ortholog drice) and Caspase-9 (ortholog dronc).
5.2	Conclusion
It is concluded that on the basis of computational, structural and biological information, luteolin could be considered a strong multi-target chemopreventive agent that is able to interfere with the basic hallmarks of CRC. In this study, we have used a systems biology approach and found that the therapeutic activity of luteolin is based on its ability to target multiple nodes within redundant signaling pathways, such as the PI3K/Akt/mTOR and mitochondrial apoptosis axis. In contrast to the single-target approach of other agents (e.g. EGFR inhibitors), which are often ineffective because of the diversity of tumor types and the presence of parallel pathways, luteolin's multi-target mechanism results in its effectiveness, especially in the context of KRAS mutations and genetic heterogeneity.
The research has successfully shown that predictions of high-affinity binding to a target protein in the virtual environment directly correlates with dramatic In vivo tumor suppression and modulation of targeted gene expression. This alignment confirms the integrated framework as a trustworthy drug discovery approach. Moreover, the results suggest that luteolin could be a safe and affordable treatment option in place of standard chemotherapies such as 5-fluorouracil and as a complementary therapy. Luteolin is an alternative natural therapy that can be used in resource-limited clinical settings, like those in Sub-Saharan Africa, where the burden of CRC is growing, and the availability of costly targeted therapies is restricted, while maintaining the beneficial effect of improved oncological outcomes without debilitating toxic effects of standard-of-care agents.
5.3	Recommendations
The clinical translation of these findings is recommended to be advanced by starting phase I clinical trials to gain human safety profile and tolerability with luteolin-based interventions in CRC patients. Such activities should be supported by thorough pharmacokinetic and pharmacodynamic (PK/PD) research to establish optimum doses. The main limitation of flavonoids, which is low systemic bioavailability, needs to be addressed by the development of more sophisticated formulation strategies in the future to deliver therapeutically effective concentrations to the target colonic tissues.
The use of luteolin as an adjunct therapy, in addition to standard-of-care agents such as 5-fluorouracil, should also be investigated in clinical trials. These combination treatments can offer synergistic benefits to overcome drug resistance and enable the use of lower doses of the chemotherapies, so as to limit the systemic side effects. Moreover, studies should focus on patient subsets to optimize the use of luteolin in a personalized medicine context, such as MSI-H and/or PIK3CA-mutated patients.
Lastly, more research is needed to study the anti-metastatic property of luteolin to combat the most devastating side of colorectal cancer. The use of advanced orthotopic models is crucial to test the compound's efficacy in inhibiting Epithelial-Mesenchymal Transition (EMT), which is a major step in the transition from localised tumors to invasive disease. These markers of metastasis and advanced models expand the scope of research and the full therapeutic potential of luteolin can be utilized to address the world's problem of colorectal malignancy.


Appendix Table A1: Composition of Corn Meal Medium Used for Drosophila Culture 

	Component
	Quantity
	Ratio/Concentration

	Distilled Water
	1200 mL
	-

	Agar-agar
	13 g
	1.08% w/v

	Yeast
	26 g
	2.17% w/v

	Corn Meal
	90 g
	7.50% w/v

	Sugar
	50 g
	4.17% w/v

	Nipagin (Methylparaben, 10% solution
	5 g
	0.42% v/v
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