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The Impact of Cannabidiol on Intestinal Tumorigenesis: A Pilot Study on Caco-2 Cell




ABSTRACT


[bookmark: page6][bookmark: _GoBack]Colorectal cancer (CRC) is the third most prevalent cause of cancer-related deaths worldwide. Despite the availability of early diagnosis and treatment options, which could potentially increase the 5-year survival rate, the accessibility of such CRC management measures remains limited due to cost barriers and uneven healthcare infrastructure globally. This underscores an urgent need for effective preventive methods and affordable treatments.Cannabidiol (CBD), a compound derived from cannabis, has garnered attention as a potential natural therapeutic agent. This study investigates the influence of CBD on the serotonin pathway and intestinal tumorigenesis. Serotonin, primarily produced in the intestine, is not only a critical neurotransmitter but also has complex and multifaceted biological functions. In this investigation, Caco-2 cells were exposed to CBD, and we observed an increase in serotonin levels. The treatment elevated the expression of several genes related to serotonin such as TPH, SLC6A4, HTR2A, HTR1D, HTR2C, and HTR4, with a notable increase in TPH and HTR2C. Concurrently, CBD exhibited an enhancement in immune response and significant inhibition of the Wnt signaling pathway, implying a protective role of CBD in CRC. Given the dual roles of serotonin in CRC — protective in early stages and promotive in later stages — the interaction between serotonin, the Wnt signaling pathway, and the immune system necessitates further research. Our findings shed new light on the potential role of CBD in inflammatory colorectal tumors, suggesting that CBD could be a promising candidate for CRC immunotherapy.
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CHAPTER 1




INTRODUCTION




Colorectal cancer (CRC) is one of major global public health concerns, ranking as the third most common cancer in men and women in the United States in terms of high morbidity and mortality. After surgical resection, the five-year survival rate for CRC is 99% for stage 1, 68-83% for stage 2, and 45-65% for stage 3 disease(Knapen et al. 2023). CRC can be induced by several factors, such as family history, age, environmental factors including the critical dietary factors. Having inflammatory bowel diseases (IBD) including Crohn's disease and ulcerative colitis that affects most of your colon can increase your risk of CRC. Wnt/β-catenin signaling pathway is a crucial pathway in both normal and malignant cell proliferation. In over 90% of CRC, Wnt/β-catenin signaling pathway is abnormally activated. According to the previous studies, Wnt/β-catenin signaling can also be enhanced through different inflammatory pathways, thus initiate tumorigenesis (Grivennikov 2013). Although the overall incidence of CRC is decreasing due to colonoscopies, there is a concerning increase in its incidence among young people
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(Harewood et al. 2022). Therefore, the development for novel strategies for the prevention and treatment of CRC is warranted.



Cannabidiol (CBD), one of the most common components of over 100 different cannabinoids, is a non-psychoactive compound extracted from cannabis. Its effectiveness in inhibiting the proliferation, migration, and invasion of cancer has been explored. Numerous studies have shown the anti-proliferative function of CBD in CRC and the potential mechanisms. Previous research has shown that CBD can impact CRC through various ways, including binding to serotonin receptors, modulating immune mediators, and affecting the Wnt-signaling pathway. As such, CBD holds a great potential as a reagent for the prevention and treatment of CRC.



Serotonin (5-HT) is a neurotransmitter that plays a crucial role in regulating various physiological functions, including mood, appetite, and intestinal motility. Approximately 90% of serotonin is synthesized in the intestine, and studies have showed a dual role of serotonin in colorectal tumorigenesis. Serotonin has been linked to exacerbating the symptoms of colitis and promoting the expansion of CRC cells. Nevertheless, recent discoveries have shown that deficiencies in serotonin synthesis cause colonocytes to
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undergo high levels of DNA damage, which is associated with inflammatory response that facilitate the growth of CRC (Kannen et al. 2020). Here, we review the dual role of serotonin in CRC and discuss how CBD mediates colorectal tumorigenesis via the highly complicated serotonin pathway. This proposal aims to examine the relationship between CBD and serotonin, as well as their effects on the tumorigenic Wnt-signaling in the Caco-2 CRC cell lines.
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CHAPTER 2




LITERATURE REVIEW



2.1 Colorectal Cancer


Cancer is a leading cause of death worldwide, leading to nearly 10 million deaths in 2020. The most commonly diagnosed cancers are breast, lung, colorectal and prostate cancer. CRC, also known as colon cancer or rectum cancer, is a type of cancer that occurs in the colon or rectum. According to WHO data, there were 1.93 million cases of CRC in 2020, resulting in 916,000 deaths. CRC is the third most common cancer globally, as the data from the World Cancer Research Fund International (WCRF). It is also the third most common cancer in men and second most common cancer in women. The American Cancer Society (ACS) estimates that there will be 106,970 new cases of colon cancer and 46,050 new cases of rectal cancer in the United States in 2023(Oseghale and Ikokwu n.d.). Although the overall incidence rate of CRC has decreased due to screening and lifestyle changes, the incidence rate among young people has been steadily increasing since at least the mid-1990s. However, the good news is that the death rate of CRC has decreased for several decades.
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Colon cancer can be prevented by detecting and removing premalignant colon adenomas and by detecting colon cancers at early stages when they can be surgically removed(Markowitz et al. 2002). The 5-year survival rate is a commonly used measure of prognosis in cancer patients, which refers to the percentage of people who survive at least five years after their cancer diagnosis. In colon cancer, it is noted that the 5-year survival rate is strongly correlated with the stage of the disease at the time of diagnosis. Specifically, patients diagnosed with regional disease have a higher 5-year survival rate of 70%, whereas those diagnosed with metastatic disease have a much lower survival rate of only 9%(Burt 2000). Mass screening starting at age 50 is recommended for the average risk adult population, with earlier screening for those at higher risk. Available screening methods include chemical testing for blood in stool, sigmoidoscopy, or colonoscopy, with colonoscopy having the highest sensitivity. However, the expense and inconvenience of colonoscopy have made mass screening difficult. The recent discovery of colon cancer-specific mutations in DNA from feces has raised hope for the development of molecular-based screening.
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The large intestine is a vital component of the digestive system, responsible for absorbing water and electrolytes from undigested food and forming feces for elimination. It is composed of two main parts: the colon and rectum. The colon itself is divided into four parts, including the ascending colon, transverse colon, descending colon, and sigmoid colon. The ascending colon moves waste material from the small intestine to the transverse colon, which then moves waste across the abdomen to the descending colon,
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and finally to the sigmoid colon. The sigmoid colon then connects to the rectum, which is the final six inches of the large intestine.

Figure 1. Colorectal Cancer





The first step in the development of colon cancer is the appearance of neoplastic polyps on the inner lining of the colon. Adenomatous polyps are the most common precursor of
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colon cancer, with an increasing number of adenomatous polyps in the colon significantly
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increasing the risk of colon cancer. Patients diagnose with adenomatous polyps larger than 1 cm or more than three polyps are at high risk for colon cancer. Familial adenomatous polyposis (FAP) is a risk factor for the development of colon cancer. Adenomatous tissue is frequently found contiguous to frank carcinoma(Cappell 2005). Although hyperplastic polyps were once thought to have little connection to CRC, recent studies show that some hyperplastic polyps are associated with colon cancer, especially if they are large, located in the right colon, have a focus of adenoma within the polyp, or if there are more than 20 hyperplastic polyps in the colon(Jass 2004). Serrated adenomas can also lead to colon cancer via BRAF genetic mutations, exhibiting extensive DNA methylation and a lack of adenomatous polyposis coli (APC) gene mutations(Cappell 2008).




2.1.1 Inflammatory Bowel Disease and Colorectal Cancer


Inflammatory bowel diseases (IBD), such as Crohn's disease and ulcerative colitis, are chronic inflammatory disorders that affect the intestine. The prevalence of IBD in the United States is over 200 cases per 100,000, with 1 to 1.5 million patients affected. Crohn’s disease can impact any part of the gastrointestinal tract, but it typically affects the distal part of the small intestine or ileum and colon. On the other hand, ulcerative
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colitis causes colonic inflammation that may affect only the rectum or progress proximally to involve part or the entire colon. Clinical symptoms of IBD include diarrhea, abdominal pain, gastrointestinal bleeding, and weight loss. Long-term complications of chronic inflammation include the development of CRC(Rubin, Shaker, and Levin 2012).



The pathogenesis of IBD is not completely understood, but there is growing evidence that the pro-inflammatory cytokine interleukin-6 (IL-6) plays a crucial role in the uncontrolled inflammatory process(Atreya and Neurath 2005). Elevated production of IL-6 and its soluble receptor (sIL-6R) by intestinal macrophages and T-cells contribute to the perpetuation of chronic intestinal inflammation by increasing T-cell expansion. IL-6-sIL-6R complexes also play a potential role in the pathogenesis of CRC. This understanding of the pathogenic role of IL-6 may lead to the development of new therapeutic strategies for IBD and CRC.




2.1.2 Wnt Signaling Pathway and Colorectal Cancer


The Wnt signaling pathway is essential for maintaining intestinal stem cells and the self-renewal of the intestinal epithelium. It also plays a crucial role in embryonic development and carcinogenesis. The pathway is initiated by a Wnt signal binding to the Frizzled/LRP
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receptor complex on the cell membrane, which then transmits signals to intracellular


proteins  like  Dishevelled  (Dsh),  glycogen  synthase  kinase-3β  (GSK-3),  Axin,  and


Adenomatous Polyposis Coli (APC). The GSK-3/APC/Axin complex inhibits β-catenin


degradation, causing β-catenin to accumulate in the nucleus and interact with TCF,


leading to the activation of critical genes such as cell proliferation(Logan and Nusse 2004).





The Wnt signaling pathway plays a crucial role in the pathogenesis of CRC, with mutations in β-catenin, APC, and Axin promoting β-catenin stability. This inhibits apoptosis in colon cancer, and high β-catenin expression is correlated with various cancers, including colon cancer. Tcf4 is the predominant Tcf factor in colon cancer cells. Dysfunctional regulation of the Wnt/beta-catenin pathway is the primary cause of colon cancers, with abnormal accumulation of a beta-catenin/T-cell factor 4 complex in the nucleus, leading to c-MYC activation and differentiation suppression. Both Bmi1+ and Lgr5+ stem cell populations generate tumors when beta-catenin signaling is activated in these cells(Sanders 2011).
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2.1.3 Inflammation and Colorectal Cancer


In recent years, the correlation between inflammation and CRC has been established, with inflammation playing a crucial role in colorectal carcinogenesis. The process of colon cancer immunoediting involves three phases: elimination, equilibrium, and escape. During the elimination phase, immune cells remove neoplastic cells that are naive to surface expression. In the equilibrium phase, tumors survive through antigenic surface molecules hiding or inhibiting macrophages and T lymphocytes directly. Finally, in the escape stage, cancer cells escape from being killed and keep on evading and proliferating.



CD8+ T cells have been found to have potent anti-tumor functions, as demonstrated in a study by Naito et al, which revealed that patients with CD8+ T cells infiltrating cancer cell nests had better survival rates(Naito et al. n.d.). However, regulatory T cells (Tregs) expressing CD4+CD25+ can accumulate in the tumor environment, potentially inducing an immune escape mechanism(Waldner 2006).



IL-6, a mediator of the immune response, plays a role in promoting the differentiation of naive CD4+ T cells. In a study by Korn et al, it was found that IL-6 can inhibit transforming growth factor (TGF)-β from inducing Foxp3, the transcription factor for Tregs. IL-6, in
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combination with TGF-β, can induce a significant amount of IL-17 from naive T cells. IL-6 induction also leads to the differentiation of CD8+ T cells into cytotoxic T cells(Tanaka, Narazaki, and Kishimoto 2014). Additionally, recent studies have shown a potential role of IL-6 in the pathogenesis of colon cancer as it promotes the growth of colon cancer epithelial cells and enhances colony formation of human colon carcinoma cells in vitro(Schneider et al. 2000). A recent study demonstrated a functional relationship between TGF-β signaling in tumor-infiltrating cells and IL-6 trans-signaling in colon carcinogenesis(Becker et al. n.d.). The study showed that IL-6 trans-signaling is essential for colon carcinogenesis and that sIL-6R plays a critical role at different stages of colon cancer pathogenesis. This implies the possible therapeutic strategy of targeting the sIL-6R and ensuing IL-6 trans-signaling.




2.1.4 Treatment for colorectal cancer


Despite the high morbidity and mortality of CRC, identified at an early stage will increase the chance of cure with the standard therapies. The prevention of CRC relies on screening to diagnose adenomatous polyps, which can lead to cancer. Standard treatments for colon cancer include surgery, chemotherapy, and radiation therapy(Aiello et al. 2019). Antiangiogenic agents are also used to treat cancer progression. The
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treatment approach depends on the stage of cancer. In 75-80% of patients, colon cancer is limited to the intestinal wall at diagnosis, without invasion of regional lymph nodes (stages I and II) or with invasion of them (stage III)(Grávalos et al. 2009). In stage IV, the cancer has spread to other organs, which is less common at diagnosis but can happen in recurrent colon cancer. Adjuvant chemotherapy is recommended for stage III patients, but its benefit in stage II patients is uncertain(Chakrabarti et al. 2020). While surgery and chemotherapy are options for stage IV and recurrent colon cancer. Chemotherapy drugs such as 5-fluorouracil, along with bevacizumab, panitumumab, or cetuximab, are commonly used. Chemotherapy targets active cells, including cancer cells, but can also damage healthy cells, leading to side effects such as fatigue, nausea, and hair loss.



Although the standard treatment for colon cancer is effective, many developing countries lack access to modern diagnostic methods and facilities, leading to the use of traditional treatments such as phytotherapy (the use of plant extracts)(Edgar et al. 2007). Medicinal plants have been shown to have therapeutic effects on various diseases and their potential use in cancer prevention and therapy has been suggested. In particular, medicinal plants may be useful in treating colon cancer with fewer side effects than current treatments(Aiello et al. 2019). Recent studies suggested that CBD, which is
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extracted from cannabis sativa, is a potential treatment for colon cancer. It is found to reduce cell proliferation via activation of CB1 and CB2 receptor. This review aims to analyze the effectiveness of CBD in treating CRC, as well as the relationship between CBD and serotonin in colon cancer cells. Besides, we will also investigate the underlying molecular mechanisms of CBD in CRC.




2.2 CBD and Colorectal Cancer


Cannabis sativa is a member of the Cannabis genus, part of the Cannabaceae family of plants. These plants contain cannabinoids, of which there are over 100 different types, with their presence and quantity varying between individual plants. One well-known cannabinoid is tetrahydrocannabinol (THC), which is responsible for the psychoactive effects associated with the plant(Schilling, Melzer, and McCabe 2020). Another important cannabinoid in Cannabis sativa is cannabidiol (CBD), which does not have psychoactive effects and is thus useful for further research. CBD has been found to inhibit the migration, invasion, and metastasis of cancer cells. This paper will discuss the anti-tumor properties of CBD and the mechanisms behind them.
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According to Seltzer et al., the use of Cannabis sativa plant extract can be traced back to 500BC in Asia(Seltzer et al. 2020). In the 19th and early 20th centuries, cannabis was widely used as medicine in the US until it was excluded from the United States Pharmacopoeia more than half a century later. This led to the prohibition of cannabis possession and use until 1996, when it was legalized for medical purposes in California(Bridgeman and Abazia n.d.). Now it is legal for medicinal use in 36 states and DC, including Massachusetts. Moreover, the use of cannabidiol extract has been permitted in all 50 states. Despite the legalization of cannabis for medical purposes, its use and effectiveness for various medical conditions are still subject to ongoing research and debate.




2.2.1 Cannabinoids Receptors and Endocannabinoids


In the late-1980s, specific cannabinoids receptor, CB1 and CB2, were discovered(Seltzer et al. 2020). CB1 and CB2 receptors have different sensitivity when detect different endocannabinoids, with some being more selective for one over the other. CB1 receptors, which are found on presynaptic terminals and involved in the inhibition of neurotransmitter release. The endocannabinoids anandamide and 2-arachidonoylglycerol, which act as partial or full agonists at CB1 receptors and can regulate cAMP synthesis, Ca2+ channels,
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and inwardly rectifying Kir channels(Howlett 2002). These observations suggest that endocannabinoids may serve as retrograde synaptic messengers in controlling neurotransmitter release. CB2 receptors have many different functions in various immune cells and organs, including the spleen, thymus, tonsils, bone marrow, pancreas, and peripheral blood leukocytes(Berdyshev 2000). Cannabinoid drugs can modulate the activities of macrophages and macrophage-like cells involved in the activation of T lymphocytes(Mccoy et al. 1999). The effects of CB2 receptors on immune function include inhibition of natural killer cell activity, modulation of immune cytokines, and suppression of antitumor immunity. Additionally, signal transduction via the CB2 receptor is mediated via Gi/o proteins, and 2-Arachidonoylglycerol is a full agonist for this receptor(Gonsiorek et al. n.d.).




2.2.2 Anti-Tumor Function of Cannabidiol (CBD)


One interesting aspect of cannabinoids is their potential anti-tumor properties. Interestingly, endocannabinoids have be both inhibitor and promotor to the CRC according to the stage of cancer. Both CB1 and CB2 receptors have been found to be expressed in many types of cancer, and their overexpression is correlated with disease severity and poor prognosis in some cases(Martínez-Martínez et al. 2015; Mukhopadhyay
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et al. 2015). The administration of cannabinoids has been shown to inhibit the growth of various types of cancer in vitro and in vivo models through mechanisms such as cell cycle arrest, induction of apoptosis, and inhibition of neovascularization, migration, adhesion, invasion, and metastasis. However, the clinical use of these compounds is limited due to their psychoactive side effects(Seltzer et al. 2020).



The antiproliferative function of CBD in CRC has been extensively researched. Previous study investigated the effect of a Cannabis sativa extract with high CBD content, CBD BDS, on colon cancer cell proliferation and in experimental models of colon cancer in vivo. The results showed that CBD BDS and CBD reduced cell proliferation in tumoral cells but not in healthy cells, and the effect was counteracted by selective CB1 and CB2 receptor antagonists. In vivo, CBD BDS reduced preneoplastic lesions, polyps, and tumor growth in a xenograft model of colon cancer. The study suggests that CBD BDS attenuates colon carcinogenesis and inhibits CRC cell proliferation via CB1 and CB2 receptor activation, which may have clinical relevance for the use of Cannabis-based medicines in cancer patients(Romano et al. 2014). Furthermore, CBD has been shown to inhibit colon cancer proliferation in a dose-dependent manner.
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PanFeng et al. conducted a study to investigate the effect of CBD on suppression of invasion and metastasis in CRC cells using HCT116, SW620, and DLD-1 with different concentrations of CBD (0, 3, 6, 9, 12, and 15 μM). After 24 hours, the proliferation of HCT116, SW620, and DLD-1 was decreased in a concentration-dependent manner. They studied the anticancer ability of CBD in the orthotopic xenograft tumor model in BALB/c mice and found that the tumor volume and weight in the CBD-treated group were decreased compared to the control group. EMT markers were detected to show the metastasis ability of colorectal cells. The expression of N-cadherin, Snail, vimentin, and β-catenin was in a declining trend, whereas only the expression of E-cadherin was increased, indicating that CBD suppresses colorectal cell metastasis by inhibiting EMT. The impact of the Wnt/β-catenin cell signaling pathway by CBD was also studied. Consistent with the hypothesis, β-catenin was decreased after treatment with CBD, which can inhibit EMT in CRC. Taken together, these studies suggest that CBD may block the Wnt/β-catenin signaling pathway to inhibit the proliferation, invasion, and metastasis of CRC (Feng et al., 2022).



Azoxymethane (AOM) is a possible pathway to induce colon cancer with abnormal expression of aberrant crypt foci (ACF, preneoplastic lesions), polyps, and tumor
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formation, upregulation of phospho-Akt, iNOS and COX-2 and downregulation of caspase-3. A study showed Cannabis sativa, as a chemopreventive agent in colon cancer. The study found that cannabidiol reduced preneoplastic lesions, polyps, and tumors in a mouse model of colon cancer, and protected DNA from oxidative damage in colorectal carcinoma cell lines. The researchers also observed that cannabidiol increased endocannabinoid levels and reduced cell proliferation in a CB1-, TRPV1-, and PPARγ-antagonists sensitive manner. The study suggests that cannabidiol has multiple mechanisms for reducing colon cancer and may be a promising candidate for future chemoprevention research.



In conclusion, CBD has been found to have significant effects on immune mediators. Studies have shown that it can suppress the secretion of the proinflammatory cytokine IL-1β and induce significant modulation of IL-6 production(Sermet et al. 2021). Additionally, CBD has the ability to modulate the JAK/STAT pathway, which provides a novel approach to immunosuppression(Peyravian et al. 2020). CBD inhibits the production of various activators of JAK/STAT, including IL-2, IFN-γ, and IL-10, and also suppresses TNF and IFN-γ production in certain models. The overall effect of CBD on the immune system is immunosuppressive through the suppression of JAK/STAT
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initiators. These findings suggest that CBD has the potential to be used as a therapeutic agent for various autoimmune and inflammatory diseases.




2.3 Serotonin and Colorectal Cancer


Serotonin, also known as 5-hydroxytryptamin(5HT), is a monoamine that regulates various biological processes in the central and peripheral nervous system, including brain activity, blood clotting, immunological responses, cardiovascular function, and the intestinal microbiome. Despite being most well-known for regulating neural activity, all 15 serotonin receptors have been found to express outside of the brain (Berger, Gray, and Roth 2009). Serotonin is synthesized from tryptophan, an essential amino acid that people must obtain from their diet. After absorption in the gut, tryptophan is transformed into free and albumin-bond fractions, which can cross the blood-brain barrier and synthesize serotonin in the central nervous system. In addition to the CNS, the majority of serotonin exists in the gut system (O’Mahony et al. 2015). Serotonin is synthesized in the enterochromaffin cells of the intestinal epithelia. Tryptophan is taken up by amino acid transport systems in enteroendocrine units, where it is catalyzed by tryptophan hydroxylase (TPH) to produce 5-hydroxytrptophan (5-HTP). TPH has two forms: TPH1 is primarily found in the enterochromaffin cells of the intestine, while TPH2 is expressed
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only in the central nervous system. 5-hydroxytryptophan is then converted to serotonin (5-HT) by aromatic amino acid decarboxylase (AADC). After serotonin secretion, serotonin reuptake transporters (SERT) transport serotonin into neurons and platelets (Wan et al. 2020).



In addition, 5-HT synthesis can be promoted by human- and mouse-derived gut microbiota(Reigstad et al. 2015). Reigstad and her colleagues evaluated the effects of gut microbiota on colonic serotonin production in mice that were germ-free or humanized. Results showed that gut microbiota from humanized and conventionally raised mice increased colonic Tph1 and chromogranin A, leading to increased colonic Tph1 protein and 5-HT concentrations. Short-chain fatty acids were found to be important determinants of enteric 5-HT production and homeostasis through their effect on enterochromaffin cells. Interestingly, 5-HT, in turn, promote proliferation of particular gut microbes, such as Enterococcus faecalis, E.coli and Rhodospirillum(Yano et al. 2015). Notably, the gut microbiota can influence the production, secretion, and degradation of serotonin. In a study, both CRC tumor tissue and normal tissue were examined. The results showed that serotonin and 5-Hydroxy-3-indoleacetic acid (5-HIAA) were only present in the normal
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tissue samples. Therefore, it appears that cancer-related local microbiome dysbiosis is associated with the inhibition of the serotonin synthesis pathway(Loke et al. 2018).



Serotonin is essential in the gastrointestinal system, with about 95% of serotonin residing in the gut (Gershon and Tack 2007). Serotonin regulates many gastrointestinal activities. After food activates the taste-bud cells, serotonin is released. Serotonin can stimulate sensory afferent nerves, which then send messages to the central nervous system. When food enters the GI tract, serotonin regulates peristaltic waves. Serotonin is also released by pancreatic enzyme secretion. Additionally, serotonin can be a promising treatment for irritable bowel syndrome (IBS) and can be treated with 5-HT3 and 5-HT4. Excessive GI serotonin that is released from enterochromaffin cells can activate 5-HT3 (Bertrand and Bertrand 2010).
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Figure 2. Serotonin Synthesis and Serotonin Receptors


In vitro, serotonin promote tumor cell proliferation in CRC (Sarrouilhe and Mesnil 2019). Elevated levels of 5-HT have been linked to worsened colitis symptoms and increased colorectal tumor development in mice(Sikander et al. 2015). A study aimed to investigate
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the relationship between the serotonin transporter gene promoter polymorphism (5-HTTLPR) and 5-HT concentration in microscopic colitis (MC) and ulcerative colitis (UC) patients has been conducted. The results showed that the frequency of the 5-HTTLPR genotype was significantly lower in MC patients compared to controls, and the frequencies of non-deletion/deletion (non-S) genotype was significantly higher in MC patients than the deletion/ deletion (S/S) genotype. Serotonin levels were significantly higher in UC and MC patients compared to healthy controls. The study suggests that 5-HTTLPR is a potential candidate gene involved in the pathogenesis of microscopic colitis, and serotonin may play an important role in the pathogenesis of colitis.



Nonetheless, studies have shown that 5-HT plays a crucial role in intestinal protection, which is why administering selective 5-HT reuptake inhibitors to patients can decrease their risk of CRC (Coogan, Strom, and Rosenberg 2009). While some studies suggest that 5-HT is involved in intestinal diseases, further examination of its role in the complex protective mechanism of the intestine indicates that it promotes malignancies only when its function is compromised.
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To reveal how mutation of serotonin synthesis impact the early stages of colorectal tumorigenesis (CRT), Juliana and colleagues investigated the role of 5-HT synthesis in this period. Using mouse models with defective 5-HT synthesis, the study found that 5-HT deficiency increased colonic DNA damage, inhibited genetic repair of carcinogen-related damage, and led to CRT-related inflammatory reactions and dysplasia. Restoring 5-HT levels with treatment decreased levels of DNA damage and increased DNA repair activity, indicating a protective role for 5-HT synthesis in the early stages of CRT. These findings suggest that 5-HT signaling pathways may be involved in preventing the development of early events related to CRT (Sakita et al. 2019).



Given the idea that harmful compounds promoting CRC may impair 5-HT activity, it is worth noting the impact of high-fat diets (HFD), which have been found to alter the intestinal microbiome and promote early CRC development(Schulz et al. 2014). In this

study, the HFD consumption in conjunction with K-rasG12Dint mutation mediates a shift in the composition of the gut microbiota that compromises host defense leading to dendritic cell recruitment and major histocompatibility complex (MHC) class II molecule presentation in the gut-associated lymphoid tissues. MYD88 deficiency blocked tumour progression, and treatment with antibiotics completely blocked HFD-induced tumour
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progression, suggesting that distinct shifts in the microbiota have a pivotal role in aggravating disease. Notably, in rats exposed to carcinogens and fed a fat-enriched diet, 5-HT synthesis and reuptake were found to be inhibited. This occurred despite the diet not significantly increasing body weight, but rather enlarging visceral adipose tissue, promoting inflammation, and increasing the risk of CRC(Kannen et al. 2012).



The mechanism by which 5-HT promote proliferation in CRC cells remains unclear, but it is thought that activation of 5-HT reuptake transporters and receptors can stimulate this process (Kannen et al. 2020). Sui and colleagues found that overexpress of 5-HT1D receptor (5-HT1DR) was related with Wnt signaling pathway and advanced tumor stage,
and promotes tumor invasion through activation of the Axin1/β-catenin/MMP-7 pathway.


A 5-HT1DR antagonist effectively inhibits tumor metastasis in a CRC mouse model.


Additionally, 5-HT1DR also plays a role in cell invasion via the Axin1/β-catenin/MMP-7


pathway in intestinal epithelium cells. These findings suggest that 5-HT1DR has an


essential role in pulmonary metastasis of CRC (Sui et al. n.d.).





The results demonstrate that the role of 5-HT in the development of CRC is crucial, but it is still not fully understood. An interesting interaction exists between 5-HT and the gut
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microbiome. Normal gut microbiota can promote serotonin secretion, while cancer-related dysbiosis of the local microbiome inhibits the serotonin synthesis pathway. Additionally, the dual roles of serotonin in CRC are worth investigating. While existing evidence indicates that 5-HT serves as a regulating factor that enables colon tissue to respond to various harmful conditions, it is evident that 5-HT-associated mechanisms can easily convert into mechanisms that promote the development of CRC.



Serotonin has a protective effect against early colon carcinogenesis and could potentially be a target for anti-tumor therapies. Although serotonin appears to promote CRC metastatic progression in later stages, it still holds promise as a monoamine in cancer treatment. By investigating the role of 5-HT at various stages of CRC, new treatment methods can be uncovered to improve the effectiveness of current anticancer therapies. The recently discovered anti-DNA damage activity and immune response modulation by 5-HT during CRC development are particularly crucial. These 5-HT functions offer new prospects for prophylactic therapies and alternative anticancer treatments.



2.4 Linkage of CBD, Serotonin and CRC
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Over the years, several studies have highlighted the vital role of serotonin in maintaining the delicate balance of various physiological processes in the gastrointestinal (GI) tract. Many studies have indicated the importance of serotonin in maintaining homeostasis in the GI tract, and CBD is a potential substance that interacts with serotonin to treat CRC. Future research will concentrate on the mechanism between CBD and CRC in serotonin.



CBD, or cannabidiol, is a compound found in the cannabis plant that has been shown to interact with several types of serotonin receptors. Studies have shown that CBD can inhibit 5-HT reuptake, which can lead to an increase in the availability of serotonin in the brain. Additionally, CBD has been shown to reduce 5-HT neurotransmission.



Recent studies have demonstrated that disturbances in serotonin signaling in the gut can contribute to the development of several GI disorders, including inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), and CRC. These findings have led researchers to explore the potential of targeting serotonin pathways for the treatment of these diseases. One potential substance that has garnered attention in this regard is cannabidiol (CBD). It has been shown to interact with serotonin receptors in the gut, which
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has led to its investigation as a potential therapeutic agent for several GI disorders, including CRC.



A study conducted by Ethan B. Russo et al. examined the potential of CBD to act as an agonist at serotonin receptors in vitro(Russo et al. 2005). The researchers found that CBD was able to interact with both the H5-HT1aR and rat 5-HT2aR serotonin receptors, with the former being more sensitive to CBD's effects. The study demonstrated that CBD was able to increase [35S]GTPγS binding via the G protein-coupled receptor system, similar to the action of serotonin agonists. Additionally, CBD was able to reduce cAMP concentration, a function that is similar to that of serotonin. While the study found that CBD was more active at the human 5-HT1a receptor than at the rat 5-HT2a receptor, the results suggest that CBD is a mild affinity agonist at the human 5-HT1a receptor. These findings provide insight into the potential mechanisms by which CBD may exert its therapeutic effects in various conditions, including its potential interaction with the serotonin system.In summary, the study conducted by Russo et al. suggests that CBD has the potential to act as an agonist at serotonin receptors, particularly the H5-HT1aR, and may contribute to its therapeutic effects in various conditions. Further research is
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necessary to fully understand the potential implications of these findings and to develop effective treatments based on these mechanisms.



Despite these promising findings, the exact mechanism underlying the interaction between CBD and serotonin in the treatment of CRC remains unclear. Future research in this area will focus on elucidating the specific pathways involved in this interaction and determining the optimal dosage and delivery methods for CBD-based treatments.
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CHAPTER 3




PURPOSE OF THE STUDY




Cannabidiol (CBD), a non-psychoactive extract of cannabis, has gained attention in recent research due to its numerous prospective therapeutic functions. Studies have shown that CBD can influence serotonin, which is a neurotransmitter that plays a crucial role in regulating various physiological functions, Interestingly, approximately 90% of serotonin is synthesized in the intestine, rather than the brain, and studies have shown it also plays a role in maintaining intestinal homeostasis, and evidence has shown a complicated role of serotonin in terms of colorectal tumorigenesis: it may play dual role in the development CRC with prevention at the early stage and promotion in the later stage. This proposal aims to understand the mechanisms by which CBD mediates colorectal tumorigenesis via the serotonin pathway, and we proposed to complete the following specific aims:

Specific Aim # 1: To examine the effect of CBD on serotonin receptors in CRC cells.


Our hypothesis is that CBD induces apoptosis in CRC cells by acting as an agonist to


serotonin receptors.
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Specific Aim # 2: To characterize the role of CBD in Wnt-signaling pathway in CRC


cells. Our  hypothesis is that CBD can induces β-catenin accumulation, leading to


aberrant Wnt-signaling.


Specific Aim # 3: To examine the influences of CBD in immune mediators. Our


hypothesis is that CBD suppresses the gene expression of IL-6, thereby reducing the IL-


6 trans-signaling and decrease the carcinogenesis.
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CHAPTER 4




RESEARCH PLAN




The purpose of our experiment was to investigate the impact of CBD on serotonin, inflammatory mediators and Wnt signaling pathway in Caco-2 CRC cell line. Prior to conducting the experiment, we determined the appropriate doses of CBD treatment using MTT assays.



We will evaluate the gene expression of serotonin receptors, inflammatory mediators, and Wnt-signaling in Caco-2 cells using quantitative real-time PCR and immunoblotting. This allowed us to determine the effects of CBD on tumorigenesis. The goal is to delineate the molecular mechanisms that may inform the mediation of CBD on the development of CBD.



4.1 Research Design


See Table 1. in the Appendix
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4.2 Reagents and Chemicals


The materials used in the study, including Dulbecco's modified Eagle medium (DMEM), fetal bovine serum (FBS), phosphate buffered saline (PBS), trypsin-EDTA, penicillin-streptomycin, TRIzol® reagent, high-capacity cDNA reverse transcription kit, PowerUp™ SYBR™ green master mix, and DEPC-treated water, were purchased from Thermo Fisher Scientific Co. (Waltham, MA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium Bromide (MTT) was obtained from MilliporeSigma (Burlington, MA) and dissolved in PBS to make a 5 mg/ml stock solution, which was filter-sterilized and stored at -20°C in aliquots. Recombinant human TNF-α was acquired from PeproTech Inc. (Rocky Hill, NJ) and reconstituted in sterile double distilled water containing 0.1% bovine serum albumin (BSA) from Cell Signaling Technology Inc. (Danvers, MA) to make a 100 ng/μL stock solution, which was stored at -20°C in aliquots.




4.3 Cells line and cell culture


The Caco-2 CRC cell line was acquired from the American Type Culture Collection (ATCC) located in Manassas, VA. The cells were cultured in DMEM supplemented with 10% FBS, or CBD (4µM, 6µM, 8µM with DMSO<0.01%) at 37 °C in a humidified incubator
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containing 5% CO2. Cells were sub-cultured once they reached 80% confluency, and the


culture medium was renewed every 72 hours.






4.4 Cell Viability Assays


Caco-2 cells were seeded at a density of 2×104 cells per well in 96-well plates and incubated for 48 hours until they reached 80% confluency. Then, the cells were starved in DMEM supplemented with 0.5% FBS overnight. After starvation, the cells were treated with either DMEM supplemented with 0.5% FBS and CBD (4µM, 8µM, 12µM, 16µM, 20µM, 24µM with DMSO<0.01%). Blanks were incubated with culture medium without seeding cells. Cell viability was measured by incubating with MTT (0.5 mg/mL) for 1 hour, and formazan crystals were dissolved in DMSO. The absorbance was measured using a SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA) at 570 nm wavelength. The average value obtained from blanks was subtracted from average values obtained from treatment and control groups. Cell viability was expressed as a percentage compared to control. All experiments were performed in sextuplicate.
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4.5 Quantitative Real Time PCR Analyses


RNA extraction and cDNA preparation: Caco-2 cells were seeded in 6-well plates with 6×105 cells per well and incubated for 48 hours. At 80% confluency, cells were starved in DMEM containing 0.5% FBS overnight before being treated with DMEM containing 0.5% FBS and CBD (4 µM with DMSO<0.01% or 6 µM with DMSO<0.01%) for 24 hours. Total RNA was extracted from cells using TRIzol reagent (Invitrogen™) and cDNA was synthesized using a high-capacity cDNA reverse transcription kit (Applied Biosystems™).



Gene expression analysis: The ViiA™ 7 Real-Time PCR System (Applied Biosystems®) was used to measure the expression of target genes. Relative gene expression levels were calculated using the ΔΔCt method with GAPDH as the reference gene. Statistical analyses were based on ΔCt, which is defined as Ct (target gene) – Ct (ref. gene), and ΔΔCt, which is defined as ΔCt (treatment) – ΔCt (control). DNA primers for target genes (IL6, IL10, IFNγ, TNF, TGF, C-MYC, AXIN2, and GAPDH) were obtained from PrimerBank (https://pga.mgh.harvard.edu/primerbank/) and ordered from Thermo Fisher Scientific (Invitrogen™ Custom DNA Oligos). A list of the primers used can be found in Table 2 in the Appendix.
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4.6 Western Blot


Western blotting analysis was used to examine the expression of proteins. Caco-2 cells were treated with CBD at either 4 µM with DMSO < 0.01% or 6 µM with DMSO < 0.01% to investigate the levels of inducible phospho-Akt, β-catenin, and other proteins. To prepare cell lysates, cells were washed with ice-cold PBS and then scraped off the dish using a cold plastic cell scraper. The cells were then transferred into a pre-cooled microcentrifuge tube containing ice-cold lysis buffer and kept at 4°C for 30 minutes with constant agitation. After centrifugation, the supernatant was collected and placed in a fresh tube on ice while the pellet was discarded. A small volume of lysate was used to determine the protein concentration using a protein quantification assay. The appropriate amount of protein was then loaded, and an equal volume of 2X Laemmli sample buffer were added. The samples were reduced and denatured by boiling each cell lysate in sample buffer at 100°C for 5 minutes. After loading and running the gel, transferring the protein from the gel to the membrane, the membranes were blocked with 5% non-fat dry milk in TBST buffer for 1 hour. They were then incubated overnight with primary antibodies targeting the proteins of interest. After washing with TBST, the membranes were incubated with secondary antibodies conjugated to HRP for 1 hour. Finally, the bands were visualized using chemiluminescence and quantified using ImageJ software.
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4.7 Statistical Analysis


Statistical analyses were conducted using both Excel. Unpaired t-tests were used to evaluate statistical significance. A p-value less than 0.05 was deemed statistically significant.
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CHAPTER 5




RESULTS



5.1 Cell Viability Assay of CBD Treatment in Caco-2 Cells


To determine the optimal concentration of CBD, we exposed Caco-2 cells to different concentrations of CBD (0-24µM). After 24 hours of treatment, we assessed cell viability using the MTT assay. Our results demonstrated that higher concentrations of CBD resulted in decreased cell viability, as depicted in the figure 3. Specifically, CBD showed a moderate cytotoxic effect on Caco-2 cells at concentrations between 4 and 6 μM. Consequently, we selected 4 μM and 6 μM concentrations of CBD for subsequent experiments.
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Figure 3. Cannabidiol9CBD) reduce cell viability of Caco-2 cells. Growth inhibitory effects of CBD against Caco-2 cells after 24h treatment. Cell viability is measured by MTT assay and is expressed as the percentage viability relative to the untreated control group. All experiments were performed in six replicates and data are presented as mean ± SEM.




5.2 CBD Alters the Inflammatory Mediators Profile of Caco-2 Cells






To investigate the effect of CBD on inflammatory cytokines in Caco-2 cells, we examined


the gene expression levels of several inflammatory mediators (IL10, CSF1, IFNG, TP53,


IL-1β, and MAPK8) using real-time PCR (Applied Biosystems®). We then conducted


unpaired t-tests to compare the differences between the control group and the CBD


treatment group.
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The results from the CBD treatment heatmap showed a significant increase in the expression levels of IL10, CSF1, IFNG, TP53, and MAPK8 in the CBD treatment group compared to the control group (Figure 4A). In particular, CSF1 was significantly increased after CBD treatment at both 4µM and 6µM concentrations (Figure 4B, p-value were 0.04 and 0.00005). The expression of IL10, IFNG, TP53, and MAPK8 also showed a significant increasing trend at the concentration of 6µM compared to the control group (Figure 4B, p-values were 0.002, 0.000006, 0.005, and 0.0001, respectively). On the other hand, the expression of IL-1β showed a decreasing trend at both concentrations of CBD compared to the control group (Figure 4B, p-values were 0.00003 and 0.47, respectively).



Our study reveals a complex immune regulatory landscape within the colorectal cancer (CRC) microenvironment that may influence disease progression and patient outcomes. Notably, we observed increased expression of IL10, CSF1, IFNG, TP53, and MAPK8, and a decrease in IL1β. The upregulated IL10 and CSF1 may potentially promote tumor growth and progression via immune evasion and the activation of tumor-associated macrophages, respectively. Increased IFNG, on the other hand, suggests a potential protective role through innate and adaptive immunity and Wnt signaling pathway inhibition.
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The decreased expression of IL1β could contribute to an overall immunosuppressive environment. The upregulated TP53 and MAPK8 point to their potential roles in modulating the immune response within the CRC microenvironment. These changes highlight potential therapeutic targets for future research in CRC management.
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Figure 4. Heatmap(A) and relative gene expression level(B) of targeted inflammatory mediators in Caco-2 cells with 24h CBD treatment. The relative expression of the genes was determined using the △△Ct method, and statistical analysis was conducted based on the △Ct values. To identify differences between the control and treatment groups, an unpaired t-test was used. All experiments were performed in three replicates, and the data are present mean ± SEM.



5.3 CBD increase the expression of Serotonin receptors




In our study, we analyzed the expression of several serotonin receptors (TPH, SLC6A4,


HTR2A, HTR1D, HTR2C, and HTR4) using real-time PCR (Applied Biosystems®). We


conducted unpaired t-tests to compare the differences between the control group and the


CBD treatment group.





The heatmap of CBD treatment showed that the expression of TPH, SLC6A4, HTR2A,


HTR1D, HTR2C and HTR4 were increased after treated with CBD (Figure 5A). TPH and


HTR2C was significantly increased in both treatment groups compared to the control


group (Figure 5B, p-value were 0.002 and 0.0001, 0.02 and 0.03). HTR2A, HTR1D, and


SCL5A4 were also significantly increased at the concentration of 6µM (Figure 5B, p-value


were 0.0006, 0.03, and 0.01, respectively).
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Tryptophan hydroxylase (TPH) is an enzyme that related to synthesis of serotonin. The expression of TPH was significantly increased after treated with CBD, suggesting that CBD has the potential to modulate the synthesis of serotonin. Additionally, CBD has been found to increase the expression of serotonin receptors, further indicating its potential role in modulating the serotonin system.



Our study suggests that cannabidiol (CBD) may play a multifaceted role in inhibiting colorectal cancer (CRC) progression through the regulation of serotonin biosynthesis and the Wnt signaling pathway. We observed an increase in the expression of Tryptophan hydroxylase (TPH), a rate-limiting enzyme in serotonin biosynthesis, and serotonin receptors such as HTR2A, HTR1D, HTR2C, and HTR4, indicating an increase in serotonin synthesis which may modulate downstream signaling pathways involved in cell proliferation and apoptosis. The expression of SLC5A4, a serotonin transporter, may also influence these processes by regulating serotonin availability. Furthermore, we found changes in the MAPK/ERK and PI3K/AKT pathways, potentially implicating serotonin receptors in inducing CRC cell apoptosis.
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Figure 5. Heatmap(A) and relative gene expression level(B) of targeted serotonin receptors in Caco-2 cells with 24h CBD treatment. The relative expression of the genes was determined using the △△Ct method, and statistical analysis was conducted based on the △Ct values. To identify differences between the control and treatment groups, an unpaired t-test was used. All experiments were performed in three replicates, and the data are present mean ± SEM.



5.4 Effect of CBD on the Expression of Wnt Targeted Genes and Other Signaling Pathways in Caco-2 Cells





We investigated the effect of CBD treatment on the expression of Wnt signaling response in Caco-2 cells. We measured the expression levels of Wnt targeted genes APC2, CCND1, CTNNB1, AKT1, WISP1, FZD7, GSK3β and AXIN2, as well as the expression of Wnt signaling inhibitor gene SFRP2, using real-time PCR analyses (Applied Biosystems®). The differences between the control group and the treatment group were compared using unpaired t-tests.



The heatmap of CBD treatment indicated that the expression of several Wnt targeted genes was suppressed, including APC2, CTNNB1, AKT1, AXIN2, and FZD7 (Figure 7A). The expression of GSK3β was significantly increased at the concentration of 6µM (Figure 7B, p-value of 0.02). The expression of APC2 was significantly suppressed at both concentrations of CBD (Figure 7B, p-values were 0.002 and 0.000003). The expression
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of CTNNB1, AKT1, AXIN2, and FZD7 was also significantly suppressed after CBD treatment (Figure 7B, p-values were 0.003 and 0.01, 0.03 and 0.007, 0.04 and 0.36, 0.063 and 0.00002). Additionally, the expression of Wnt inhibitor gene SFRP2 was significantly promoted after CBD treatment (Figure 7B, p-value was 0.045). The expression of Wnt signaling downstream gene WISP1 was significantly increased at the concentration of 6µM (Figure 7B, p-value was 0.01).



This research indicates that cannabidiol (CBD) may play a crucial role in inhibiting the Wnt signaling pathway, which is essential for the proliferation and metastasis of colorectal cancer (CRC) cells. We observed that CBD treatment led to increased expression of SFRP2, a known inhibitor of the Wnt pathway, and decreased expression of key Wnt pathway components such as CTNNB1 (encoding β-catenin), AKT1, and FZD7. These alterations suggest potential suppression of Wnt signaling, possibly contributing to reduced cell proliferation and tumor growth in CRC. Additionally, we found elevated levels of WISP1, a complex modulator of Wnt signaling, and decreased expression of APC2 and AXIN2, which are typically involved in the degradation of β-catenin. These changes may lead to β-catenin accumulation, a common feature in CRC. Our findings underscore
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CBD's potential therapeutic value in CRC, warranting further investigation into its role in


modulating Wnt signaling and other relevant pathways.
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Figure 6, Heatmap(A) and relative gene expression level(B) of genes related to Wnt signaling pathway in Caco-2 cells with 24h CBD treatment. The expressions of protein related to different signaling pathways(C). The relative expression of the genes was determined using the △△Ct method, and statistical analysis was conducted based on the △Ct values. To identify differences between the control and treatment groups, an unpaired t-test was used. All experiments were performed in three replicates, and the data are present mean ± SEM.
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CHAPTER 6




DISCUSSION




Colorectal cancer is a major cause of cancer-related deaths globally. Early detection of CRC can significantly increase the five-year survival rate, making prevention essential. Promoting effective prevention methods and regular screening tests are crucial in reducing the incidence and mortality rates of CRC. As a result, an effective way of prevention of CRC is of great importance.



CBD, a non-psychoactive cannabis extract, has been studied for its potential therapeutic benefits, including CRC. One area of interest is its influence on serotonin, a neurotransmitter that regulates physiological functions. Studies have shown that CBD can exert anti-cancer effects through multiple mechanisms, such as modulating the immune response, inhibiting cell proliferation, and inducing apoptosis in cancer cells. CBD has also been found to target key signaling pathways implicated in CRC, such as the Wnt signaling pathway. By affecting these processes, CBD may contribute to the suppression
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of tumor growth and progression, offering a promising avenue for CRC treatment and management.



The discussion that follows will delve into the multifaceted effects of CBD on CRC, with a focus on how it modulates the immune response, serotonin system and Wnt signaling pathway in the context of CRC. By dissecting these interactions, we aim to shed light on the potential mechanisms underlying CBD's therapeutic effects and its implications for CRC treatment and management.



Previous studies have found that cannabinoids have potential in preventing the syndrome of cancer cachexia by regulating immune cytokines. They discovered that cannabinoids could alter the expression of six cytokines, which could potentially serve as a biomarker to monitor the therapeutic effects of cannabinoids in cachexia associated with CRC (Ng et al. 2023). In our study, we monitored the changes in immune cytokines after treatment with cannabidiol. Our results revealed increased expression of IL10, CSF1, IFNG, TP53, and an enzyme, MAPK8, while IL1β expression was found to be decreased in CRC (Figure 4B). These findings suggest complex immune regulation within the CRC microenvironment that can influence disease progression and patient outcomes.
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In this investigation, IL10, an anti-inflammatory cytokine, was found to increase. IL10 plays a role in suppressing immune responses and has been associated with reduced anti-tumor immunity in several cancers, including CRC. The increased expression of IL10 observed in our study may contribute to immune evasion by cancer cells, thereby promoting tumor growth and progression.



CSF1, a growth factor involved in macrophage differentiation, has been implicated in the recruitment and polarization of tumor-associated macrophages (TAMs). TAMs often display pro-tumorigenic functions, supporting tumor growth, angiogenesis, and immune suppression. The upregulation of CSF1 in CRC suggests a potential role for TAMs in disease progression.



Interferon gamma (IFNG), or IFN-γ, is predominantly generated by activated T cells and natural killer cells. Interestingly, lower levels of IFNG have been significantly associated with stage 4 CRC(Ganapathi et al. 2014). Our study identified an upregulation in IFNG expression. An elevated level of IFNG can contribute to the mediation of both innate and adaptive immunity, which are crucial for the body's defense against disease. Furthermore,
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IFNG has the potential to downregulate the Wnt signaling pathway, which is often implicated in tumor growth and progression(Wang et al. 2015). Conversely, our study found decreased expression of the pro-inflammatory cytokine IL1β in CRC. This reduction may contribute to an overall immunosuppressive TME, facilitating tumor growth and progression.



TP53, a well-known tumor suppressor, has also been implicated in immune regulation. Its upregulation in our study could indicate a potential role in modulating the immune response to CRC, although the exact mechanisms remain to be determined.



MAPK8, a kinase involved in various cellular processes, including inflammation and immune responses, was found to be upregulated in CRC. This increase could contribute to immune regulation within the CRC microenvironment, although further research is required to understand its specific implications.



These findings highlight the intricate immune regulation within the CRC microenvironment, which can influence disease progression and patient outcomes. The expression of key immune mediators, including IL10, CSF1, IFNG, TP53, MAPK8, and IL1β, may serve as
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potential therapeutic targets for modulating the immune response in CRC. Further research is needed to understand the specific roles of these mediators in CRC and their potential for therapeutic intervention.



Tryptophan hydroxylase (TPH) is a rate-limiting enzyme in serotonin biosynthesis. Changes in TPH expression can lead to altered serotonin levels, which may influence the activity of serotonin receptors and downstream signaling pathways involved in cell proliferation and apoptosis. In our study, we observed an increasing trend in the expression of TPH as shown in Figure 5B, indicating an increase in serotonin synthesis. Serotonin is a neurotransmitter that affects emotion, behavior, and cognition, and its effects on cancer pathogenesis have been studied extensively. In the context of colorectal cancer (CRC), serotonin plays a dual role. While it may protect against the early stages of CRC, it can also support its progression to more advanced stages. (Kannen et al. 2020). The upregulation of TPH, as observed in our study, suggests an increase in serotonin synthesis, which may modulate the activity of various serotonin receptors such as HTR2A, HTR1D, HTR2C, and HTR4, thereby influencing their downstream signaling pathways. By influencing the activity of serotonin receptors, the increase in serotonin synthesis may




58

[bookmark: page69]
contribute to the inhibition of CRC progression, ultimately resulting in the suppression of tumor growth and metastasis.



SLC5A4 is a serotonin transporter that is responsible for the reuptake of serotonin from the extracellular space, thus regulating its availability. Altered expression of SLC5A4 may influence serotonin levels and the subsequent activation of serotonin receptors, potentially affecting the signaling pathways involved in cell proliferation, migration, and survival in CRC cells.



Serotonin receptors, such as HTR2A, HTR1D, HTR2C, and HTR4, can modulate intracellular signaling pathways that regulate cell proliferation, differentiation, and survival. In our study, the expression of HTR2A, HTR1D, HTR2C, and HTR4 showed an increase trend after CBD treatment, as shown in Figure 5B. The upregulation of these receptors by CBD may lead to changes in the activation of downstream signaling pathways, such as the MAPK/ERK and PI3K/AKT pathways, which could result in reduced cell proliferation and enhanced apoptosis in CRC cells. As illustrated in Figure 4B, MAPK8 expression is increasing, while AKT1 expression is decreasing, as depicted in Figure 6B.
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These observations may indicate that serotonin receptors can induce CRC cell apoptosis through the modulation of MAPK/ERK and PI3K/AKT pathways.



The Wnt signaling pathway plays a crucial role in the proliferation and metastasis of cancer cells, including colorectal cancer (CRC). It regulates CRC metastasis through epithelial-mesenchymal transition (EMT), a biological process that enhances the migratory capacity of cells. Recent studies have shown that cannabidiol (CBD) can inhibit EMT and suppress the activation of the Wnt signaling pathway in various CRC cell models, such as HCT116, SW620, and DLD-1(Feng et al. 2022). Our research, which focuses on Caco-2 cells, supports these findings, demonstrating that the Wnt signaling pathway is indeed inhibited.



Wnt signaling is a critical pathway involved in the development and homeostasis of numerous human tissues, including the colon. Dysregulation of the Wnt signaling pathway has been implicated in the pathogenesis of various cancers, particularly CRC.



In normal colon tissue, the Wnt signaling pathway is tightly regulated to ensure proper cell growth and differentiation. The pathway is activated when Wnt ligands bind to Frizzled
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receptors and co-receptors, such as LRP5/6, on the cell surface. This binding leads to the stabilization and nuclear translocation of β-catenin, a key component of the Wnt pathway. In the nucleus, β-catenin interacts with transcription factors, such as TCF/LEF, to activate the expression of Wnt target genes, which are involved in cell proliferation, differentiation, and survival. Our research indicates that CBD has the potential to modulate the Wnt signaling pathway, contributing to the suppression of CRC progression.



In colorectal cancer (CRC), the Wnt signaling pathway is frequently dysregulated due to mutations in key components, such as the APC (adenomatous polyposis coli) gene, which normally acts as a negative regulator of β-catenin levels(Novellasdemunt, Antas, and Li 2015). Mutations in APC result in the accumulation of β-catenin in the cytoplasm and nucleus, leading to the activation of Wnt target genes and uncontrolled cell growth. Our study found that the expression of APC2 is significantly suppressed, which could lead to the accumulation of β-catenin. The accumulation of β-catenin can also be caused by AXIN2, which serves as a crucial negative regulator of the Wnt signaling pathway by promoting the degradation of β-catenin. As indicated in Figure 6B, the gene expression of AXIN2 is decreased, which is indicative of the accumulation of β-catenin.
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In addition to APC mutations, alterations in other components of the Wnt pathway, such as Wnt target genes CTNNB1, AKT1, FZD7 and WISP1, can also contribute to the dysregulation of the Wnt signaling pathway in CRC. CTNNB1 encodes the β-catenin protein, a central component of the Wnt signaling pathway. In our study, we observed a decrease in CTNNB1 expression (Figure 6B). This reduction in CTNNB1 expression may inhibit Wnt signaling by lowering the levels of β-catenin available for nuclear translocation and transcriptional activation, which can result in decreased cell proliferation, migration, and invasion in CRC. Several studies have demonstrated the potential of targeting CTNNB1 through RNA interference or small molecule inhibitors to suppress tumor growth and induce apoptosis in CRC cell lines and animal models.



AKT1, a serine/threonine kinase, plays a pivotal role in regulating cell survival, proliferation, and metabolism. AKT1 can directly phosphorylate and inactivate glycogen synthase kinase 3 beta (GSK-3β), a crucial kinase responsible for the phosphorylation and degradation of β-catenin. Consequently, AKT1 activation leads to the stabilization of β-catenin and promotes Wnt signaling. In our study, we observed a significant decrease in AKT1 expression following CBD treatment, as shown in Figure 6B. This finding suggests that AKT1 inhibition could be one of the mechanisms through which CBD
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suppresses the Wnt signaling pathway in CRC. Decreased expression or activity of AKT1 can inhibit Wnt signaling by allowing GSK-3β to phosphorylate and target β-catenin for degradation(Novellasdemunt et al. 2015). As depicted in Figure 6C, p-GSK-3β accumulated in Caco-2 cells treated with CBD. Inhibition of AKT1 has previously been shown to reduce cell proliferation, migration, and invasion, and to promote apoptosis in CRC cell lines and animal models. Targeting AKT1 with small molecule inhibitors or RNA interference strategies has shown p romise in preclinical studies and early-phase clinical trials for CRC.



FZD7 is known to be involved in both the canonical Wnt/β-catenin signaling pathway and non-canonical Wnt pathways. In the canonical pathway, binding of Wnt ligands to FZD7 and its co-receptor, low-density lipoprotein receptor-related protein 5/6 (LRP5/6), results in the inhibition of β-catenin degradation, thereby promoting Wnt signaling(Larasati et al. 2022). Overexpression of FZD7 has been reported in various cancers, including CRC, and is associated with tumor progression, metastasis, and poor prognosis. After treatment with CBD, the expression of FZD7 showed a decreasing trend, as depicted in Figure 6B. A reduction in FZD7 expression may inhibit Wnt signaling by decreasing the availability of Wnt receptors on the cell surface, leading to diminished activation of downstream
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signaling components, such as Dishevelled (Dvl) proteins and β-catenin. Consequently, reduced FZD7 expression may suppress tumor growth, cell proliferation, migration, and invasion, and promote apoptosis in CRC.



We also observed an increase in WISP1 (WNT1 Inducible Signaling Pathway Protein 1) expression in Caco-2 cells after treatment with CBD (Figure 6B). WISP1, a member of the CCN family of matricellular proteins, is known to play a role in the modulation of the Wnt signaling pathway. The relationship between WISP1 and the Wnt signaling pathway is complex, with WISP1 being involved in both canonical and non-canonical Wnt signaling mechanisms. WISP1 can interact directly with cell surface receptors like integrins and heparan sulfate proteoglycans, activating intracellular signaling cascades, including the Wnt pathway. A reduction in WISP1 expression could limit these interactions, thereby dampening the activation of Wnt signaling. Additionally, WISP1 has been reported to interact with Wnt ligands, influencing their activity. Lower levels of WISP1 may reduce its capacity to modulate Wnt ligands, resulting in altered Wnt signaling. The observed increase in WISP1 expression after CBD treatment in our study suggests a potential link between WISP1 and the effects of CBD on CRC cells. Understanding the precise
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relationship between WISP1 and the Wnt signaling pathway, particularly in the context of CBD treatment, requires further investigation.



In our study, we observed an increase in SFRP2 expression in Caco-2 cells following treatment with CBD for 24 hours. SFRP2 (Secreted Frizzled-Related Protein 2) is a secreted protein belonging to the SFRP family, which plays a role in modulating the Wnt signaling pathway. The primary mechanism of SFRP2 involves its ability to bind directly to Wnt ligands, preventing them from interacting with their cell surface receptors, such as Frizzled (FZD) and low-density lipoprotein receptor-related proteins 5/6 (LRP5/6). By sequestering Wnt ligands, SFRP2 effectively inhibits Wnt signaling, leading to a reduction in β-catenin-dependent transcriptional activity.



The observed increase in SFRP2 levels suggests that CBD may potentially induce cell apoptosis in CRC cells by inhibiting the Wnt signaling pathway. The upregulation of SFRP2, a negative regulator of Wnt signaling, could contribute to the suppression of cell proliferation and tumor growth, ultimately promoting apoptosis in CRC cells. These findings indicate that CBD may have therapeutic potential in the treatment of CRC by modulating the Wnt signaling pathway through the upregulation of SFRP2.
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Interestingly, CBD can not only affect CRC by changing the expression of serotonin receptor directly, it can also influence CRC by changing immune system that induced by serotonin. The crosstalk between serotonin and immune system is an interesting topic. Serotonin has a significant impact on various immune system. Serotonin signaling can activate and stimulate T cell proliferation, support B cell development, enhance natural killer cell cytotoxicity, and promote macrophage polarization towards the M2 phenotype while inhibiting M1 polarization. Studies suggest that blood serotonin levels correlate with the body's inflammatory state and the Th1/Th2 balance. Serotonin also modulates cytokine secretion, and T cells have a functional serotonergic system. Patients with major depressive disorder have high levels of pro-inflammatory cytokines and low levels of anti-inflammatory cytokines, which can be reversed by treatment with SSRIs, indicating the role of serotonin in cytokine secretion modulation(Wu et al. 2019).



Additionally, serotonin has been shown to be related to the Wnt signaling pathway. Studies have shown that serotonin can modulate the activity of the Wnt signaling pathway by influencing the expression and function of various components of the pathway. For example, serotonin has been shown to upregulate the expression of β-catenin, a key
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component of the Wnt pathway, in certain cell types. Additionally, serotonin has been shown to modulate the activity of other components of the pathway, such as the Wnt receptors FZD and LRP, and downstream signaling molecules.

In conclusion, our study has provided compelling evidence highlighting the potential role of cannabidiol (CBD) in modulating key signaling pathways implicated in colorectal cancer (CRC) progression. Our data demonstrated that CBD treatment could inhibit the Wnt signaling pathway, a crucial driver of CRC metastasis, by modulating the expression of key pathway components such as APC2, AXIN2, and CTNNB1. Additionally, our results indicated that CBD could influence serotonin signaling by altering the expression of Tryptophan hydroxylase (TPH) and serotonin receptors such as HTR2A, HTR1D, HTR2C, and HTR4, thereby potentially inhibiting CRC progression.



Moreover, we observed that CBD treatment could induce changes in the expression of immune-related genes, including IL6, TNF, COX2, CCL2, NFKB1, NFKB2, and PTGS2, suggesting that CBD may also modulate inflammation, an important factor in CRC progression. Importantly, our results showed that CBD could increase the expression of
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SFRP2, a known negative regulator of the Wnt signaling pathway, further supporting the potential of CBD as a therapeutic agent in CRC.



Our findings provide a new understanding of the molecular mechanisms underlying the anti-cancer effects of CBD in CRC, particularly its influence on the Wnt and serotonin signaling pathways, as well as its impact on inflammation. This study broadens the existing knowledge base and opens new avenues for the potential use of CBD as a therapeutic agent in CRC. However, further in-depth studies are needed to fully elucidate the precise mechanisms of CBD action in CRC and to validate these findings in preclinical and clinical settings.
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APPENDIX A




TABLE OF PERFORMED ASSAYS AND EXPERIMENTAL DESIGN
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	Experiment
	Cell line
	Design
	
	
	
	Dosage
	Time
	

	
	
	
	
	
	
	
	
	
	

	
	
	Control group (non-treatment)
	
	-
	24 hours
	

	MTT Assay
	Caco2
	
	
	
	
	
	
	
	
	

	
	
	Experimental group
	
	
	CBD treatment
	
	
	0~32 μM
	24 hours
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	Real-time
	
	Control group (non-treatment)
	
	-
	
	

	
	Caco2
	
	
	
	
	
	
	
	24 hours
	

	PCR
	
	
	
	
	
	
	
	
	
	

	
	
	Experimental group
	
	
	CBD treatment
	4μM, 6μM,
	
	Value based on MTT
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	8μM
	
	assay
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	Western
	
	Control group (non-treatment)
	
	-
	24 hours
	

	
	Caco2
	
	
	
	
	
	
	
	
	

	blot
	
	
	
	
	
	
	
	
	
	

	
	
	Experimental group
	
	CBD treatment
	4μM, 6μM,
	Value based on MTT
	24 hours
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	8μM
	
	assay
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	




Table 1. Experimental Design
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APPENDIX B




TABLE OF PRIMERS USED FOR REAL-TIME PCR ANALYSIS
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	Pathway
	Genes
	Forward Primer
	Reverse Primer
	

	
	
	
	
	

	Cancer-related
	IL10
	GACTTTAAGGGTTACCTGGGTTG
	TCACATGCGCCTTGATGTCTG
	

	inflammation
	
	
	
	

	
	IL1β
	ATGATGGCTTATTACAGTGGCAA
	GTCGGAGATTCGTAGCTGGA
	

	
	
	
	
	

	
	IFNG
	TCGGTAACTGACTTGAATGTCCA
	TCGCTTCCCTGTTTTAGCTGC
	

	
	
	
	
	

	
	TNF
	CCTCTCTCTAATCAGCCCTCTG
	GAGGACCTGGGAGTAGATGAG
	

	
	
	
	
	

	
	CSF1
	TGGCGAGCAGGAGTATCAC
	AGGTCTCCATCTGACTGTCAAT
	

	
	
	
	
	

	
	TP53
	CAGC ACAT GACG GAGG TTGT
	TCAT CCAA ATAC TCCA CACG C
	

	
	
	
	
	

	
	MAPK8
	TGTG TGGA ATCA AGCA CCTT C
	AGGC CTCA TCAT AAAA CTCG TTC
	

	
	
	
	
	

	
	COX2
	CTGG CGCT CAGC CATA CAC
	CGCA CTTA TACT GGTC AAAT CCC
	

	
	
	
	
	

	Wnt-signaling
	AXIN2
	CAACACCAGGCGGAACGAA
	GCCCAATAAGGAGTGTAAGGACT
	

	pathway
	
	
	
	

	
	AKT1
	AGCG ACGT GGCT ATTG TGAA G
	GCCA TCAT TCTT GAGG AGCA AGT
	

	
	
	
	
	

	
	CTNNB1
	AAAG CGGC TGTT AGTC ACTG G
	CGAG TCAT TGCA TACT GTCC AT
	

	
	
	
	
	

	
	WISP1
	TGCT GTAA GATG TGCG CTGA G
	ACAC TCCT ATTG CGTA CCTG G
	

	
	
	
	
	

	
	SFRP2
	ACGG CATC GAAT ACCA GAAC A
	CTCG TCTA GGTC ATCG AGGC A
	

	
	
	
	
	

	Serotonin
	GSK3β
	GGCA GCAT GAAA GTTA GCAG A
	GGCG ACCA GTTC TCCT GAAT C
	

	receptors and
	
	
	
	

	
	TPH
	ACGTCGAAAGTATTTTGCGGA
	ACGGTTCCCCAGGTCTTAATC
	

	enzyme
	
	
	
	

	
	HTR2A
	CTTTGTGCAGTCTGGATTTACCT
	ACTGATATGGTCCAAACAGCAAT
	

	
	
	
	
	

	
	HTR2C
	CTAATTGGCCTATTGGTTTGGCA
	CCACCATCGGAGGTATTGAAAA
	

	
	
	
	
	

	
	SLC6A4
	ATGGAGACGACGCCCTTGA
	CTGTAGAACTCCGTTTTCCTGAC
	

	
	
	
	
	

	
	HTR4
	CTCACGTTTCTCTCGACGGTT
	AGCAGATCCGCAAAAGCAAGA
	

	
	
	
	
	

	
	HTR1D
	CTCCAACAGATCCCTGAATGC
	CCTGGTGAGTAAGATGGTGGT
	

	
	
	
	
	

	
	GAPDH
	GGAGCGAGATCCCTCCAAAAT
	GGCTGTTGTCATACTTCTCATGG
	

	
	
	
	
	




Table 2. Primers of targeted genes and GAPDH
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