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LAY ABSTRACT 

 

Epidemiological and experimental studies suggest a potential link between 

inflammatory bowel disease (IBD) and diet. The Western diet, often characterized by a 

high intake of processed foods, is associated with the growing incidence of IBD. Allura 

Red AC (AR) is a popular artificial food dye found in highly common processed foods, 

yet little is known about its impact on human health and disease. Serotonin, a key 

molecule in the gut, has been implicated in large bowel inflammation. Herein, the 

potential role of AR in the development of colitis was examined. Across multiple 

models, AR exposure heightened vulnerability to colitis in mice, an effect attenuated by 

reduced serotonin production in the gut. The effect of AR in enhancing colitis 

vulnerability occurred via gut microbiota-dependent and -independent pathways. These 

studies have identified how AR promotes colitis, findings that may advance public 

health awareness and impact the health of patients with IBD. 
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ABSTRACT 

 

Environmental factors such as diet contribute to the pathogenesis of inflammatory 

bowel disease (IBD). Epidemiological evidence suggests a robust linkage between IBD 

and the Western diet, which is often characterized by a high intake of food additives. 

These additives, including synthetic colourants, are widely used, leading to significant 

human exposure. Allura Red AC (AR) is one of the most popular synthetic colourants, 

yet little is known about its impact on human health and the role of AR in the 

pathogenesis of colitis remains elusive. Serotonin (5-hydroxytryptamine; 5-HT), which 

regulates various gut physiological processes, has been shown to modulate the gut 

microbiota and enhance susceptibility to colitis. In this thesis, it was discovered that 

chronic exposure to AR, at a dose found in commonly consumed dietary products, 

exacerbated dextran sulfate sodium (DSS)-induced colitis and triggered early onset of 

disease in the CD4+CD45RBhigh T cell-induced colitis model. AR also induced low-

grade colonic inflammation in naïve C57BL/6 mice. Exposure to AR was associated 

with increased colonic 5-HT levels and impaired intestinal barrier function via 

activation of the myosin light chain kinase (MLCK) pathway. However, AR did not 

promote colitis in mice lacking tryptophan hydroxylase 1 (Tph1), the rate-limiting 

enzyme responsible for colonic 5-HT synthesis. Further, AR increased colonic 5-HT 

levels in germ-free (GF) mice and perturbed the gut microbiota composition in specific 

pathogen-free (SPF) mice. Transfer of this altered microbiota from the dye-exposed 

SPF mice to GF mice conferred enhanced susceptibility to DSS-induced colitis. 
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Mechanistically, AR induced reactive oxygen species (ROS) generation and promoted 

5-HT secretion via the NF-κB pathway in BON cells. Data in this thesis indicate that 

the widely used synthetic colourant, AR, promotes colitis via colonic 5-HT in 

microbiota-dependent and -independent pathways. Collectively, these findings provide 

important information on enhancing public awareness of its detrimental effects on 

human health. 
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INTRODUCTION  
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1.1 Inflammatory Bowel Disease 

Inflammatory bowel disease (IBD) is a group of chronic inflammatory diseases 

that include Crohn’s disease (CD) and ulcerative colitis (UC). Chronic disruption of 

mucosal homeostasis accompanied by exaggerated immune responses underlies the 

pathophysiology of IBD (Korzenik et al., 2006). Although UC and CD have overlapping 

clinical and pathological features, these clinically defined forms of IBD have several 

distinct hallmarks. The most common hallmark that distinguishes CD from UC is 

discontinuous or skip lesions which can occur in any region throughout the 

gastrointestinal (GI) tract; lesions are typically localized to the ileum and the colon. 

While UC is largely characterized by superficial inflammation limited to the gut mucosa 

and confined to the colon and the rectum, CD is a transmural disease which can involve 

all intestinal layers of the gut. In these conditions, activated immune cells from both 

innate and adaptive immune systems infiltrate the mucosa and contribute to extensive 

ulcerative lesions, which can ultimately lead to abscesses, fistulas and/or subsequent 

fibrosis (Yoo et al., 2020). Disease diagnosis often occurs within the first three decades 

of life; however, recent evidence indicates that IBD can manifest at any age (Kaplan et 

al., 2019). Pediatric IBD accounts for approximately 15% of all cases (Benchimol et al., 

2011; Carroll et al., 2019; Duricova et al., 2014; Vernier–Massouille et al., 2008), 

suggesting that exposure to environmental factors in early childhood may be closely 

linked with the later onset of IBD. 
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1.2 Factors affecting the development of IBD 

IBD is a multifactorial disorder which is thought to result from exaggerated 

mucosal immune responses toward enteric microbes in combination with the influence 

of different environmental factors in a genetically susceptible host (De Souza et al., 

2016). Currently, more than 3 million people around the world live with these 

conditions that accompany, at times, debilitating physical and psychological symptoms, 

often leading to a poor quality of life (Jairath et al., 2020) and decreased life expectancy 

(Peery et al., 2015). With recent advances in modern technology, including next-

generation sequencing and high-throughput -omics data generation, investigations into 

the human genome and the gut microbiome have brought forth unprecedented insights 

regarding the pathogenesis of IBD. Animal models of colitis and human clinical 

samples have also provided substantial understanding in this regard, leading to 

improved therapeutic strategies to control mucosal inflammation.  

 

1.2.1 Genetic factors  

Large-scale genome-wide association studies (GWAS) and subsequent meta-

analyses have helped to unveil the genetic architecture of IBD. To date, more than 200 

confirmed risk loci have been reported (Jostins et al., 2012). However, these risk loci 

are not exclusively associated with IBD; some genes have opposite outcomes in 

different diseases, such as type 1 diabetes and rheumatoid arthritis (Liu et al., 2015). 

For instance, IL23R, the gene encoding the subunit of the receptor for the pro-

inflammatory cytokine interleukin-23 (IL-23), was also identified using IBD-based 
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GWAS, and this gene was found to be strongly associated with CD (Duerr et al., 2006). 

Previous work has, however, demonstrated a requirement for IL-23 in animal models 

of IBD, rheumatoid arthritis, and autoimmune encephalitis (Cua et al., 2003; Murphy et 

al., 2003; Yen et al., 2006). In contrast, several alleles specifically associated with CD 

have been identified. Single-nucleotide polymorphisms in Autophagy related 16 like 1 

(ATG16L1) have been strongly associated with an increased risk of developing CD 

(Hampe et al., 2007). Deficiency of this gene results in a decreased release of 

antimicrobial proteins due to disruption of the secretory functions in Paneth cells, and 

unresolved endoplasmic reticulum (ER) stress that leads to spontaneous apoptosis 

(Adolph et al., 2013; Cadwell et al., 2008). The most well-known gene associated with 

CD, however, is nucleotide-binding oligomerization domain-containing protein 2 

(NOD2) (previously known as caspase recruitment domain-containing protein 15, 

CARD15) (Hugot et al., 2001). NOD2, also known as IBD protein 1 (IBD1), is an 

intracellular pattern recognition receptor which plays an important role in detecting the 

bacterial peptidoglycan product called muramyl dipeptide (MDP) (Kobayashi et al., 

2005). Importantly, the frequency of NOD2/CARD15 mutations in non-Caucasian 

populations including Africans and Pacific Asians is diminished in comparison to 

populations of either European or Jewish ancestry (Bernstein et al., 2006; Dassopoulos 

et al., 2010; Inoue et al., 2002; Leong et al., 2003; Yamazaki et al., 2013). The 

remarkable heterogeneity in the disease susceptibility across diverse ethnicities and 

populations with geographical variation suggests that genetic influences are not the sole 

contributing factor associated with IBD pathogenesis. 
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1.2.2 Gut Microbiota 

Trillions of microorganisms inhabit the GI tract, with the distal ileum and colon 

being the largest reservoir. Of these microorganisms, including bacteria, fungi, and 

viruses, bacteria are, by far, the most characterized and colonize the majority of the 

colon with approximately 1012 bacteria consisting of predominantly obligate anaerobes 

(Rigottier-Gois, 2013; Sekirov et al., 2010). Critical in maintaining intestinal 

homeostasis, the interactions between microbes and their host consist of finely tuned 

mechanisms through interlinked metabolic networks and processes closely monitored 

by the mucosal immune system (Cerf-Bensussan et al., 2010). Recent advances 

catalyzed by a rapid development of modern technology have facilitated the concept 

that the gut microbiome is not just a bystander, but actively carries out essential 

functions, aiding in nutrient metabolism and providing a healthy barrier against 

pathogenic infections (Hooper et al., 2010). It is also becoming increasingly apparent 

that the gut microbiota efficiently tailors the host immune system and limits resources 

available to pathobionts (Kamada et al., 2013).  

Microbial-derived metabolites including short-chain fatty acids (SCFAs) are 

important for mucosal barrier function, which are an important fuel for intestinal 

epithelial cells (IECs) and immune cells, such as naïve CD4+ T cells. For instance, 

butyrate, which is produced through anaerobic bacterial fermentation of dietary fibres, 

exerts anti-inflammatory and barrier protective effects in the colon (Hamer et al., 2008; 

Plöger et al., 2012). It has previously been shown that butyrate enhances the intestinal 

epithelial barrier function by maintaining the integrity of the epithelial tight junction 
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(Kelly et al., 2015). Similarly, butyrate treatment also facilitated the assembly of tight 

junctional proteins and increased MUC2 synthesis, the main component of the intestinal 

mucus layer (Burger-van Paassen et al., 2009; Chen et al., 2018; Fachi et al., 2019; 

Grondin et al., 2020; Peng et al., 2009). Moreover, butyrate induces the differentiation 

of functional colonic CD4+ regulatory T (Treg) cells via T-cell intrinsic epigenetic 

upregulation of the Foxp3 gene, mediating host-microbial crosstalk for maintaining 

immune homeostasis in the colon (Furusawa et al., 2013). However, the beneficial host-

butyrate relationship can be hindered during periods of intestinal inflammation as 

evidenced by several clinical studies. In patients with IBD, which is strongly associated 

with gut microbial dysbiosis, there is a lower abundance of butyrate-producing bacteria 

such as Roseburia hominis and Faecalibacterium prausnitzii (Machiels et al., 2014; 

Wang et al., 2014). Additionally, impairments of butyrate utilization which result from 

the reduction of its uptake through downregulation of the monocarboxylate transporter 

have been observed in the inflamed colonic mucosa of patients with IBD (Chapman et 

al., 1994; De Preter et al., 2012; Thibault et al., 2007). Given that restoration of butyrate, 

alone or as a cocktail of SCFAs, by enema has been shown to ameliorate colonic 

inflammation in patients with IBD (Harig et al., 1989; Scheppach et al., 1992), 

insufficient butyrate levels may be involved in the pathogenesis of IBD. Although 

alterations in the gut microbiota composition, as well as its metabolome, have been 

closely associated with chronic inflammation through studies using animal models of 

colitis, the definitive cause-effect relationship between dysbiosis and IBD has been 

difficult to unravel. 
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1.2.3 Immune activation and intestinal barrier function 

The GI mucus layer, largely composed of the glycoprotein, MUC2, not only 

provides lubrication but also supplies a critical physical barrier, protecting the host from 

the invasion of commensals and pathogens alike (Grondin et al., 2020). This bilayer is 

continuously refreshed with goblet cells providing, among other mucins, the structural 

support of MUC2 (Johansson et al., 2008; Paone et al., 2020). It is important to note 

that disruption of the gut microbiome by a wide range of environmental stimuli is often 

accompanied by a loss of intestinal epithelial integrity, mediated by immune activation 

(Nagalingam et al., 2012). In IBD, histopathological processes are often linked with 

unchecked immune activation. Determined by the specialized tight and adherens 

junctional proteins connecting each polarized epithelial cell, compromised intestinal 

epithelial barrier function and subsequent permeation of luminal microorganisms and 

noxious molecules can lead to these pathological processes.  

Given the importance of the intestinal epithelium as a primary interface between 

the body and the external environment, tumour necrosis factor-alpha (TNF-α) is one of 

the major pro-inflammatory effectors that facilitates diverse cellular processes, such as 

inflammatory mediator production, cell death/survival, and proliferation (Braegger et 

al., 1992; Leppkes et al., 2014). Substantial evidence indicates that Th1-type cytokines, 

such as TNF-α and interferon-gamma (IFN-γ), are associated with disruption of the 

intestinal epithelial barrier function (Fish et al., 1999; Gibson, 2004; Günther et al., 

2013; Neurath, 2014). For instance, IFN-γ treatment on cultured epithelial monolayers 

led to a reduction in the parameters of IEC barrier function, such as transepithelial 
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resistance (TER), and increased fluorescein isothiocyanate (FITC)-dextran flux, which 

were accompanied by an increased expression of TNF-α receptor (TNFR) (Fish et al., 

1999). In this setting, treatment with TNF-α further induced a reduction in TER, and 

increased FITC-dextran flux, suggesting synergistic effects of these cytokines on the 

epithelial permeability (Fish et al., 1999). Consistent with this work, TNF-α treatment, 

only upon priming of the cultured epithelial monolayers with IFN-γ, induced intestinal 

epithelial barrier dysfunction through a mechanism that requires activation of myosin 

light chain kinase (MLCK) (Wang et al., 2005). MLCK plays a central role in the 

pathophysiological regulation of the intestinal epithelial barrier, which is necessary for 

TNF-α induced barrier loss through phosphorylation of myosin II regulatory light chain 

(MLC) (Cunningham et al., 2012; Zolotarevsky et al., 2002). Importantly, intestinal 

epithelial barrier regulation via MLCK activation has been observed in murine models 

of colitis and in inflamed colonic tissues of IBD patients with phosphorylation of MLC 

at Serine (Ser) 19 (Ferrier et al., 2003; Moriez et al., 2005; Scott et al., 2002; Blair et 

al., 2006). 

Patients with IBD often display elevated levels of mucosal and serum IFN-γ 

following microbial infection (Camoglio et al., 1998; Holland et al., 2008; Rafa et al., 

2010; Sasaki et al., 1992). IFN-γ-induced impairment of the epithelial barrier function 

allows increased permeation of gut luminal antigens, including commensal bacteria and 

unprocessed dietary antigens, into the mucosa which subsequently induces pathological 

inflammation (Smyth et al., 2011; Turner, 2009). Furthermore, increased IFN-γ levels 

can affect intestinal epithelial barrier function, greatly diminishing the epithelial 
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resistance by perturbing apical actin organization and reducing expression of the tight 

junction proteins, such as zonula occludens (ZO)-1, and occludin (Madara et al., 1989; 

Youakim et al., 1999).  

Besides professional antigen-presenting cells (APCs), including dendritic cells 

(DCs), monocytes/macrophages, and B lymphocytes, IECs have the capacity to 

function as non-professional APCs. It has previously been shown that IECs 

communicate with CD4+ T cells in maintaining intestinal homeostasis. For instance, 

IECs isolated from IBD patients preferentially stimulated CD4+ T cell proliferation, a 

process associated with significant IFN-γ secretion (Dotan et al., 2007). This effect is 

also present when IECs from healthy controls are co-cultured with normal CD4+ T cells, 

though to a much lesser extent (Dotan et al., 2007). Thus, it can be surmised that factors 

driving activation and differentiation of CD4+ T cells can alter the intricate network 

between immune cells and IECs, which may drive the pathogenesis of intestinal 

inflammation. Furthermore, excessive activation of effector CD4+ T cells or the loss of 

tolerance to gut luminal and microbial antigens can contribute to the development of 

colitis (Zenewicz et al., 2009). CD4+ T cells have been shown to promote cytotoxicity 

by recruiting and activating other immune cells, including macrophages and neutrophils, 

as well as produce cell subset-specific cytokines (e.g., IL-17, IL-23, and IFN-γ). Thus, 

it is not surprising that considerable evidence indicates CD4+ T cells, especially T helper 

(Th) 1 and Th17 subsets, are important in the pathogenesis of colitis in both humans 

and mice (He et al., 2021; Ito et al., 2006; Khor et al., 2011; Neurath et al., 2002; Powrie 

et al., 1993; Takeuchi et al., 2016; Yen et al., 2006).  
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Both Th1- and Th17-type immune responses have been characterized in murine 

models of colitis using dextran sulfate sodium (DSS) and CD4+CD45RBhigh T cells (P. 

P. Ahern et al., 2010; Alex et al., 2009; Ito et al., 2006; Lee et al., 2009; Ostanin et al., 

2006). DSS is one of the most widely used experimental models of colitis, in which 

intestinal inflammation is induced by the administration of DSS via drinking water 

(Kiesler et al., 2015; Morgan et al., 2013). DSS, a sulfated polysaccharide, damages the 

colonic epithelium by directly inducing cell injury and altering mucosal barrier function, 

thereby enabling the entry of commensal bacteria and bacterial components into the 

lamina propria (Kiesler et al., 2015; Wirtz et al., 2007). In this model, inflammation is 

limited to the colon and characterized by erosion/ulcer-type lesions, loss of crypts, and 

infiltration of granulocytes (Cooper et al., 1993; Okayasu et al., 1990). Importantly, 

innate immune cells are sufficient to induce mucosal inflammation in the DSS model; 

inflammation can notably develop in the absence of T cell-mediating adaptive immunity, 

as in severe combined immunodeficient (SCID) and recombination activating gene 1-

deficient (Rag1-/-) mice (Krieglstein et al., 2002). 

In contrast, CD4+CD45RBhigh T cell transfer model of colitis is currently the 

best characterized chronic model that closely resembles the development of human IBD, 

especially CD (Ostanin et al., 2006; Powrie et al., 1993; Sandborn et al., 2002). In this 

model, adoptive transfer of naïve CD4+ T cells (CD4+CD45RBhigh T cells) from donor 

mice into lymphopenic SCID or Rag1-/- recipient mice leads to primarily colonic 

inflammation in 5-10 weeks (Kiesler et al., 2015). Here, colonic inflammation is driven 

by enteric antigens as well as polarization, expansion, and trafficking of naïve CD4+ T 
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cells to the intestine, disrupting the architecture of the epithelium, depleting goblet cell 

numbers and driving increased infiltration of immune cells to the mucosa (Ostanin et 

al., 2006; Powrie, 1995). Notably, expression of IFN-γ by CD4+ T cells is shown to be 

critical for CD4+CD45RBhigh T cell-induced colitis (Ito et al., 2006; Neurath, 2014), and, 

as previously mentioned, IFN-γ is highly upregulated in both CD and UC (Nava et al., 

2010; Singh et al., 2016; Verma et al., 2013). Moreover, genetic mutations associated 

with IFN-γ have been identified as one of the risk loci for IBD (Jostins et al., 2012), and 

antibody-based therapies targeting CD4+ T cell-derived cytokines, including IFN-γ, are 

found to be effective in IBD trials (Hommes et al., 2004; Reinisch et al., 2006).  

It should also be noted that experimental evaluation of intestinal epithelial 

barrier function and immune activation have been further substantiated by the recent 

development of organoids (Altay et al., 2019; Nakamura, 2019; Xu et al., 2018). 

Organoid cultures harbour the unique ability of a self-organizing nature and intestinal 

renewal arising from leucine-rich repeat-containing G-protein-coupled receptor 5 

(Lgr5)-positive stem cells, which mediates crypt-villus structures with all differentiated 

intestinal cell types in vitro (Sato et al., 2009). It has recently been shown that IFN-γ 

increased the epithelial barrier permeability, and reduced ZO-1 and E-cadherin 

expression in intestinal organoids derived from wild-type (WT) mouse and CD patients 

(Bardenbacher et al., 2019; Xu et al., 2021). Likewise, treatment of CD patient-derived 

intestinal organoids with a cytokine cocktail containing TNF-α and IFN-γ increased the 

epithelial paracellular permeability, which was accompanied by increased MLCK 

signaling and decreased E-cadherin (Xu et al., 2021). Thus, when the mucosal barrier 
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is breached, translocation of the gut microbiota and exaggerated immune response can 

drive intestinal inflammation.  

 

1.2.4 Environment  

 Ever since the first case of UC was reported in 1859 (Wilks, 1859), the 

prevalence and incidence of IBD have steadily increased around the world (Kaplan et 

al., 2021), with the global prevalence increasing by 31% from 1990 to 2017 (Piovani et 

al., 2020). Currently, approximately 1% of the Canadian population is suffering from 

IBD, with the disease prevalence estimated to reach 403,000 people by 2030 (Coward 

et al., 2019). Although significant progress has been made to identify IBD susceptibility 

genes through GWAS as well as to understand the immunological mechanisms 

underlying these conditions, approximately one-third of patients with IBD still do not 

respond appropriately to existing therapies, including immunosuppressive agents (e.g., 

azathioprine, corticosteroids, cyclosporine, methotrexate, and 6-mercaptopurine), and 

biologics targeting specific cytokines (e.g., TNF-α and IL-23) or α4β7 integrin due to 

low efficacy, an increased risk of infection, and high medication costs (Baumgart et al., 

2012; Cui et al., 2021; Sandborn et al., 2020; Torres et al., 2017; Villablanca et al., 

2022). The increasing emergence of IBD in Western countries and, particularly, 

countries undergoing rapid Westernization, has renewed the interest in understanding 

the effects of environmental factors. Urbanization of societies, which is associated with 

dietary changes, antibiotic use, hygiene status, microbial exposures, pollutants, and 

toxicants, has been implicated in this epidemiological evolution (Ananthakrishnan et 
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al., 2018; Ho et al., 2019). These environmental factors can evoke intestinal 

inflammation, which not only drives dysbiosis in the gut, but also trigger disruption of 

the intestinal epithelial barrier integrity (Arthur et al., 2012; Ayres et al., 2012; Lewis 

et al., 2015; Lupp et al., 2007; Zeng et al., 2016). Several epidemiological studies have 

also shown that children born to individuals who relocate from regions of low IBD 

prevalence to areas of high disease prevalence acquire greater risk (Benchimol et al., 

2015; Kaplan et al., 2017; Ng et al., 2017), implicating the critical role played by 

environmental factors in IBD pathogenesis. Collectively, these previous findings 

suggest that exposures to environmental factors are strongly linked to the development 

of IBD. 

 

2.1 Peripheral serotonin and the gut 

2.1.1 Brief background of Serotonin 

In the 1930s, with an interest in the smooth muscle constricting and contracting 

properties of various amine substances, Dr. Vittorio Erspamer isolated a substance from 

GI mucosal extracts of vertebrates (Whitaker-Azmitia, 1999). This substance was 

identified as an indolalkylamine secreted by EC cells (Erspamer et al., 1937; Whitaker-

Azmitia, 1999). Building on the discovery of this “enteramine” (Erspamer, 1948; 

Erspamer et al., 1951; Erspamer et al., 1937), Drs. Irvine Page and Maurice Rapport 

discovered an endogenous vasoconstricting factor with an indole nucleus from a 

purified concentration of bovine serum and chemically identified it as "5-

hydroxytryptamine" (5-HT) (Page, 1968; Rapport et al., 1948a, 1948b). 5-HT was later 
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dubbed as "serotonin", a term obtained from its derivative “serum” and its ability to 

modulate tone ("-tonin") within blood vessels (Rapport et al., 1948a). Later, work 

involving the total gastroenterectomy of rats, which resulted in a substantial reduction 

in 5-HT levels and the predominant metabolite, 5-hydroxyindoleacetic acid (5-HIAA) 

in urine, revealed that the gut is the main hub of 5-HT biosynthesis (Bertaccini, 1960). 

This evidence, along with intact 5-HT levels in the brain after total gastroenterectomy 

(Bertaccini, 1960), suggested that neuronal 5-HT biosynthesis is independent of its gut-

derived counterpart. 

 5-HT is an evolutionarily ancient and phylogenetically conserved biogenic 

amine (Whitaker-Azmitia, 2001). It appears as though 5-HT emerged very early in the 

evolutionary process; intriguingly, plants exploit the light-absorbing properties of the 

indole ring structure of tryptophan to generate 5-HT, known as phytoserotonin, via 

photosynthesis (Azmitia, 2020). Further, driven by evolutionary selective pressure, the 

serotonergic system is conserved across different species; 5-HT is found in protozoa 

(e.g., Tetrahymena), metazoa (e.g., Planarian, and Polycelis), arthropods (e.g., 

Homarus, Cherax, and Drosophila), bacteria, and mammals (Johnson et al., 2015; Lent, 

1985; Sun et al., 2020; Turlejski, 1996). Though the neuropsychological and cognitive 

functions of 5-HT (e.g., appetite, social behaviour, mood, pain, and sleep) have garnered 

the most attention in the past, an astonishing number of biological processes mediated 

by 5-HT, including immune modulation, have recently gained interest. 
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2.1.1 Enterochromaffin cells 

The intestinal epithelium serves as an important interface in translating external 

environmental cues to host signaling for the regulation of intestinal physiology. Within 

this epithelium, enteroendocrine cells (EECs), which collectively constitute the largest 

endocrine tissue in the body, represent approximately 1% of the total epithelial cell 

population (Rehfeld, 2004). These cells, interspersed throughout the epithelium, are 

isolated from one another by non-endocrine epithelial cells. EECs are sensory sentinels, 

responding to a plethora of luminal antigens, including dietary nutrients, non-nutrient 

chemicals, irritants, food-borne toxins, and microorganisms (Furness et al., 2013; 

Gunawardene et al., 2011; Zeve et al., 2022). Strategically situated between the luminal 

environment and the enteric neurons in the mucosa, EECs release a wide array of 

biologically active molecules, integrating important messages from the gut lumen and, 

thus, coordinating physiological processes at both local and distant sites (Bellono et al., 

2017; Worthington et al., 2018).  

 Amongst EEC subtypes, enterochromaffin (EC) cells are the most common 

within the GI epithelium, constituting more than 70% of the EEC population in the 

proximal colon (Cristina et al., 1978). EC cells are widely distributed throughout the 

intestine and comprise approximately 0.5% of the total mucosal cells (Lund et al., 2018). 

EC cells are classical open-type flask-shaped EECs, which display a pyramidal-shaped 

morphology sporting an apical cytoplasmic protrusion with microvilli that extend 

towards the gut lumen. The wider base of these cells hosts basal processes that extend 

towards adjacent epithelial cells (Capella et al., 1995; Lund et al., 2018; Sjölund et al., 
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1983).  

EC cells are responsible for synthesizing and secreting about 95% of the body’s 

total 5-HT content; a small fraction of 5-HT is also secreted by I cells in the ileum and 

L cells in the colon (Gershon, 2013; Kendig et al., 2015). Apart from being the major 

producer of the body’s 5-HT, EC cells are chief sentinels that respond to various luminal 

stimuli (e.g., chemical, mechanical, and microbial-derived metabolites) and express a 

repertoire of ion channels and surface receptors, including piezo type mechanosensitive 

ion channel component 2 (PIEZO2) (Alcaino et al., 2018), transient receptor potential 

cation channel subfamily A member 1 (TRPA1) channels (Bellono et al., 2017; Nozawa 

et al., 2009), 5-HT receptors (5-HTRs) (Linan-Rico et al., 2016), toll-like receptors 

(TLRs) (Bogunovic et al., 2007), G protein-coupled bile acid receptor 1 (GPBAR1) 

(Ward et al., 2013), and receptors for recognizing short-chain fatty acids (SCFAs) and 

other gut hormones (Lund et al., 2018). Notably, EC cells in the small intestine are 

devoid of nutrient metabolite sensing receptors (Lund et al., 2018). However, these cells 

are enriched with high levels of glucagon-like peptide 1 (GLP-1) receptor and, thus, are 

capable of sensing nutrient metabolites indirectly through a paracrine mechanism 

involving GLP-1 secreting L cells (Lund et al., 2018). Unlike in the small intestine, EC 

cells in the colon express various G-protein coupled receptors (GPCRs), which act as 

sensors for microbial metabolites allowing direct detection of luminal chemical contents 

(Lund et al., 2018).  
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2.2 Serotonin synthesis, release, and metabolism 

2.2.1 Synthesis 

Dietary ʟ-tryptophan (Trp) is an essential amino acid, which serves as an 

important biosynthetic precursor of numerous compounds, including 5-HT and 

melatonin (Alkhalaf et al., 2015). Readily available in protein-rich foods including meat, 

bananas, cheese, chocolate, oats, fish, eggs, and beans, exogenous sources of Trp, often 

acquired via diet, are crucial to the human body. Approximately 99% of ingested Trp is 

used for the manufacturing of proteins within the body (Peter et al., 1991). The majority 

of free Trp then enters the kynurenine (Kyn) pathway, which accounts for 

approximately 90% of Trp catabolism (Dougherty et al., 2008). Less than 5% of free 

Trp is directly transformed by intestinal microorganisms into various indoles (e.g., 

indole-3-acetic acid [IAA], indole-3-carboxaldehyde [I3A], and indole-3-propionic 

acid [IPA]) which serve as ligands of the aryl hydrocarbon receptor (AhR) (Agus et al., 

2018; Dodd et al., 2017; Gao et al., 2018). Only a minor fraction (~3%) of the Trp pool 

is utilized for peripheral 5-HT synthesis (Hubbard et al., 2015; Richard et al., 2009), 

while the remaining is involved in the synthesis of 5-HT in the brain (Sandyk, 1992). 

EC cells synthesize the majority of the body’s 5-HT from Trp by the rate-

limiting enzyme, tryptophan hydroxylase (TPH) 1, in response to various stimuli in the 

gut lumen; a small fraction of 5-HT is also synthesized by T lymphocytes and mast cells 

(Chen et al., 2015; Kushnir-Sukhov et al., 2007). TPH1 catalyzes the conversion of Trp 

to the immediate precursor of 5-HT, 5-hydroxytryptophan (5-HTP), which is further 

decarboxylated to 5-HT by L-amino acid decarboxylase (L-AADC). Once synthesized, 
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5-HT is packaged into granules and transported by vesicular monoamine transporter 1 

(VMAT1), which is stored near both the apical and basal membrane of the EC cell. 

Secreted 5-HT regulates a wide range of physiological functions, namely motility, 

secretion, and immune modulation (Mawe et al., 2013). An isoform of TPH, TPH2, 

regulates 5-HT production in neuronal sources, including enteric neurons (Walther et 

al., 2003). In contrast with Trp and 5-HTP, 5-HT generated from the peripheral 

serotonergic system does not reach the brain due to its inability to cross the blood-brain 

barrier. 

 

2.2.2 Signaling 

Upon release, 5-HT acts locally by activating as many as 22 different receptors 

and subtypes located on enterocytes, enteric neurons, and immune cells and, therefore, 

mediates several autocrine-paracrine-endocrine functions (Ahern, 2011; Sharkey et al., 

2002). 5-HT receptors in mammals are grouped into seven families based on their 

functional, structural, and signal transduction properties (Hoyer et al., 1994). Apart 

from the 5-HT type 3 receptor (5-HT3R) family, which consists of ligand-gated ion 

channels, all other 5-HTR families consist of GPCRs (Hannon et al., 2008). Upon 

binding to its receptors, 5-HT can initiate either plasma membrane depolarization or G-

protein-mediated modifications to the levels of intracellular messengers. In the intestine, 

5-HT1R, 5-HT2R, 5-HT3R, 5-HT4R, and 5-HT7R are expressed; each family contains 

different subtypes that are simultaneously influenced by 5-HT binding (Layunta et al., 

2021). Apart from the classical receptor-mediated signaling pathway, it has been shown 
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that 5-HT is also capable of covalently incorporating itself into different effector 

proteins, such small guanosine triphosphatases (GTPases) and histones, via 

transamidation by transglutaminases (TGMs), a post-translational modification (PTM) 

known as “serotonylation” (Walther et al., 2003). 

 

2.2.3 Metabolism and termination 

To prevent any toxic effects from persistent extracellular 5-HT that may 

otherwise lead to desensitization of receptors on surrounding cells (Chen et al., 1998; 

Gershon et al., 1962), the bioactivity of 5-HT must be tightly regulated. In this process, 

two important proteins, namely serotonin reuptake transporter (SERT) and monoamine 

oxidase (MAO), are necessary to terminate serotonergic signaling. Clearance of 

extracellular 5-HT begins with active sequestration into adjacent enterocytes from both 

sides of the membrane by SERT. Subsequently, 5-HT is metabolized into 5-HIAA by 

MAOA. The remaining 5-HT can also be sequestered by SERT and stored in platelets, 

allowing it to be efficiently transported throughout circulation (Mercado et al., 2010). 

Serving as a pathway by which endocrine functions can be carried out, 5-HT shuttled 

in this manner can directly act as a hormone on various cell types, including adipocytes, 

cardiomyocytes, hepatocytes and osteocytes (El-Merahbi et al., 2015). Moreover, 

platelets lack the ability to synthesize 5-HT due to the absence of TPH1. Though 

comparatively minor to monoamine oxidation in the intestinal epithelial cells, 

sequestration in platelets thus contributes to the termination of interstitial 5-HT 

bioactivity via MAOB (Sandler et al., 1981). A schematic illustration summarizing 5-
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HT synthesis, signaling, and metabolism in the gut is displayed in Figure 1. 
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Figure 1: General overview of 5-HT synthesis, signaling, and metabolism in the 

gut. (a) Enterochromaffin (EC) cells convert dietary tryptophan (Trp) into 5-

hydroxytryptophan (5-HTP) via the rate-limiting enzyme, tryptophan hydroxylase 1 

(TPH1). 5-HTP is then further converted into 5-hydroxytryptamine (5-HT) or serotonin 

by L-amino acid decarboxylase (L-AADC). Synthesized 5-HT is rapidly packaged and 

carried in vesicular monoamine transporter 1 (VMAT1) to both apical and basolateral 

side of the cell membrane. (b) EC cells express various sensory receptors, acting as 

mechano- and chemo-sensors to continuously release 5-HT in response to stimuli in the 

gut lumen. Though comparatively minor to the release of 5-HT into the lamina propria, 

5-HT is also released into the gut lumen. (c) Released 5-HT into the lamina propria 

activates 5-HT receptors (5-HTRs) on various immune cells and modulates immune 

responses. Serotonin reuptake transporter (SERT) and monoamine oxidase (MAO) play 

essential roles in maintaining physiological levels of 5-HT. (d) Extracellular 5-HT is 

actively sequestered by SERT in the surrounding intestinal epithelial cells (IECs), 

which is then metabolized to 5-hydroxyindoleacetic acid (5-HIAA) via MAOA in the 

mitochondria. (e) The remaining 5-HT is also actively sequestered by platelets, which 

is either metabolized by MAOB, or transported to distant target tissues. Mθ: 

macrophages; N: neutrophils; DCs: dendritic cells; T: T lymphocytes; B: B 

lymphocytes. 
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2.3 Physiological functions of 5-HT 

Within EC cells, physicochemical signals are converted into biochemical 

endocrine signals, which promote the synthesis and release of 5-HT, both apically (to 

the lumen) and basolaterally (to the bloodstream). Being strategically situated between 

the gut lumen and nearby enteric neurons, 5-HT released from EC cells regulates 

various GI processes by stimulating the mucosal surfaces and afferent neurons of the 

enteric nervous system (ENS). For instance, mechanosensitive ion channels (PIEZO2) 

convert luminal forces, including postprandial disruptions, into 5-HT release (Alcaino 

et al., 2018; Bertrand, 2004). Similarly, EC cells can act as nutrient sensors; D-glucose, 

one of the many chemical signals present during food intake, was able to induce a 

concentration-dependent increase in 5-HT release from BON cells (a model for human 

EC cells) (Kim et al., 2001). This finding was further substantiated in colonic EC cells 

purified from guinea pigs, in which acute exposure to high levels of glucose spurred 

increased Ca2+ influx (Zelkas et al., 2015), a classic trigger of 5-HT secretion in 

endocrine cells (Chen et al., 2021). In addition, 5-HT plays an essential role as a GI 

physiological signaling molecule, conveying signals from the gut to the brain via 

intrinsic or extrinsic neurons. 5-HT regulates motor complexes by influencing the 

peristaltic reflex and intestinal propulsion (Bülbring et al., 1958; Heredia et al., 2009). 

Apart from the well-documented physiological role in GI processes, substantial 

evidence indicates that 5-HT potently modulates an array of immune responses and 

inflammatory cascades by binding to specific receptors on the surface of various 

immune cells in the lamina propria. These immune cells not only express an array of 
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different 5-HT receptors but also are capable of synthesizing and sequestering 5-HT via 

TPH1 or SERT, respectively. For instance, mast cells, T cells, and 

monocytes/macrophages have been shown to express TPH1 (Kushnir-Sukhov et al., 

2007; Mössner et al., 1998), while DCs, mast cells, T cells, and macrophages express 

SERT, allowing the uptake of extracellular 5-HT from the microenvironment 

(O'Connell et al., 2006). Moreover, it has also been shown that naïve CD4+ T cells 

predominantly express the 5-HT7R, and activation of CD4+ T cells was enhanced upon 

5-HT stimulation in vitro (León-Ponte et al., 2007). 

Platelet-stored 5-HT is released upon injury and/or inflammatory signals, such 

as platelet activating factor and complement components, thereby amplifying platelet 

aggregation and, thus, blood coagulation (Watts et al., 2012). It has also previously been 

shown that intracellular 5-HT, after being sequestered into platelets by SERT, serves, 

with the assistance of the endogenous transglutaminase, TG2, as a substrate for the 

small GTPases, Rab4 and RhoA (Walther et al., 2003). TG2 renders the aforementioned 

GTPases constitutively active and eventually boosts platelet aggregation (Walther et al., 

2003). In addition, post-translational modification of α-actin via serotonylation is 

necessary for vascular smooth muscle contraction and, ultimately, regulation of 

vascular tone (Watts et al., 2009). Collectively, these findings suggest that coordination 

between the immune system and the serotonergic system in the gut mucosa is crucial 

for sensing environmental cues and prompting host defense, disruption of which may 

result in various GI disorders, including IBD.  
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2.4 Serotonin in intestinal inflammation 

A growing body of data underpins the crucial impact of the host serotonergic 

system in the pathophysiology of IBD, in which peripheral 5-HT acts as a prominent 

regulatory molecule. Many studies emphasize increased peripheral 5-HT signaling in 

states of intestinal inflammation. Increases in EC cell number and 5-HT content have 

been observed in patients with IBD (Kidd et al., 2009; Manzella et al., 2020; Shajib et 

al., 2019) as well as in animal models of colitis induced by DSS, dinitrobenzene sulfonic 

acid (DNBS), and 2,4,6-trinitrobenzenesulfonic acid (TNBS) (Ghia et al., 2009; Khan 

et al., 2006; Kwon et al., 2019; MacEachern et al., 2018). Reduction in SERT expression 

was also observed in both humans and mice suffering from intestinal inflammation 

(Jørandli et al., 2020; Stavely et al., 2018). In a seminal study, the critical role of gut-

derived 5-HT in the pathogenesis of colitis in experimental models of IBD has been 

unraveled by utilizing Tph1-/- mice, which have significantly lower amounts of 5-HT in 

the gut with intact 5-HT levels in the brain (Ghia et al., 2009). Upon induction of acute 

DSS colitis, these mice exhibited reduced severity of intestinal inflammation compared 

to Tph1+/+ mice. Furthermore, replenishment of 5-HT with 5-HTP, its immediate 

precursor, intensified colitis severity (Ghia et al., 2009). To further substantiate the role 

of colonic 5-HT during inflammation, 5-HT synthesis in WT mice was halted by Tph 

inhibitors, para-chlorophenylalanine (pCPA), or telotristat etiprate (LX1032/LX1606), 

which delayed the disease onset and reduced the severity of DSS-induced colitis (Ghia 

et al., 2009; Kim et al., 2015). Similarly, SERT-deficient mice (SERT-/-), which have 

augmented bioactivity of 5-HT in the gut lumen and lamina propria, showed enhanced 
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colitis severity (Bischoff et al., 2009), further supporting the notion that colonic 5-HT 

signaling contributes to the pathophysiology of colitis. 

5-HTRs, as noted previously, are expressed on various immune cells, such as 

macrophages, neutrophils, DCs, and B and T lymphocytes; the presence or absence of 

5-HT can alter their inflammatory potential (Banskota et al., 2019). Intriguingly, it has 

been previously shown that DCs isolated from Tph1-/- mice produced less IL-12p40 than 

their WT counterparts post-DSS (Li et al., 2011). Co-culture of CD4+ T cells with DCs 

isolated from DSS-induced Tph1-/- mice also led to lower levels of IL-17 and IFN-γ in 

the culture supernatant (Li et al., 2011), suggesting the essential role of 5-HT in 

potentiating the pro-inflammatory signals from immune cells during colitis. Supporting 

these findings, the severity of TNBS-induced colitis, or spontaneous colitis associated 

with IL-10 deficiency, was found to be increased when combined with the 5-HT-

enhancing effects of SERT deficiency (Haub et al., 2010). T lymphocytes are also 

functionally responsive to 5-HT (Aune et al., 1993). It has been shown that naïve CD4+ 

T cells expressing 5-HT7 receptors can induce rapid T cell responses upon 5-HT 

exposure ex vivo, a response which was abrogated by the 5-HT7R antagonist, SB-

269970 (León-Ponte et al., 2007). The pro-inflammatory effect of 5-HT7R activation is 

further supported by a previous study showing that pharmacological blockade of this  

receptor can ameliorate DSS-induced colitis in C57BL/6 mice (Kim et al., 2013). 

Together, these previous studies highlight 5-HT’s role as a pro-inflammatory mediator 

in the process of inflammation. 
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2.5 Serotonin and the gut microbiota 

2.5.1 Microbial regulation of the host serotonergic system 

Predominantly via microbial metabolites, which signal EC cells and prompt host 

machinery to generate 5-HT via Tph1, gut microbes are essential mediators of host 5-

HT biosynthesis (Yano et al., 2015). The key role of the gut microbiota in 

manufacturing host 5-HT within EC cells is neatly illustrated by a recent study using 

germ-free (GF) and antibiotic-treated mice, which displayed a substantial reduction in 

peripheral 5-HT level, a phenomenon which was reversed upon colonization with 

normal gut microbes (Yano et al., 2015). Microbially-derived metabolites, such as 

SCFAs (e.g., acetate, butyrate, and propionate) that are generated through the anaerobic 

bacterial fermentation of various fibres and secondary bile acids (e.g., deoxycholate, 

cholate, and tyramine) act on EC cells and stimulate 5-HT synthesis via Tph1 in the 

colon, but not in the small intestine (Reigstad et al., 2015; Yano et al., 2015). Notably, 

spore-forming microbes from healthy human colonic microbiota increased colonic and 

blood 5-HT in GF mice, indicating that the serotonergic function of this community is 

conserved across mice and humans (Wikoff et al., 2009; Yano et al., 2015). While 

bacterial toxins, including cholera toxin and Escherichia coli lipopolysaccharide (LPS), 

have been shown to stimulate 5-HT release from EC cells (Bellono et al., 2017; Turvill 

et al., 2000), enteropathogenic E. coli (EPEC) can inhibit SERT expression and activity 

on IECs (Esmaili et al., 2009), illustrating the myriad effects of gut microbes on the 

serotonergic system.  
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As mentioned previously, EC cells express a wide array of surface receptors, 

including TLRs (e.g., TLR1, TLR2, and TLR4) (Bogunovic et al., 2007). Recently, 

several studies have shown that 5-HT biosynthesis from EC cells is dependent on the 

activation of TLR2. TLR2 activation decreases SERT expression and activity, while 

high levels of 5-HT yield a negative feedback effect on TLR2 expression (Latorre et al., 

2016). In parallel, mice deficient in TLR2 show a reduction in colonic 5-HT levels and 

Tph1 mRNA expression, and activation of TLR2 in nonhematopoietic cells (likely 

IECs), which were responsible for 5-HT production in the gut (Wang et al., 2019). 

These findings are supported by a previous observation that the outer membrane protein 

(Amuc_1100) of Akkermansia muciniphila promoted 5-HT biosynthesis via TLR2 

signaling (Wang et al., 2021). Collectively, these data provide strong evidence that the 

gut microbiota can interact with the host to alter Tph1 expression and regulate 5-HT 

production. 

With the discovery of analogous kynurenine pathways in microbes (Colabroy et 

al., 2005; Vujkovic-Cvijin et al., 2013) as well as the ability of E. coli and 

Corynebacterium glutamicum to produce Trp (Niu et al., 2019), microbes can also 

contribute to regulation of the host serotonergic system. Several bacteria, including 

Bacteroides thetaiotaomicron and Bifidobacterium dentium, have been shown to 

promote 5-HT synthesis by restoring EC cell networks through the effects of SCFAs 

(e.g., acetate and propionate) (Engevik et al., 2019; Modasia et al., 2020). Clostridium 

ramosum promotes 5-HT synthesis in the colon by programming the differentiation of 

intestinal stem cell progenitors towards a secretory 5-HT-producing lineage (Mandić et 
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al., 2019). Additionally, intragastric administration of B. pseudolongum has been shown 

to reduce colonic 5-HT levels by diminishing EC cell numbers, whereas Lactobacillus 

rhamnosus GG supernatants upregulate SERT expression in the colon (Cao et al., 2018; 

Tatsuoka et al., 2022). Furthermore, there is evidence that some bacteria (e.g., E. coli, 

Klebsiella pneumoniae, and L. plantarum) can directly metabolize Trp for de novo 5-

HT biosynthesis (Chudzik et al., 2021) and, akin to this, some Staphylococci express 

the staphylococcal AADC (SadA) gene that is responsible for converting 5-HTP to 5-

HT (Luqman et al., 2018). 

 

2.5.2 Host serotonergic regulation of microbes 

Apart from the direct influence of gut microbiota in promoting 5-HT synthesis 

within EC cells, there are relatively few studies on the inverse effects of the host 

serotonergic system on bacteria. It has been shown that mice lacking Tph1 harbour 

altered levels of fecal SCFAs and show distinct gut microbial composition compared to 

WT mice (Kwon et al., 2019). It has also been demonstrated that exposure to high levels 

of 5-HT can significantly inhibit the growth of many gut-residing bacteria, namely B. 

thetaiotaomicron, Enterococcus faecalis, E. coli, and Ruminococcus gnavus. Notably, 

in vitro exposure to 5-HT inhibited the growth of A. muciniphila in a concentration-

dependent manner (Kwon et al., 2019). In parallel, SERT-/- mice showed a substantial 

reduction in the abundance of A. muciniphila compared to WT mice (Singhal et al., 

2019). These findings are of particular interest as A. muciniphila is known to mediate 

protective effects in the development of DSS-induced colitis via its extracellular 
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vesicles (Chelakkot et al., 2018; Kang et al., 2013) and promote the intestinal barrier 

integrity (Alam et al., 2016; Everard et al., 2013), suggesting that certain bacteria in the 

gut communicate with the host serotonergic system for optimal colonization. 

Recent evidence has also helped further clarify the direct influence of elevating 

intestinal 5-HT levels on gut microbes. For instance, Turicibacter sanguinis expresses 

a neurotransmitter sodium symporter-related protein with sequence and structural 

homology to mammalian SERT (Fung et al., 2019). In this way, T. sanguinis imports 

5-HT through a mechanism which is inhibited by the selective serotonin reuptake 

inhibitor (SSRI), fluoxetine (Fung et al., 2019). Likewise, SERT deficiency increases 

fecal 5-HT levels and enriches Turicibacter in SERT+/- mice compared with WT mice 

(Fung et al., 2019). 

Bacterial virulence and invasive properties are influenced not only by local 

environmental factors, such as pH changes and nutrient availability, but also by host 

signals (Freestone, 2013). 5-HT has previously been shown to induce the invasion of 

commensal E. coli (BW25113) without altering the virulence of the bacteria due to loss 

of host tolerance to the bacteria through impairment of the intestinal epithelial barrier 

(Banskota et al., 2017). Additionally, amines secreted from the noradrenergic and 

dopaminergic nerve terminals within the gut mucosa have also been shown to induce 

adhesion of enterohemorrhagic E. coli (EHEC) on the colonic surface by altering the 

virulence (Bansal et al., 2007; Chen et al., 2003). In contrast, a recent study showed that 

5-HT can decrease virulence gene expression by EHEC and Citrobacter rodentium (a 
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murine model of EHEC) via the histidine sensor kinase CpxA that serves as a bacterial 

5-HT receptor (Kumar et al., 2020). 

5-HT can also indirectly influence the abundance of microbial species via 

quorum sensing (QS). QS is a cell-to-cell communication mechanism in which 

individual bacteria carry out colony-wide functions, including biofilm formation and 

virulence factor expression (Pena et al., 2019). QS bacteria respond to changes in cell 

density in the external environment and produce hormone-like molecules (called 

autoinducers), which allow bacteria to either compete or cooperate with other species 

(Surette et al., 1999). Previously, it has been demonstrated that high levels of 5-HT 

activate the las QS system and enhance the virulence of the opportunistic bacteria, 

Pseudomonas aeruginosa (Knecht et al., 2016), indicating that at least some bacteria 

utilize host molecules (i.e., social cheating) to enhance their QS networks. Utilization 

of another organism’s molecules by bacteria to socialize with other species within their 

communities may be attributed to the conserved prosocial functions of serotonergic 

signaling across evolution (Edsinger et al., 2018; Kiser et al., 2012). Collectively, these 

findings, and those noted in the above section, support the emerging concept that 

bidirectional signaling pathways exists between the host serotonergic system and the 

gut microbiota, the disturbance of which can lead to disease states. 

 

2.6 Microbes, intestinal inflammation, and serotonin 

Considering the impact of the gut microbiota in the production of 5-HT within 

host EC cells, the 5-HT-microbiota axis has a potential role in the pathogenesis of 
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colitis. Recently, it was shown that higher mucosal 5-HT levels select for more 

colitogenic gut microbiota composition and increase susceptibility to DSS-induced 

colitis. Specifically, the severity of DSS-induced colitis in GF mice after colonization 

with the microbiota from Tph1-/- mice was reduced compared to GF mice colonized with 

WT microbiota (Kwon et al., 2019). These findings were paired with lower abundances 

of Akkermansia, disruption of intestinal epithelial barrier permeability as well as 

inhibition of the production of the antimicrobial peptides, β-defensins (Kwon et al., 

2019).  

Additionally, increased Tph1 and reduced SERT expression were also reported 

in inflamed colonic tissues from patients with IBD compared to both non-inflamed 

colonic tissues from patients with IBD and healthy controls (Shajib et al., 2019). A 

significant increase in both plasma and serum 5-HT levels were also reported in patients 

with IBD (Manzella et al., 2020; Shajib et al., 2019). Further, a recent study showed 

that the autophagic process is disrupted in inflamed colonic tissues of CD patients, 

which was associated with elevated plasma 5-HT levels compared to healthy controls 

(Haq et al., 2021). These previous findings showing high 5-HT content in patients with 

IBD could be explained by recent clinical findings that patients with IBD exhibited 

lower serum and fecal Trp levels than healthy controls, which were significantly 

correlated with increased C-reactive protein (Lamas et al., 2016; Nikolaus et al., 2017). 

The lower levels of Trp in the gut lumen were further associated with microbial 

dysbiosis, which is strongly linked with IBD (Lamas et al., 2016; Nikolaus et al., 2017). 

Trp, which can be shunted to the Kyn pathway or, to a lesser extent, the serotonergic 
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pathway, has a complex relationship with inflammation in its role as a precursor. In 

contrast to the pro-inflammatory role of the 5-HT pathway during intestinal 

inflammation, the role of kynurenine is still relatively controversial. The current 

consensus is that activation of the Kyn pathway, mediated by indoleamine 2,3-

dioxygenase (IDO) 1, appears to exert immunoregulatory effects by providing 

homeostatic balance between immunity and tolerance (Acovic et al., 2018; Ciorba, 

2013). Identifying factors influencing the gut microbiota and the metabolism of Trp 

(particularly when angled towards the serotonergic pathway) and, thus, its influence on 

5-HT synthesis within EC cells is of great interest. Taken together, these findings 

provide strong evidence that alterations in Trp metabolism and the serotonergic system 

may have an active role, not only in influencing the microbial composition of the gut, 

but also in the pathogenesis of colitis. 

 

3.1 Food additives and intestinal inflammation 

Over the past few decades, human exposure to foods supplemented with 

various additives, due to shifts in food quality, has increased. These additives are 

routinely introduced during the manufacturing processes of countless dietary products. 

Generally, there are two types of food additives: those that are essential for food 

preservation and others with a more cosmetic role. Concerns about the impact of food 

additives on human health are becoming increasingly global. While initial research 

focused largely on adverse reproductive effects following exposure to endocrine-

disrupting chemicals (Kumar et al., 2020), there is growing interest in examining the 
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impact of myriad food additives on intestinal inflammation. Further, these highly 

prevalent food additives are often underappreciated as potentially harmful dietary 

components in the Western diet, despite having been shown to evoke gut microbiome 

reconfiguration, promote overgrowth of microorganisms and adversely impact host 

immunity (Christ et al., 2019; Devkota et al., 2012; Martinez-Medina et al., 2014).  

Recent studies substantiate that the exacerbated inflammatory response, which 

can be initiated by chemicals in the diet, is maintained by loss of gut epithelial integrity, 

increased permeability, and impaired mucin production. For instance, dietary 

emulsifiers (carboxymethylcellulose [CMC] or polysorbate-80 [P-80]), promote colitis 

by altering the gut microbiota and increasing the pro-inflammatory potential in both 

mice and humans (Chassaing et al., 2015; Chassaing et al., 2017; Naimi et al., 2021). 

The effect of these emulsifiers was found to be mediated by the gut microbiota, as GF 

mice did not develop colitis (Chassaing et al., 2015). Food thickeners, such as 

carrageenan and maltodextrin, have also been shown to adversely affect the intestinal 

epithelial barrier and inflammation. Carrageenan, an extract of red seaweed, is 

commonly found in infant formula, soymilk, dairy products, and processed meats. In 

human colonic epithelial cells, carrageenan has been shown to induce the activation of 

NF-κB and IL-8 secretion, thus inducing inflammation (Borthakur et al., 2007). In 

addition, maltodextrin, a polysaccharide polymer, has been shown to promote mucus 

depletion and suppress antimicrobial defense mechanisms by inducing ER stress in the 

intestine (Laudisi et al., 2019). The above evidence thus reinforces the growing interest 

that food additives can have impacts on human health. 
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3.2 Synthetic colourants 

It has become increasingly apparent that the Western diet, characterized by an 

energy-dense meal that includes ultra-processed foods (e.g., ready meals, breakfast 

cereals, confectionery, snacks, and condiments), and low intakes of fibres, has 

permeated the modern lifestyle of a substantial proportion of the population. The 

Western lifestyle are causally linked to the leading health problems (e.g., obesity, type 

II diabetes, cardiovascular disease, and IBD) in Westernized nations (Christ et al., 2019; 

Rizzello et al., 2019).  

Notably, the Western diet increases 5-HT synthesis in rats (Bertrand et al., 2011). 

Colourants, especially rich in the Western diet, are often added to foods and beverages 

during processing to improve the sensory attributes of the final products and do not have 

nutritional value. The use of synthetic colourants (or azo dyes) in dietary products has 

dramatically increased during the past few decades (Vojdani et al., 2015), leading to 

significant human exposure. There are currently nine certified colourants approved for 

usage by the US Food and Drug Administration (FDA) and Health Canada. 

Approximately 0.7 million tons of azo dyes are produced each year, and there are now 

more than 3000 recognized azo dyes that are used across the food, cosmetic, and 

pharmaceutical industries (Feng et al., 2012). A previous report showed beverages 

contained a wide range of concentrations from 5 to 200 ppm (1.2 mg/240 mL to 48 

mg/240 mL) (Committee, 1968), which was consistent with a recent report where the 

range was found to be 0.2 to 52.3 mg/240 mL in commonly consumed beverages 

(Stevens et al., 2014). In a similar vein, when the amounts of synthetic colourants in 
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commonly consumed foods and sweets were measured, it was found that children, on 

average, consumed 100 mg to 200 mg per day of synthetic dyes (Stevens et al., 2015). 

Despite their important role in the food industry, an increasing body of literature has 

revealed that exposure to synthetic colourants could pose a serious threat to human 

health (Claus et al., 2016; Feng et al., 2012; Platzek et al., 1999).  

Although microsomal and cytosolic reductases of the liver and extra-hepatic 

tissues can reduce a variety of chemicals including synthetic colourants, the gut 

microbiota plays a major role in metabolizing these dyes (Feng et al., 2012). Azo dyes 

contain one or more azo bonds and are typically not absorbed in small intestine but are 

metabolized by resident colonic bacteria, producing colourless aromatic amines which 

are potentially harmful to the host. For instance, Tartrazine Yellow (TY), one of the 

most popular and commercially available synthetic colourants, is metabolized into 

sulfanilic acid (SA) by intestinal bacteria. SA has a similar moiety to hapten and is 

presumed to bind proteins in the colonic mucosa, which elicits immune responses in the 

TNBS-induced colitis model (Shoda et al., 2000). Oral administration of TY at 25 

mg/ml per day for 12 days prior to the induction of colitis increased acute ulcer 

development and delayed mucosal healing in rats (Shoda et al., 2000), illustrating that 

TY promotes hapten-induced intestinal immune responses. 

Allura Red AC (AR), also known as FD&C Red No. 40 or E129, is one of the 

most widely used synthetic colourant, with more than 2 million kg of annual production 

worldwide (Sharma et al., 2011). It is a synthetic coal tar and water-soluble mono-azo 

red dye derived from petroleum aromatic hydrocarbons, which is readily metabolized 
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by gut microbial azoreductases (Amchova et al., 2015; Rafii et al., 1997). Currently, the 

acceptable daily intake (ADI) of AR in humans is a maximum of 7 mg/kg of body 

weight per day, while the median lethal dose (LD50) for AR is defined as >2,000 mg/kg 

of body weight in mice (Sasaki et al., 2002). The maximum allowance of AR in food 

products is currently 300 ppm, as defined by Health Canada (Ivusic Polic, 2018). In an 

assessment survey conducted in Italy, the amount of AR in various red-coloured 

beverages ranged from 10.9 mg/L in a red soft drink up to 55.9 mg/L in a red juice-

based product. Extrapolating from this, the exposure assessment estimated a weighted 

average daily intake of AR from 6.5 to 25.0 mg/day, and from 13.9 to 33.0 mg/day, 

from juice-based and soft drinks, respectively (Fallico et al., 2011). In a later study 

assessing the daily consumption of artificial dye-containing foods, adults were found to 

be exposed to colour dyes 0.76 ± 0.15 times per day while children had 2.43 ± 0.35 

exposures per day (one exposure was defined as any food item, beverage, medicine, 

gum, or candy containing one or more artificial colours) (Bell, 2013). In this study, AR 

was found to be the most frequently consumed dyes in both adults and children (Bell, 

2013). High levels of Allura Red AC can also be found in baked food products, up to 

1,240 mg/kg; a single serving of a 100 g cupcake may contain as much as 124 mg of 

the dye, suggesting that the potential concentration of the dye could reach as high as 10 

mM in the adult intestine (Zou et al., 2020). This projection suggests that, although the 

amount of AR may be below physiologically relevant concentrations, dye consumption 

through select food products may reach high intestinal concentrations and accumulation 

over time may be a point of concern. 
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AR is considered toxic if consumed in excessive amounts (Brown et al., 1993) 

and has the potential to cause behavioural effects, including increased hyperactivity in 

children (McCann et al., 2007). Particularly, AR exerts pro-inflammatory effects, which 

promotes oxidative stress by increasing the production of reactive oxygen species (ROS) 

and enhances cyclooxygenase-2 (COX-2) expression in the rat liver and kidney 

(Khayyat et al., 2018). Moreover, AR induces leukocyte-endothelial cell adhesion by 

producing leukotriene B4 (LTB4) from blood neutrophils (Leo et al., 2018). Despite 

these pro-inflammatory effects and its high prevalence in the Western diet, very limited 

work has been performed exploring the impact that AR exposure has on the GI system 

and, further, the impact these dyes may have on immune dysfunction in the gut.  
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Thesis hypothesis and objectives 

Synthetic colourants are small molecules, which can circumvent the host 

immune system and activate inflammatory cascades (Vojdani et al., 2015). Substantial 

increases in the use of synthetic colourants over the past 50 years (Vojdani et al., 2015), 

exaggerated cellular pro-inflammatory responses (Leo et al., 2018) and the induction of 

histopathological aberrations by these dyes (Khayyat et al., 2018) suggest synthetic 

colourants may have a potential role in the pathogenesis of colitis. Given that microbes, 

with the presence of azoreductases, are capable of metabolizing azo dyes in the gut 

lumen (Feng et al., 2012) and some of these dyes modulate 5-HT content (Bawazir, 

2016), the exploration of whether there is any interplay among AR, 5-HT, and the gut 

microbiota in influencing susceptibility to colitis is sorely needed. It is thus 

hypothesized that the synthetic colourant, Allura Red AC, enhances susceptibility to 

colitis.  

 

Research objectives 

1. To explore the effect of Allura Red AC exposure on the development of colitis 

2. To elucidate whether colonic 5-HT is essential for enhancing susceptibility to 

colitis by Allura Red AC exposure 

3. To investigate whether Allura Red AC exposure alters the susceptibility to 

colitis by modulating the gut microbiota composition 
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Mice: C57BL/6N (Taconic Biosciences, Hudson, NY), C57BL/6J (Jackson laboratory, 

Bar Harbor, ME), Rag1-/- (Jackson laboratory, Bar Harbor, ME). Germ-free (GF) 

mice  on the C57BL/6 background were derived and maintained 

under gnotobiotic conditions in the Axenic/Gnotobiotic Unit at McMaster University. 

Breeding pairs of Tph1-/- and Tph1+/+ mice were obtained from CNRS, Paris, France, 

and were kept and bred under SPF conditions. Male and female mice aged 8-12 weeks 

were used in most of the experiments. All mice were kept in sterilized, ventilated cages 

under specific pathogen-free (SPF) conditions. All mice were housed in sterilized, 

ventilated cages, fed irradiated normal chow food (18% protein rodent diet; Teklad 

Global Diets, Madison, WI, USA), and sterile water at a temperature of 21–22°C, and 

with 12:12 hour light/dark cycle in SPF rooms of McMaster University Central Animal 

Facility. All mice were acclimatized for at least 7 days prior to the start of any 

experiments. All experiments were approved by the McMaster University animal ethics 

committee and conducted under the Canadian guidelines for animal research. 

 

Allura Red AC: For diet experiments using Allura Red AC, custom diet TD.190960, 

irradiated normal chow diet coated with Allura Red AC (0.1 g/kg), was purchased from 

Teklad. For water experiments using Allura Red AC (0.01% w/v or 0.1 mg/ml), Allura 

red AC was purchased from Toronto Research Chemical. Intake of food or water 

containing Allura Red AC was simply measured as the difference in weight or volume 

between the food or water into the cage and that remaining at the end of every week. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gnotobiotics
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DSS-induced colitis: Dextran sulfate sodium (DSS) (molecular weight 40 kDa; ICN, 

Biomedicals Incorporate, Solon, OH) was added to drinking water for a final 

concentration of 2.0% and 3.5% w/v for a total of 7 days. All experiments were carried 

out in accordance with the McMaster University animal utilization protocols and with 

approval from the McMaster University Animal Care Committee and McMaster 

Animal Research Ethics Board. All experiments were also conducted under the 

Canadian guidelines for animal research. Samples from all mice were kept at −80 °C 

before analysis. 

 

CD4+CD45RBhigh T cell-induced colitis: Colitis was induced in Rag1-/- mice (Jackson) 

by adoptive transfer of fluorescent activated cell sorting (FACS)-sorted 

CD4+CD45RBhi T cells. Briefly, CD4+ T cells were isolated from splenocytes of naïve 

C57BL/6J mice (Jackson) by EasySepTM Mouse Naïve CD4+ T cell Isolation Kit 

(STEMCELL Technologies, Vancouver, Canada). Naïve CD4+ T cells were labelled 

with PE-cy7-conjugated anti-mouse CD3 (1:100) (BioLegend, San Diego, CA), APC-

conjugated anti-mouse CD4 (1:100) (BD Biosciences, San Jose, CA), and FITC-

conjugated anti-mouse CD45 (1:100) (BD Biosciences). CD4+CD45RBhigh T cells were 

sorted using FACS Aria II flow cytometer (BD Biosciences). Cell viability was assessed 

using Trypan blue assay prior to injection. Recipients were intraperitoneally (i.p.) 

injected with approximately 5 x 105 cells of sorted T cells per mouse, while control 

Rag1-/- mice received vehicle (phosphate buffer saline, [PBS]). Samples from all mice 

were kept at −80 °C before analysis. 
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Assessment of colitis severity: Disease activity index (DAI) is a combined score of 

weight loss, stool consistency, and fecal bleeding, and was blindly assessed using a 

previously published scoring system (Kim et al., 2012). This scoring system was 

defined as follows: weight loss: 0 = no loss, 1 = 1–5%, 2 = 5–10%, 3 = 10–20%, 4 = 

20%+; stool: 0 = normal, 2 = loose stool, 4 = diarrhea; and bleeding: 0 = no blood, 2 = 

Hemoccult positive (Hemoccult II; Beckman Coulter, Fullerton, CA), and 4 = gross 

blood (blood around anus). DAI was measured starting from day 0 of DSS treatment in 

C57BL/6N and Tph1-/- mice or starting from day 0 post-reconstitution with 

CD4+CD45RBhigh T cells in Rag1-/- mice. Macroscopic damage scores were blindly 

scored using a previously published scoring system for DSS-induced colitis (Kim et al., 

2012). Briefly, the severity of colitis is macroscopically scored based on shortening of 

colonic length, colonic bleeding, fecal bleeding, loosening of stool consistency, and 

signs of rectal bleeding. 

 

Histology and immunohistochemistry: Approximately 1 cm of colonic tissues (mid 

colon) were washed with PBS, fixed in 10% buffered formalin for 24 hours, washed 

with 70% ethanol twice, and embedded in paraffin. Hematoxylin and eosin (H&E)-

stained colonic tissue sections are scored using a previously published system for the 

following measures: crypt architecture (normal, 0 - severe crypt distortion with loss of 

entire crypts, 3), degree of inflammatory cell infiltration (normal, 0 - dense 

inflammatory infiltrate, 3), muscle thickening (base of crypt sits on the muscularis 

mucosae, 0 - marked muscle thickening present, 3), goblet cell depletion (absent, 0- 
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present, 1) and crypt abscess (absent, 0- present, 1) (Kim et al., 2012). The histological 

damage score is the sum of each individual score. Formalin-fixed, paraffin-embedded 

sections of the mid colon were stained with periodic acid-Schiff (PAS) to detect colonic 

goblet cells. The number of PAS-positive cells per 10 crypts was counted in 4 different 

areas for each section. If the section was in poor condition (<25% damaged), one of the 

four sections was counted on the opposite side. If >25% of section is damaged, the 

section was not counted. Investigators were blinded to the study groups. All images of 

H&E and PAS staining were captured using a Nikon Eclipse 80i microscope and NIS-

Elements Basic Research imaging software. 

 

Cecal microbiota transfer: Cecal contents from each group of SPF C57BL/6 mice 

were pooled (equally weighed) and GF C57BL/6 mice were orally inoculated with 200 

µl (diluted in warm PBS) for 3 days with a single dose each day. 

 

Measurement of myeloperoxidase level: Colonic myeloperoxidase (MPO) levels 

were measured following a published protocol (Kim et al., 2012). Briefly, 

approximately 1 cm of colonic tissues (mid-distal colon) were weighed after removing 

any visible feces or fat. Hexadecyltrimethylammonium bromide (HTAB) buffer was 

added according to tissue weight. If tissue weight is less than 25 mg, add the buffer at 

a ratio of 12.5 mg/ml; if tissue weight is between 25 mg and 50 mg, add at a ratio of 25 

mg/ml. Tissues in ice-cold 50 mmol/l potassium phosphate buffer containing 0.5% 

hexadecyl trimethyl ammonium bromide (Sigma-Aldrich, St. Louis, MO) were then 
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homogenized a Mixer Mill (MM 400, Retsch, Inc., Newtown, PA) at 30 frequency (1/s) 

for 4 minutes. Homogenates were centrifuged at 13,400 × g for 6 minutes and the 

supernatant was removed. Each sample (7 µl) was then added to a 96-well plate, and 

200 µl of solution containing potassium phosphate buffer, O-dianisidine (Sigma), and 

hydrogen peroxide was added in each well. The absorbance was measured at 450 nm 

by a spectrophotometer (model EL808, Winooski, VT). MPO levels were expressed in 

units per milligram of wet tissue, where 1 U is the quantity of the enzyme able to convert 

1 μmol hydrogen peroxide to water in 1 minute at room temperature. 

 

BON cell culture: BON cells (human carcinoid cell line derived from a metastasis of a 

pancreatic carcinoid tumor of EC cell origin; also known as a widely used model of 

human EC cell) were maintained in Dulbecco modified Eagle medium (DMEM)/F12 

(1:1) with 10% (v/v) heat-inactivated fetal bovine serum (FBS), and 

penicillin/streptomycin (complete growth medium) at 37 °C in a humidified 5% COs2 

atmosphere. Briefly, cells were seeded at 105 cells/ml in 24-well plates and incubated 

for 24 hours at 37°C in the complete growth medium. The medium was replaced with 

serum-free media (complete growth medium without FBS) prior to treatment. Cells 

were treated for 24 hours at three different concentrations (1 pmol/l, 1 nmol/l, 1 µmol/l) 

of: Allura Red AC (Toronto Research Chemicals), Brilliant Blue (Toronto Research 

Chemicals), Cresidine sulfonic acid (Toronto Research Chemicals), Sunset Yellow 

(Toronto Research Chemicals), and Tartrazine Yellow (Toronto Research Chemicals). 

In separate experiments, BON cells were treated with triptolide, an inhibitor for NF-κB, 
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(20 nmol/l, Tocris Biosciences, Burlington, Canada), TNF-α (10 ng/ml, Peprotech, 

Princeton, NJ) or the medium alone. Following the treatments, the cell supernatants and 

RNA were collected and stored at −80 °C for further analysis. Intracellular ROS 

production detected by 2',7'-dichlorofluorescein diacetate (DCF-DA) fluorescence as 

previously described (Regmi et al., 2014). Briefly, cells were treated with Allura Red 

AC (1 µmol/l), CS (1 µmol/l), or 5-HT (10 µmol/l) for 24 hours, followed by DCF-DA 

treatment at a final concentration of 10 μmol/l at 37 °C for 30 min. The cells were 

washed twice with warm PBS and then imaged using a Nikon Eclipse 80i microscope. 

 

HT-29 cell culture: Human colonic adenocarcinoma HT-29 cells (ATCC HTB-38) 

were maintained in DMEM/F12 (1:1) with 10% (v/v) heat-inactivated FBS, 

supplemented with Minimum Essential Medium (MEM) and HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) buffer at pH 7.5 as well as 

penicillin/streptomycin (complete growth medium) at 37 °C in a humidified 5% CO2 

atmosphere. HT-29 cells were seeded in 24-well culture plates at a density of 105 

cells/ml. Cells were allowed to attach overnight, which were then replenished with the 

serum-free media (complete growth medium without FBS). Cells were stimulated for 

24 hours with Allura Red AC (1 µmol/l), indole-3-carboxyaldehyde (I3A) (50 or 500 

µmol/l, Sigma-Aldrich), TNF-α (10 ng/ml) or the medium alone. For Allura Red AC 

treatment, cells were pre-treated for 1 hour with TNF-α (10 ng/ml). Following the 

treatments, the cell supernatants was collected and stored at −80 °C for further analysis. 
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RAW264.7 cell culture: The murine macrophage RAW264.7 cells were maintained in 

DMEM/F12 (1:1) with 10% (v/v) heat-inactivated FBS, and penicillin/streptomycin at 

37 °C in a humidified 5% CO2 atmosphere. Briefly, cells were seeded at 105 cells/ml in 

24-well plates and incubated for 24 hours at 37 °C in the complete growth medium. The 

medium was replaced with serum-free media (complete medium minus FBS) prior to 

treatment. Cells were treated for 24 hours with Allura Red AC at 1 pmol/l, 1 nmol/l, 

and 1 µmol/l, or the medium alone. Following the treatments, the cell supernatants was 

collected and stored at −80 °C for further analysis. 

 

Measurement of cell viability with PrestoBlue: Cell viability was measured in BON 

cells using resazurin (PrestoBlue, Life Technologies/Thermo Fisher Scientific). Cells 

were seeded onto a 96-well plate at a concentration of 50,000 cells per well and then 

treated with Allura Red AC at three different concentrations: 1 pmol/l, 1 nmol/l, and 1 

μmol/l. Following treatment with Allura Red AC for different time points (1, 3, 6, and 

24 hours), PrestoBlue reagent was added to each well at 10% of total well volume and 

incubated for 4 hours in a tissue culture incubator maintained at 37 °C with 5% CO2 

atmosphere. TNF-α (1 μg/ml) was used as a positive control. Each sample was run in 

triplicate on a 96-well plate. Fluorescence intensity was measured using a multi-well 

plate reader (SpectraMax M5 plate reader). 

 

Generation of mouse colon organoids and maintenance: Murine colonoids were 

isolated as previously described (Crowley et al., 2020; Sato et al., 2009). Briefly, whole 
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colon was washed with cold PBS and fats were removed. Colon was then cut 

longitudinally (or butterfly) to remove feces and washed on a new petri dish with cold 

PBS. Colon was gently scraped off to remove villi, mucus, and other debris using a 

forceps. Next, colon was vortexed 10 times for 8 seconds with ice-cold advanced 

DMEM/F12 with replacing the medium to new medium after each wash. After the last 

wash, colon was placed in 5 ml of cell recovery solution (Cat #: 354253; Corning, 

Corning, NY) on a petri dish at 4 °C for 1 hour. After incubation, colon was gently 

washed with the solution and centrifuged twice at 1500 rpm for 5 minutes, followed by 

being diluted in Matrigel (Corning). After the Matrigel was solidified, organoid media 

(10 ml of base media: Advanced DMEM/F12, supplemented with 

penicillin/streptomycin [100 U/ml], GlutaMAX [100X], and HEPES [0.01 mol/l]) with 

10 ml of 50% WRN supplemented with N2 (100X) (Invitrogen, Burlington, Canada), 

B27 (Invitrogen), N-acetylcystine (1 mmol/l) (Sigma-Aldrich), nicotinamide (Sigma-

Aldrich), mouse epidermal growth factor (mEGF; 50 ng/ml) (Invitrogen), A83-01 (500 

nmol/l) (Tocris Biosciences), SB-202190 (10 µmol/l) (Sigma-Aldrich), Y-27632 (10 

µmol/l) (Abmole Biosciences, Houston, TX) were added prior to incubation at 37 °C 

with 5% CO2 atmosphere. The medium in each well was changed every 3 days. During 

this time, the complete medium did not contain Y-27632. The colonoids were passaged 

every 7 days. Upon each passage, Y-27632 (10 µmol/l) (Abmole Biosciences) was 

added. 
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Determination of organoid cell death by counting: Organoids were counted before 

treatment at the budding stage after 2–3 days of culture. A minimum of 25 crypts in 

each quadrant (a total of 4 quadrants) were counted and macroscopically defined as 

viable or dead by their morphological appearance (bright or dark lumen, respectively) 

in the bright-field microscope. Organoids were then treated for 24 hours with or without 

Allura Red AC (1 μmol/l), followed by pre-treatment for 1 hour with or without TNF-

α (10 ng/ml) in triplicates. Finally, the organoids were counted and scored as viable or 

dead. The percentage of disruption was calculated as % viableafter−% viablebefore. 

 

Colonoid-derived monolayer seeding and stimulation: Monolayers derived from 

colonoids were generated as previously described (Crowley et al., 2020). Briefly, the 

growth media was removed, and Matrigel domes were mechanically disrupted with 

gentle pipetting through a p200 pipette tip. Disrupted colonoids in each well were then 

resuspended in 150 μl TrypLE express (Gibco, Mississauga, Canada) and incubated at 

37 °C with 5% CO2 for 7.5 minutes. Colonoids were then rapidly disrupted into single 

cell suspensions with gentle pipetting through a p1000 tip, and an equal volume of 

monolayer media (base media supplemented with 50% WRN, N2 (Invitrogen), B27 

(Invitrogen), mEGF (Invitrogen)) and Y-27632 (Abmole) was added. The 

concentrations of these supplements are the same as generating mouse colonic 

organoids. Cells were centrifuged at 1,500 rpm for 5 minutes, then resuspended in 

monolayer media and added dropwise to Geltrex (Gibco) coated coverslips in 12-well 

plates. Coverslips were coated with Geltrex and maintained at 37 °C with 5% CO2 



Ph. D. Thesis – Y. H. Kwon; McMaster University – Medical Sciences 

50 

 

atmosphere for 24-48 hours prior to mechanical disruption of Matrigel domes. 

Monolayers were incubated at 37 °C with 5% CO2 and the medium in each well was 

changed to the monolayer medium without Y-27362 the next day. After 5 days of 

culture, monolayers were pre-treated for 1 hour with or without TNF-α (10 ng/ml), 

followed by 24 hours with or without Allura Red AC (1 μmol/l). 

 

Quantitative real-time polymerase chain reaction: Colonic tissues (approximately 1 

cm of the mid colon), mouse colonic monolayer derived from colonoids, or cell lysates 

from cell lines were processed with Trizol reagent (Invitrogen, Burlington, Canada) 

using a Mixer Mill (MM 400, Retsch, Inc., Newtown, PA) at 30 frequency (1/s) for 5 

min. Total RNA was quantified using a NanoDrop One/OneC Microvolume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific, Mississauga, Canada). RNA purity was 

assessed by the ratio of absorbance at 260/280 nm, and only samples with a ratio of ~ 

2.0 for RNA were considered. cDNA was prepared from 1 μg of total RNA using iScript 

cDNA Synthesis Kit (Bio-Rad Laboratories, Mississauga, Canada). Relative 

quantification of real-time polymerase chain reaction (RT-qPCR) was performed using 

SsoFast EvaGreen Supermix (Bio-Rad Laboratories) with the primers at a concentration 

of 10 μmol/l. Both human and mouse 18S were used as an internal standard. Data were 

analyzed according to the 2-ΔΔCT method and expressed as relative abundances (mean ± 

S.D. or S.E.M.). Primer sequences used in this thesis are listed in Table S1 and S2. 
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Enzyme-Linked Immunosorbent Assay (ELISA): Colonic tissue 5-HT levels were 

measured by using commercially available enzyme-linked immunosorbent assay 

(ELISA) kits (Cat. # IM1749; Beckman Coulter, Fullerton, CA). Briefly, approximately 

1 cm of colonic tissues (mid colon) were weighed, and each of the colonic sections was 

homogenized in 500 µl of 0.2 N perchloric acid. After centrifugation at 10,000 × g for 

5 minutes, the supernatants were collected, and the pH was neutralized by adding 500 

µl of 1 mol/l borate buffer. 5-HT content was expressed as a function of tissue weight 

(ng/mg). For measurement of 5-HT level in BON cells and mouse colonic organoids, 

as well as for measurement of cytokines in HT-29 and RAW264.7 cells, the culture 

supernatants were collected and directly assessed using the kit according to the 

manufacturer’s instruction. For cytokines measurement in colonic tissues, 50 µl of 

protease inhibitor cocktail (PIC; Cat. # P8340; Sigma-Aldrich) was added to 15 ml of 

Tris-buffered saline. Approximately 1 cm of colonic tissues (mid colon) were 

homogenized in 500 µl of Tris-buffered saline containing PIC. Samples were 

centrifuged for 5 minutes at 3,300 × g, and the resulting supernatants were frozen at –

80oC before analysis. Total protein levels were quantified in the colonic homogenates 

by using DC Protein Assay Kit (Cat. # 5000111; Bio-Rad Laboratories). Cytokine levels 

(IL-1β, Cat. # SMLB00C; IL-6, Cat. # SM6000B; IL-8, Cat. # D8000C; IFN-γ, Cat. # 

MIF00; and TNF-α, Cat. # MTA00B) were assessed according to the manufacturer’s 

instructions (Quantikine Murine; R&D Systems, Minneapolis, MN).  

 



Ph. D. Thesis – Y. H. Kwon; McMaster University – Medical Sciences 

52 

 

Western Blot: Total protein of tissue homogenates or cell lysates was extracted using 

radioimmunoprecipitation assay (RIPA) buffer containing a 1× PIC. Protein 

concentration of homogenized colonic tissues was determined by using DC Protein 

Assay Kit (Bio-Rad Laboratories). Equal amounts of protein homogenates were loaded 

and electrophoresed onto sodium dodecyl sulfate (SDS)–polyacrylamide gel 

electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane. 

Membranes were blocked with 5% bovine serum albumin (BSA) in 1× tris-buffered 

saline tween 20 (TBST) for 1 hour at room temperature and incubated with 6 ml of 

primary antibodies against E-cadherin (1:1000) (Cat # 24E10; Cell Signaling 

Technology, Danvers, MA), pMLCSer19 (1:1000) (Cat # 3671; Cell Signaling 

Technology), total MLC (1:1000) (Cat # 3672; Cell Signaling Technology), ZO-1 

(1:1000) (Cat # 40-2200; Thermo Fisher Scientific), and AhR (1:1000) (Cat # sc-

133088; Santa Cruz Biotechnology) for overnight at 4 °C. Membranes were washed, 

incubated with 6 ml of either anti-rabbit horseradish peroxidase–linked antibody 

(1:5000, Cat. # 7074; Cell Signaling Technology) or anti-mouse horseradish 

peroxidase–linked antibody (1:5000, Cat. # 7076; Cell Signaling Technology) for 1 

hour at room temperature. Proteins were visualized by use of SuperSignal West Femto 

Maximum Sensitivity Substrate (Thermo Fisher Scientific). β-actin (1:5000) (Cat # 

4970; Cell Signaling Technology) or Lamin B1 (1:1000) (Cat # ab65986, Abcam, 

Cambridge, United Kingdom) was used as a loading control. All primary and secondary 

antibodies were diluted in 1× TBS. Densitometric analysis was performed on Western 
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blots with ImageJ software (version 1.48), normalized to total MLC, β-actin, or Lamin 

B1. 

 

Immunofluorescence Staining: For colonic tissue immunostaining, coverslips were 

deparaffinized at 60 °C for 1 hour in xylenes using three changes for 5 minutes each, 

followed by washing through graded alcohols: wash in 100% ethanol twice for 10 

minutes each, and 95% ethanol twice for 10 minutes each. Coverslips were then washed 

with distilled H2O and blocked with few drops (sufficient to cover coverslips) of 0.01% 

Triton X-100 and 0.05% Tween 20 for 1 hour. Next, coverslips were stained with anti-

mouse 5-HT antibody (1:100; Cat. # ab16007, Abcam) overnight at 4C, followed by 

secondary antibody staining with Alexa Fluor-568 goat anti-mouse IgG (H+L) (1:1000) 

(Life Technologies A-11031) for 2 hours at room temperature. Coverslips were then 

washed with cold PBS three times and mounted using ProLong Gold Antifade reagent 

containing 4′,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Invitrogen) for 

DNA staining. The number of 5-HT positive cells per 10 crypts was counted in 4 

different areas for each section. If the section was in poor condition (<25% damaged), 

one of the four sections was counted on the opposite side. If >25% of section is 

damaged, the section was not counted. For colonic organoids-derived monolayer 

staining, the monolayers grown on coverslips in 6-well plates were fixed with 4% PFA, 

followed by blocking for 1 hour with 2% BSA in PBS, 0.01% Triton X-100 and 0.05% 

Tween 20. Monolayers were stained with anti-rabbit ZO-1 antibody (1:100; Cat. # 40-

2200, Thermo Fisher Scientific), followed by secondary antibody staining with Alexca 
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Fluor-488 donkey anti-rabbit IgG (H+L) (1:1000) (Life Technologies, A-21206) for 2 

hours at room temperature. Coverslips were then washed with PBS three times and 

mounted using ProLong Gold Antifade reagent containing DAPI (Molecular Probes, 

Invitrogen) for DNA staining. Images were captured using a Nikon Eclipse 80i 

microscope and NIS-Elements Basic Research imaging software. Investigator was 

blinded to the study groups. 

 

Bioinformatics and 16s rRNA Sequencing: Luminal contents from cecal samples 

were stored at -80°C. DNA was extracted and the 16s rRNA variable 3 (v3) and v4 gene 

region was amplified as previously described with minor modifications (Stearns et al., 

2015; Szamosi et al., 2020). Samples were thawed to room temperature. Approximately 

0.2-0.3 g of sample was added to 800 μl of 200 mmol/l NaPO4 (pH 8), and 100 μl of 

guanidine thiocyanate-ethylenediaminetetraacetic acid (EDTA)–Sarkosyl along with 

0.2 g of 0.1 mm glass beads (Mo Bio, Carlsbad, CA). Mechanical lysis was carried out 

in a Powerlyzer (Mo-Bio) at 3,000 rpm for 3 minutes. Enzymatic lysis was performed 

using 50 μl lysozyme (100 mg/ml), 10 μl RNase A (10 mg/ml), and incubation at 37 °C 

for 90 minutes. Next, 25 μl 25% SDS, 25 μl proteinase K, and 62.5 μl 5 mol/l sodium 

chloride were added to the sample and incubated at 65°C for 90 minutes. Following, 

samples were pelleted at 13,500 × g for 5 minutes by centrifugation and the supernatant 

was recovered. Genomic DNA was purified using a MagMAX (Thermo Fisher 

Scientific) as per manufacturer’s instructions. The 16S rRNA v3 and v4 gene region 

was amplified in triplicate using 341F and 806R 16S rRNA primers modified for the 
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Illumina platform with adaptors containing 6-base pair unique barcodes to the reverse 

primer. Each sample reaction mixture contained 5 pmol of each primer, 200 μmol/l of 

each deoxynucleoside triphosphate (dNTP), 1.5 mmol/l magnesium chloride, and 1U 

Taq polymerase (Life Technologies, Carlsbad, CA). The PCR protocol consisted of an 

initial denaturation step at 95 °C for 5 minutes, 30 cycles, each step for 30 seconds, of 

95 °C, 50 °C, and 72 °C, and a final extension step at 72 °C for 7 minutes. Amplification 

of the v3 and v4 gene region was verified by electrophoresis on a 2% agarose gel. 

Amplicons were then sequenced (2 x 300 paired end) using the Illumina MiSeq 

platform. Resulting paired-end sequences from Illumina sequencing were processed 

using DADA2 pipeline (Callahan et al., 2016). Cutadapt was used to filter and trim 

adapter sequences and PCR primers from the raw reads with a minimum quality score 

of 30 and a minimum read length of 100bp (Martin, 2011). Sequence variants were then 

resolved from the trimmed raw reads using DADA2, an accurate sample inference 

pipeline from 16s amplicon data (Callahan et al., 2016). DNA sequence reads were 

filtered and trimmed based on the quality of the reads for each Illumina run separately, 

error rates were learned, and sequence variants were determined by DADA2. Sequence 

variant tables were merged to combine all information from separate Illumina 

runs. Bimeras were removed and taxonomy was assigned using the SILVA database 

version 1.2.8. Analysis was conducted using the phyloseq (McMurdie et al., 2013) on 

R and using Graph Pad Prism version 5.0 (Graphpad Software, La Jolla, CA). The 

significance was based on the phylum and genus level, not ASV. The table was filtered 

to remove taxa whose mean abundance was 10 or less, samples with sampling depth 
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<2500, and those reads not assigned to bacteria or archaea. After filtering, the minimal 

number of reads per sample was 29,926, and the samples were rarified to 20,000 reads.  

 

Statistical analysis: All data are presented as mean or mean ± S.D. or S.E.M. Where 

appropriate, unpaired Student’s t test, one-way ANOVA, or two-way ANOVA. 

Multiple comparisons were performed by Bonferroni’s test, Dunnett’s test, or Mann-

Whitney U test, where appropriate, using GraphPad Prism version 5.0 (GraphPad 

Software). P < 0.05 was considered statistically significant.  
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Table S1. RT-qPCR Mouse Primers 

 Forward (5'-3') Reverse (5'-3') 

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

Defb3 GGATCCATTACCTTCTGTTTG

C 

ATTTGAGGAAAGGAACTCCAC 

Il22 TGTCCGGCTCATCGGGGAGA ACAGCAGGTCCAGTTCCCCA 

Mlck GCGTGATCAGCCTGTTCTTT

CTAA 

GCCCCATCTGCCCTTCTTTGACC 

Muc2 CTGACCAAGAGCGAACACA

A 

CATGACTGGAAGCAACTGGA 

Ocln ATGTCCGGCCGATGCTCTCT

C 

CTTTGGCTGCTCTTGGGTCTGTA

T 

Pparg CTGCTCAAGTATGGTGTCCA

TGA 

ATGAGGACTCCATCTTTATTCA 

Reg3γ CCGTGCCTATGGCTCCTATT

G 

GCACAGACACAAGATGTCCTG 

Tjp1 ACCCGAAACTGCTGCTGTGG

ATAG 

AAATGGCGGGCAGAACTTGTGT

A 
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Table S2. RT-qPCR Human Primers 

 Forward (5'-3') Reverse (5'-3') 

18S TCCACAGGAGGCCTACACG

CC 

TTTCCGCCGCCCATCGATGTT 

CYP1A1 GGTCAAGGAGCACTACAA

AACC 

TGGACATTGGCGTTCTCAT 

CYP1B1 CACTGACATCTTCGGCG ACCTGATCCAATTCTGCCTG 

MLCK AGGCCAAGGACTTTGTTTC

C 

TTCAGCCACTCGTGTTTCAG 

TPH1 TGCCCTTGCTAAGTTCAGC

AGGA 

AGCAAGAGATGGCCCAGACCT

CC 
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RESULTS  
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3.1 Synthetic food colourants promote 5-HT synthesis in BON cells 

To explore whether highly common synthetic food colourants, such as AR, BB, 

SY, and TY, are stimuli for 5-HT biosynthesis, BON cells were used. Despite its 

pancreatic origin (Siddique et al., 2009), the BON cell line, which produces and secretes 

5-HT (Tran et al., 2004) is the most widely used in vitro model of human EC cell. BON 

cells were treated with colourants for 24 hours at three different concentrations (1 pM, 

1 nM, and 1 µM). Sodium butyrate (NaB, 1 mM) was used as a positive control for 5-

HT secretion in BON cells, which has been shown to promote 5-HT biosynthesis via 

TPH1 (Reigstad et al., 2015). All colourants tested significantly promoted 5-HT 

biosynthesis (Figure 2a), where AR showed the most pronounced effect in inducing 5-

HT secretion at the lowest 1 pM amongst dyes tested. To determine if the colourant-

induced 5-HT production in BON cells is caused by stimulation of TPH1 expression, 

TPH1 mRNA expression was assessed using qRT-PCR. Treatment with these 

colourants in BON cells resulted in significant upregulation of TPH1 mRNA expression 

levels (Figure 2b). To further determine the lowest effective dosage of AR in 5-HT 

production and TPH1 expression, BON cells were treated for 24 hours with AR at 1 fM. 

AR at this concentration was not able to induce 5-HT and TPH1 mRNA expression 

(data not shown).   
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Figure 2: Synthetic colourants promote 5-HT secretion and induce TPH1 mRNA 

expression in BON cells. BON cells were treated for 24 hours with synthetic colourants 

at three different concentrations (1 pM, 1 nM, and 1 µM). (a) 5-HT levels in the culture 

supernatant, and (b) TPH1 mRNA expression. Sodium butyrate (NaB; 1 mM) was used 

as positive control. Values are the mean ± S.E.M. from three independent experiments. 

Statistical significance was measured using one-way ANOVA with Dunnett’s test. *P 

<0.05, compared to untreated cells. 
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Given that synthetic colourants are metabolized by microbial azoreductases 

(Zahran et al., 2019) and AR showed a pronounced increase in 5-HT levels in 

comparison to other synthetic dyes, the effect of AR metabolite, CS, in 5-HT 

biosynthesis was investigated. BON cells were treated for 24 hours with CS at three 

different concentrations (1 pM, 1 nM, and 1 µM). CS did not have any effects on both 

5-HT secretion and TPH1 mRNA expression (Figure 3).  
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Figure 3: p-Cresidinesulfonic acid does not promote 5-HT secretion and induce 

TPH1 mRNA expression in BON cells. BON cells were treated for 24 hours with p-

Cresidinesulfonic acid (CS) at three different concentrations (1 pM, 1 nM, and 1 µM). 

(a) 5-HT levels in the culture supernatant, and (b) TPH1 mRNA expression. Sodium 

butyrate (NaB; 1 mM) was used as positive control. Values are the mean ± S.E.M. from 

three independent experiments. Statistical significance was measured using one-way 

ANOVA with Dunnett’s test. *P <0.05, compared to untreated cells. 
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Since AR was able to promote 5-HT secretion at 1 pM, but at increasing 

concentrations of 1 nM and 1 µM, no relative increases in 5-HT levels were detected 

(Figure 2a), it was investigated whether these effects were due to any inherent 

cytotoxicity of AR using PrestoBlue assay. BON cells were treated with three different 

concentrations (1 pM, 1 nM, and 1 µM), and cell viability was determined at four 

different time points (1, 3, 6 and 24 h). TNF-α (1 µg/ml) was used as a positive control 

in this experiment. BON cells treated with AR at these three different concentrations 

did not show any reduction in cell viability compared to untreated cells, while TNF-α 

(1 µg/ml) treatment for 24 hours led to significant inhibition of cell viability (Figure 4). 

However, the possibility of any inherent cytotoxicity with increasing concentrations of 

AR (beyond 1 µM) cannot excluded. Together, these data indicate that AR but not CS, 

promote 5-HT synthesis and increase TPH1 mRNA expression level in vitro. 
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Figure 4: Effect of Allura Red AC on the viability of BON cells. BON cells were 

treated with Allura Red AC (AR) at three different concentrations (1 pM, 1 nM, and 1 

µM), and cell viability was measured by PrestoBlue assay at 1 h (a), 3 h (b), 6 h (c), 

and 24 h (d). TNF-α (1 µg/ml) was used as a control for decreased cell viability. Values 

are the mean ± S.E.M. from three independent experiments. Statistical significance was 

measured using one-way ANOVA with Dunnett’s test. *P <0.05, compared to untreated 

cells. 
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3.2 Allura Red AC induces IL-8 secretion and downregulates E-cadherin in HT-29 

cells 

To elucidate whether AR increases inflammation, HT-29 cells were used. 

These cells are a human colorectal adenocarcinoma cell line with epithelial 

morphology. HT-29 cells were pre-treated for 1 hour with the pro-inflammatory 

cytokine, TNF-α (10 ng/ml), prior to treatment for 24 hours with three different 

concentrations of AR (1 pM, 1 nM, and 1 µM). Levels of IL-8 were assessed as an ideal 

readout candidate. IL-8 is known as a neutrophil chemotactic factor that induces 

migration of immune cells to the site of inflammation and is also elevated in colonic 

tissues of patients with IBD (Mitsuyama et al., 1994). Another unique functional 

characteristic of IL-8 is that it is produced early in the inflammatory response yet 

remains active for a prolonged period from days to weeks (DeForge et al., 1992). When 

HT-29 cells were treated with only AR, IL-8 was not induced. Upon pre-treatment for 

1 hour with TNF-α, AR potently induced IL-8 secretion starting from 1 nM, but a 

significant increase was observed at 1 µM (Figure 5a). In contrast, the AR metabolite, 

CS, did not induce IL-8 secretion even when HT-29 cells were pre-treated for 1 hour 

with TNF-α (Figure 5b).  
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Figure 5: Allura Red AC, but not its metabolite p-Cresidinesulfonic acid, promotes 

IL-8 secretion in TNF-α-induced HT-29 cells. HT-29 cells were treated for 24 hours 

with Allura Red AC (AR) or p-Cresidinesulfonic acid (CS) with or without TNF-α pre-

treatment for 1 hour. IL-8 levels from the cell culture supernatants were detected by 

ELISA. (a) IL-8 levels with AR, and (b) IL-8 levels with CS. Values are the mean ± 

S.E.M. from three independent experiments. Statistical significance was measured 

using Student’s t-test or one-way ANOVA with Dunnett’s test. *P <0.05, compared to 

untreated cells. #P <0.05, compared to TNF-α. 
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E-cadherin is a major component of adherens junctions, the impaired 

expression of which has been linked to pathological processes including IBD. When 

HT-29 cells were treated for 24 hours with AR (1 µM), there was no difference in E-

cadherin expression. However, when cells were pre-treated for 1 hour with TNF-α (10 

ng/ml), AR decreased E-cadherin expression (Figure 6). 
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Figure 6: Allura Red AC decreases E-cadherin expression in TNF-α-induced HT-

29 cells. HT-29 cells were treated for 24 hours with Allura Red AC (AR) with or without 

TNF-α pre-treatment for 1 hour. Proteins were extracted from HT-29 cells, and western 

blot was performed to detect E-cadherin level. (a) Representative western blot analyses 

of E-cadherin, and β-actin. (b) Relative densitometry (E-cadherin/β-actin). Values are 

the mean ± S.E.M. from three independent experiments. Statistical significance was 

measured using Student’s t-test. *P <0.05, compared to untreated cells. #P <0.05, 

compared to TNF-α. 
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3.3 Allura Red AC potently increases the production of IL-1β, IL-6, and TNF-α in 

LPS-induced RAW264.7 macrophages 

To further investigate the effect of AR in inducing inflammation, a commonly 

used model of mouse macrophages, RAW264.7, was used. These cells were pre-treated 

for 1 hour with LPS (1 µg/ml), followed by 24 hours of treatment with AR (1 pM, 1 

nM, and 1 µM). AR potently increased the production of pro-inflammatory cytokines, 

such as IL-1β (Figure 7a), IL-6 (Figure 7b), and TNF-α (Figure 7c), in LPS-induced 

RAW264.7 cells.  
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Figure. 7: Allura Red AC potently increases the production of IL-1β, IL-6, and 

TNF-α in LPS-induced RAW264.7 murine macrophages. RAW264.7 murine 

macrophages were treated for 24 hours with Allura Red AC (AR) at three different 

concentrations (1 pM, 1 nM, and 1 µM) with or without LPS pre-treatment for 1 hour. 

Cytokines from the cell culture supernatants were detected by ELISA. (a) IL-1β, (b) IL-

6, and (c) TNF-α. Values are the mean ± S.E.M. from three independent experiments. 

Statistical significance was measured using Student’s t-test or one-way ANOVA with 

Dunnett’s test. *P <0.05, compared to untreated cells. #P <0.05, compared to LPS. 

  



Ph. D. Thesis – Y. H. Kwon; McMaster University – Medical Sciences 

73 

 

3.4 Allura Red AC exacerbates DSS-induced colitis in C57BL/6 mice 

 US FDA defined ADI for AR in humans is 7 mg/kg of body weight per day. 

Using the calculation published previously (Suez et al., 2014) as a benchmark, the 

formula to calculate the dosage for AR was: ADI (7 mg/kg of body weight per day) 

times average mouse weight (0.03 kg), divided by average daily liquid intake (2 mL). 

This calculation led to dosing of 0.1 mg/ml (0.01% w/v or 100 ppm) in normal drinking 

water or 0.1 g/kg of the red dye in normal chow diet.  

To test if the effects of AR on cultured cells also occurred in vivo, the impact 

of the colourant on colitis development in mice was assessed using DSS. Briefly, naïve 

C57BL/6 mice were exposed to AR via normal chow diet for 12 weeks. During this 

period, no significant difference in the food intake was observed between the two 

groups during the 12-week diet intervention (Figure 8).  
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Figure 8: Measurement of food consumption in naïve C57BL/6 mice fed normal 

chow diet or exposed to Allura Red AC via normal chow diet for 12 weeks. (a) Food 

intake represented in g per mouse per day. (b) Food intake is represented in g per g of 

mouse per day. Values represent mean ± S.E.M. from 9 to 13 mice per group. 
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After 12 weeks of AR exposure, mice were subjected to acute colitis with 3.5% 

DSS for 7 days in the drinking water (Figure 9a). It should be noted that mice exposed 

to AR, without DSS treatment, showed body weight loss at 13 weeks. DSS treatment 

itself further induced a substantial weight loss in mice fed normal chow diet compared 

to their non-DSS counterpart (Figure 9b). Compared with DSS-treated mice, DSS-

treated mice exposed to AR showed an elevated cumulative disease activity index (DAI) 

(Figure 9c) which was accompanied by higher macroscopic scoring (Figure 9d), a 

reduction in colonic length (Figure 9, e and f) and increased colonic weight (Figure 

9g). Histological scores (Figure 9, h and i), and colonic MPO levels (Figure 9j) were 

also higher in DSS-treated mice exposed to AR, compared with DSS-treated 

counterparts. In addition, AR exposure potently increased levels of pro-inflammatory 

cytokines, such as IL-1β, IL-6, and TNF-α, in mice on day 7 post-DSS (Figure 9, k-

m). Intestinal epithelial barrier function was impaired by DSS. Interestingly, a 

significant decrease in Muc2 mRNA expression was observed in mice exposed to AR 

without DSS compared to control mice (Figure 9n). Higher colonic 5-HT levels in the 

non-DSS group of mice exposed to AR were observed, and colonic 5-HT levels were 

potently increased on day 7 post-DSS in mice exposed to AR compared with DSS-

treated counterparts (Figure 9o). Similar observations were made when C57BL/6 mice 

were exposed to AR via normal drinking water (0.01% w/v or 0.1 mg/ml) (Figure 10 

and 11). Together, these data indicate that AR exacerbates DSS-induced colitis in 

C57BL/6 mice. 
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Figure 9: Exacerbation of DSS-induced colitis by Allura Red AC in C57BL/6 mice. 

C57BL/6 mice were fed normal chow diet or exposed to AR via normal chow diet for 

12 weeks (84 days) prior to induction of acute colitis with 3.5% DSS for 7 days. During 

DSS, mice were continuously exposed to AR in the corresponding groups. (a) 

Schematic illustration of the experimental design. (b) Body weight change during DSS. 

Each point represents mean ± S.E.M. (c) Disease activity index (DAI) during DSS. Each 

point represents mean ± S.E.M. (d) Macroscopic score. (e) Representative image of 

colons. (f) Colonic length (cm). (g) Colonic weight (mg). (h) Representative images of 

hematoxylin and eosin (H&E)-stained colonic sections on day 7 post-DSS; scale bar: 

100 µm. (i) Histological score. (j) Colonic MPO level. (k-m) Colonic pro-inflammatory 

cytokines. (n) Relative mRNA expression of intestinal barrier function related genes. 

(o) Colonic 5-HT level. Values represent mean or mean ± S.D. from n = 4-8 mice/group. 

Statistical significance was determined by Student’s t-test, one-way ANOVA with 

Bonferroni’s test, or two-way ANOVA with Bonferroni’s test. *P < 0.05 versus chow. 

#P < 0.05 versus DSS. 
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Figure 10: Water intake measurement in naïve C57BL/6 mice exposed to Allura 

Red AC or administered normal drinking water for 12 weeks. (a) Water intake 

represented in ml per mouse per day. (b) Water intake is represented in ml per g of 

mouse per day. Values represent mean ± S.E.M. from 10 to 12 mice per group. 
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Figure 11: Allura Red AC in drinking water exacerbates DSS-induced colitis in 

C57BL/6 mice. C57BL/6 mice were administered normal drinking water or exposed to 

AR via normal drinking water for 12 weeks (84 days) prior to induction of acute colitis 

with 3.5% DSS for 7 days. During DSS, mice were continuously exposed to AR in the 

corresponding groups. (a) Schematic illustration of the experimental design. (b) Body 

weight change during DSS. Each point represents mean ± S.E.M. (c) Disease activity 

index (DAI) during DSS. Each point represents mean ± S.E.M. (d) Macroscopic score. 

(e) Representative image of colons. (f) Colonic length (cm). (g) Colonic weight (mg). 

(h) Representative images of H&E-stained colonic sections on day 7 post-DSS; scale 

bar: 100 µm. (i) Histological score. (j) Colonic MPO level. (k-m) Colonic pro-

inflammatory cytokines. (n) Relative mRNA expression of intestinal barrier function 

related genes. (o) Colonic 5-HT level. Values represent as mean or mean ± S.D. from n 

= 4-8 mice/group. Statistical significance was determined by Student’s t-test, one-way 

ANOVA with Bonferroni’s test, or two-way ANOVA with Bonferroni’s test. *P < 0.05 

versus chow. #P < 0.05 versus DSS.  
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3.5 Intermittent exposure to Allura Red AC does not alter the susceptibility to DSS-

induced colitis 

 In the previous experiments, C57BL/6 mice were continuously exposed to AR 

every day for 12 weeks before the induction of acute colitis by 3.5% DSS for 7 days. In 

a separate experiment, C57BL/6 mice were intermittently exposed to AR for one day 

per week for 12 weeks before the induction of acute colitis by 3.5% DSS for 7 days 

(Figure 12a). The body weight change and DAI were not different between chow-fed 

mice and AR exposed mice on day 7 post-DSS (Figure 12, b and c). Macroscopic and 

histological scores were not different between the two groups (Figure 12, d-f). Also, 

colonic MPO levels and pro-inflammatory cytokine levels were not different between 

the two groups on day 7 post-DSS (Figure 12, g and h).  
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Figure 12: Intermittently exposing C57BL/6 mice with AR does not enhance 

susceptibility to DSS-induced colitis. C57BL/6 mice were fed normal chow diet or 

intermittently exposed to AR via normal chow diet for one day per week for 12 weeks 

(84 days) prior to induction of acute colitis with 3.5% DSS for 7 days. During DSS, 

mice were exposed to AR on the first day of DSS. (a) Schematic illustration of the 

experimental design. (b) Body weight change during DSS. Each point represents mean 

± S.E.M. (c) Disease activity index (DAI) during DSS. Each point represents mean ± 

S.E.M. (d) Macroscopic score. (e) Representative images of H&E-stained colonic 

sections on day 7 post-DSS; scale bar: 100 µm. (f) Histological score. (g) Colonic MPO 

level. (h) Colonic pro-inflammatory cytokines. Values represent as mean or mean ± 

S.D. from n = 4-5 mice/group. Statistical significance was determined by Student’s t-

test, one-way ANOVA with Bonferroni’s test, or two-way ANOVA with Bonferroni’s 

test. 
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3.6 Early life exposure to Allura Red AC enhances susceptibility to the later 

development of DSS-induced colitis 

Early life is an important period of influencing the susceptibility for IBD 

development in later life (Agrawal et al., 2021). Four-week-old C57BL/6 mice were 

exposed to AR via normal chow diet for 4 weeks prior to the induction of acute colitis 

by 3.5% DSS for 7 days. To examine whether early life exposure to AR primes mice to 

enhanced susceptibility to DSS-induced colitis in adulthood, exposure of AR was 

stopped during DSS (Figure 13a). Mice exposed to AR during early life showed 

increased body weight loss compared to the vehicle group on day 7 post-DSS (Figure 

13b). Compared with DSS-treated mice, DSS-treated mice which were pre-exposed to 

AR showed higher disease activity index (DAI) (Figure 13c). This increased DAI was 

accompanied by higher macroscopic scores (Figure 13d), reduction in colonic length 

(Figure 13, e and f). Histological scores (Figure 13, g and h), and colonic MPO levels 

(Figure 13i) were also higher in DSS-treated mice which were pre-exposed to AR, 

compared with DSS-treated counterparts. In addition, the exposure to AR potently 

increased levels of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, in 

mice on day 7 post-DSS, compared with DSS-treated counterparts (Figure 13j). These 

data indicate that early life exposure to AR can prime mice to the later development of 

DSS-induced colitis. 
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Figure 13: Exposure of AR during early life exacerbates the severity of DSS-

induced colitis in later life. Four-week-old C57BL/6 mice were fed normal chow diet 

or exposed to AR via normal chow diet for 4 weeks (28 days) prior to induction of acute 

colitis by 3.5% DSS for 7 days. During DSS, mice were not exposed to AR, but fed 

normal chow diet. (a) Schematic illustration of the experimental design. (b) Body 

weight change during DSS. Each point represents mean ± S.E.M. (c) Disease activity 

index (DAI) during DSS. Each point represents mean ± S.E.M. (d) Macroscopic score. 

(e) Representative image of colons. (f) Colonic length (cm). (g) Representative images 

of H&E-stained colonic sections on day 7 post-DSS; scale bar: 100 µm. (h) Histological 

score. (i) Colonic MPO level. (j) Colonic pro-inflammatory cytokines. Values represent 

as mean or mean ± S.D. from n = 4-6 mice/group. Statistical significance was 

determined by Student’s t-test, one-way ANOVA with Bonferroni’s test, or two-way 

ANOVA with Bonferroni’s test. *P < 0.05 versus chow. #P < 0.05 versus DSS.  
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3.7 Allura Red AC triggers an early development of CD4+CD45RBhigh T cell-induced 

colitis 

To further probe the role of AR in the development of colitis, CD4+CD45RBhigh 

T cell transfer model of chronic colitis was utilized. Briefly, FACS-sorted WT 

CD4+CD45RBhigh T cells (naïve CD4+ T cells) were adoptively transferred into 

lymphopenic Rag1-/- mice, and at the time of reconstitution, mice were exposed to AR 

via normal chow diet for 5 weeks (Figure 14a). Starting from week 2 post-AR 

exposure, increased hair loss was observed in Rag1-/- mice exposed to AR with or 

without reconstitution of T cells, an effect more profound in mice reconstituted with T 

cells (Figure 15). However, Rag1-/- mice without AR exposure did not show any signs 

of hair loss. 

Rag1-/- mice with T cell reconstitution (CD45RBhi) showed increased body 

weight loss compared to naïve Rag1-/- mice at week 5 (Figure 14b). However, there 

was no significant difference in body weight loss between CD45RBhi and Rag1-/- mice 

with T cell reconstitution and AR exposure (CD45RBhi-AR) (Figure 14b). CD45RBhi-

AR showed significantly higher DAI compared to CD45RBhi (Figure 14c). In addition, 

CD45RBhi-AR had higher macroscopic scores (Figure 14d) along with reduced colon 

lengths compared to CD45RBhi (Figure 14, e and f). Cross-sections of colonic tissues 

stained with H&E from CD45RBhi-AR also showed higher histological scores than 

CD45RBhi (Figure 14, g and h). Furthermore, colonic MPO levels (Figure 14i) and 

pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, and IFN-γ) were potently increased 
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in CD45RBhi-AR compared to CD45RBhi (Figure 14j-m). These findings indicate that 

AR can also promote colitis via CD4+ T cells in Rag1-/- mice. 
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Figure 14: Allura Red AC exacerbates the development of T cell-induced colitis 

model. (a) Experimental design. Briefly, Rag1-/- mice were reconstituted with FACS-

sorted 5.0 x 105 CD4+CD45RBhi T cells harvested from spleens of C57BL/6 mice. Mice 

were exposed to AR via normal chow diet or fed normal chow diet at the time of 

reconstitution. (b) Body weight change. Each point represents mean ± S.E.M. (c) 

Disease activity index (DAI). Each point represents mean ± S.E.M. (d) Macroscopic 

score. (e) Representative image of colons. (f) Colonic length (cm). (g) Representative 

images of H&E-stained colonic sections; scale bar: 100 µm. (h) Histological score. (i) 

Colonic MPO levels. (j-m) Colonic IL-1β, IL-6, TNF-α, and IFN-γ levels. Values 

represent mean or mean ± S.D. from n = 3-5 mice/group. Statistical significance was 

determined by Student’s t-test, one-way ANOVA, or two-way ANOVA with 

Bonferroni’s test. *P < 0.05 versus Rag1-/-. #P < 0.05 versus CD45RBhi. 
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Figure 15: Representative images of alopecia in Rag1-/- mice exposed to AR with 

or without reconstitution with CD4+CD45RBhigh T cells. (a) Rag1-/- mice exposed to 

AR via normal chow diet. (b) Rag1-/- mice reconstituted with T cells and exposed to AR 

via normal chow diet.  



Ph. D. Thesis – Y. H. Kwon; McMaster University – Medical Sciences 

98 

 

3.8 Allura Red AC induces low-grade colon inflammation in naïve C57BL/6 mice 

In the first in vivo experiment, the body weight (Figure 9b) and Muc2 mRNA 

expression was reduced (Figure 9n), while colonic 5-HT levels were increased (Figure 

9o), in mice exposed to AR without DSS. To further test these observations, it was 

examined whether AR promotes low-grade colon inflammation without inducing colitis 

with DSS (Figure 16a). Food intake was not different between the groups during the 

14 weeks of AR exposure (Figure 17). Fecal lipocalin 2 (Lcn2) is a sensitive and 

broadly dynamic marker of intestinal inflammation in mice. Mice exposed to AR via 

normal chow diet showed elevated fecal Lcn2 levels at week 14 (Figure 16b). Mice 

exposed to AR also showed higher macroscopic (Figure 16c) and histological scores 

(Figure 16, d and e), which were accompanied by increased colonic MPO levels 

(Figure 16f). Additionally, there were significantly higher numbers of 5-HT–positive 

cells in the colons of AR exposed mice (Figure 16, g and h), and increased colonic 5-

HT levels compared with control mice (Figure 16i). Moreover, genes related to host 

defense, such as peroxisome proliferator activated receptor gamma (Pparg), β-defensin 

3 (Defb3), IL-22 (Il22), and regenerating islet-derived protein (REG) 3 gamma (Reg3g), 

were all down-regulated in the colons of mice exposed to AR compared to control mice 

(Figure 16j). 
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Fig. 16: Allura Red AC promotes low-grade inflammation and increases colon 5-

HT level in naïve C57BL/6 mice. Naïve C57BL/6 mice were fed normal chow diet or 

exposed to AR via normal chow diet for 14 weeks (98 days). (a) Schematic illustration 

of the experimental design (b) Fecal Lcn2 level at week 14. (c) Macroscopic score. (d) 

Representative images of H&E-stained colonic sections; scale bar: 50 µm. (e) 

Histological score. (f) Colonic MPO level. (g) Representative images of 

immunofluorescence (IF) staining for 5-HT (red) in the colon; scale bar: 50 µm. (h) 

Number of 5-HT–positive cells per 10 crypts. (i) Colonic 5-HT level. (j) Relative 

mRNA expression of genes related to antimicrobial response. Values represent as mean 

or mean ± S.D. from n = 4-5 mice/group. Statistical significance was determined by 

Student’s t-test. *P < 0.05 versus chow. 
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Figure 17: Measurement of food consumption in naïve C57BL/6 mice fed with 

normal chow diet or exposed to Allura Red AC via normal chow diet for 14 weeks. 

(a) Food intake represented in g per mouse per day. (b) Food intake is represented in g 

per g of mouse per day. Values represent mean ± S.E.M. from 4 to 5 mice per group. 
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3.9 Allura Red AC activates MLCK signaling pathway and alters the intestinal barrier 

function in naïve C57BL/6 mice and mouse intestinal organoids 

The myosin light chain kinase (MLCK) pathway regulates intestinal barrier 

function, and MLCK is necessary for TNF-α induced barrier loss by phosphorylating 

myosin II regulatory light chain (MLC) (Cunningham et al., 2012). MLCK-dependent 

regulation is observed in mice with colitis and in inflamed colonic tissues of patients 

with IBD, where increased MLCK phosphorylates MLC protein at Serine (Ser) 19 

(Blair et al., 2006). When C57BL/6 mice were exposed to AR for 14 weeks (Figure 

16), there was significantly higher Mlck mRNA expression level (Figure 18a) and 

pMLCSer19 (Figure 18, b and c). In addition, ZO-1 (Tjp1) expression levels were 

significantly decreased in mice exposed to AR (Figure 18, d-f). Protective mucus layers 

generated by goblet cells are essential for maintaining a healthy intestinal barrier, the 

impairment of which correlates with increased microbiota-induced colitis. Mice 

exposed to AR showed depletion of colonic goblet cell numbers and lower Muc2 mRNA 

expression levels (Figure 18, g-i). 
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Figure 18: Allura Red AC activates MLCK signaling pathway and alters intestinal 

barrier function in naïve C57BL/6 mice. (a) Mlck mRNA expression. (b) 

Representative western blot analyses of pMLCSer19, MLC, and β-actin. (c) Relative 

densitometry (pMLC/MLC). (d) Tjp1 mRNA expression. (e) Representative western 

blot analyses of ZO-1 and β-actin. (f) Relative densitometry (ZO-1/β-actin). (g) 

Representative images of Periodic acid-Schiff (PAS)-stained for Muc2 (violet) in the 

colon; scale bar: 50 µm. (h) Number of PAS–positive colonic goblet cells per 10 crypts. 

(i) Muc2 mRNA expression. Values represent as mean or mean ± S.D. from n = 4-5 

mice/group. Statistical significance was determined by Student’s t-test. *P < 0.05 versus 

chow. 
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The cytochrome P450 (CYP) family 1 enzymes are responsible for metabolizing 

various xenobiotics (Koppel et al., 2017). CYPs are mainly controlled by the aryl 

hydrocarbon receptor (AhR), which is involved in phase I xenobiotic metabolism in the 

intestine (Mescher et al., 2018). In addition, induction of CYP1A1 and CYP1B1 

enhances inflammatory responses and alters intestinal barrier function (Alhouayek et 

al., 2018; Tian et al., 2020), and notably, azo dyes induce CYP1 enzymes (Johnson et 

al., 2010). To elucidate the underlying mechanism by which AR alters intestinal barrier 

function, HT-29 cells were treated for 24 hours with AR (1 μM). AhR activation by AR 

was observed as indicated by nuclear translocation of AhR (Figure 19, a and b). Also, 

there were significantly higher CYP1A1 and CYP1B1 mRNA levels after 24 hours of 

AR treatment compared to untreated cells (Figure 19, c and d); I3A (50 and 500 μM) 

was used as a positive control. Similarly, both MLCK mRNA expression (Figure 19e) 

and pMLCSer19 were increased (Figure 19, f and g) when HT-29 cells were treated for 

24 hours with AR (1 μM) following pre-treatment for 1 hour with TNF-α (10 ng/ml). 
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Figure 19: Allura Red AC up-regulates CYP1A1/CYP1B1 mRNA expression and 

activates MLCK pathway in HT-29 cells. HT-29 cells were treated for 24 hours with 

AR (1 μM). Indole-3-carboxaldehyde (I3A) was used as a positive control. (a) 

Representative western blot analysis of nuclear translocation of AhR. β-actin was used 

for quantifying cytoplasmic proteins. Lamin B was used for quantifying nuclear 

proteins. (b) Relative density of nuclear and cytoplasmic AhR. (c) CYP1A1 mRNA 

expression. (d) CYP1B1 mRNA expression. In another experiment, HT-29 cells were 

pre-treated for 1 hour with TNF-α (10 ng/ml), followed by 24 hours of AR treatment (1 

μM). (e) MLCK mRNA expression. (f) Representative western blot analysis of 

pMLCSer19, MLC and β-actin. (g) Relative density of pMLCSer19/MLC. Values represent 

as mean ± S.E.M. from three independent experiments. Statistical significance was 

determined by Student’s t-test or one-way ANOVA with Dunnett’s test. *P < 0.05 or 

**P < 0.01 versus untreated. #P < 0.05 versus TNF-α.   
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Next, whole colon-derived crypt organoids were cultured to mimic a more 

physiological microenvironment. Prior to treatment with AR (1 µM), whole colon 

organoids were exposed to TNF-α (10 ng/ml). When organoids were exposed to AR for 

24 hours following 1 hour of TNF-α pre-treatment, there was reduction in the relative 

number of organoids with altered morphology and increase in dead cells in the lumen 

(indicated by dark lumen) (Figure 20, a and b). As a sphere-like geometry prevents 

access of AR to the apical side of the epithelium, 2D monolayers from 3D organoids 

were established as described previously (Crowley et al., 2020). In a functional 2D 

monolayer evidenced by accumulated ZO-1 at the intercellular membrane (Figure 20, 

c and d), there was no difference in Mlck mRNA expression levels when organoids were 

treated for 24 hours with AR compared to untreated organoids (Figure 20e). In contrast, 

when the monolayer was pre-treated for 1 hour with TNF-α prior to treatment for 24 

hours with AR, Mlck mRNA expression levels were potently increased compared to 

those treated with TNF-α alone (Figure 20e). Collectively, these findings corroborate 

with in vivo findings that AR induces low-grade inflammation and impairs intestinal 

barrier function by activating MLCK pathway. 
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Figure 20: Allura Red AC up-regulates CYP1A1/CYP1B1 mRNA expression and 

activates MLCK pathway in HT-29 cells. (a) Representative bright field (BF) images 

of mouse colonic organoids treated for 24 hours with or without AR (1 μM), followed 

by pre-treatment for 1 hour with or without TNF-α (10 ng/ml). (b) Percentage of 

disrupted organoids. A functional 2D monolayer derived from mouse colonic organoids. 

(c) Representative BF image of 2D monolayer derived from mouse colonic organoids. 

(d) Representative IF image of a functional 2D monolayer stained for ZO-1 (green) and 

DAPI (blue). Scale bar: 50 µm. (e) Mlck mRNA expression in 2D monolayer derived 

from mouse colonic organoids. Statistical significance was determined by Student’s t-

test. *P < 0.05 versus untreated organoids/monolayer. #P < 0.05 versus organoids or 

monolayer treated with TNF-α. 
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3.10 Colonic 5-HT is essential to enhancing the susceptibility to colitis by Allura Red 

AC 

 To delineate the role of 5-HT in mediating the effect of AR, Tph1-/- mice were 

exposed to AR via normal chow diet for 12 weeks prior to induction of acute colitis 

with 3.5% DSS in drinking water for 7 days (Figure 21a). Similar food intake (Figure 

22) and colitis assessment, namely body weight change, DAI, macroscopic score, colon 

length, and colon weight were observed in AR exposed DSS-treated mice compared to 

their DSS counterparts (Figure 21, b-g). Histological scores (Figure 21, h and i) and 

colonic MPO levels (Figure 21j) were also similar between AR exposed DSS-treated 

mice and their DSS counterparts. Additionally, the levels of colonic pro-inflammatory 

cytokines were not different between the two DSS groups (Figure 21, k-m). Similarly, 

when Tph1-/- mice were exposed to AR via normal drinking water for 12 weeks prior to 

induction of acute colitis with 3.5% DSS in drinking water for 7 days, there was no 

significant difference in the severity of DSS-induced colitis (Figure 23 and 24). 
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Figure 21: Allura Red AC does not exacerbate DSS-induced colitis in Tph1-

deficient mice. Tph1-/- mice were exposed to AR via normal chow diet or fed normal 

chow diet for 12 weeks (84 days) prior to induction of acute colitis by 3.5% DSS for 7 

days. During DSS, mice were continuously exposed to AR in the corresponding groups. 

(a) Schematic illustration of the experimental design. (b) Body weight change during 

DSS. Each point represents mean ± S.E.M. (c) DAI during DSS. Each point represents 

mean ± S.E.M. (d) Macroscopic score. (e) Representative image of colons. (f) Colonic 

length (cm). (g) Colon weight (mg). (h) Representative images of H&E-stained colonic 

sections on day 7 post-DSS; scale bar: 100 µm. (i) Histological score. (j) Colonic MPO 

level. (k-m) Colonic pro-inflammatory cytokines. Values represent mean or mean ± 

S.D. from n = 4-5 mice/group. Statistical significance was determined by Student’s t-

test, one-way ANOVA with Bonferroni’s test, or two-way ANOVA with Bonferroni’s 

test. *P < 0.05 versus chow. 
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Figure 22: Food intake measurement in Tph1-deficient mice exposed to Allura Red 

AC via normal chow diet or fed with normal chow diet for 12 weeks. (a) Food intake 

represented in g per mouse per day. (b) Food intake is represented in g per g of mouse 

per day. Values represent mean ± S.E.M. from 8 to 9 mice per group. 
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Figure 23: Allura Red AC in drinking water does not increase the severity of DSS-

induced colitis in Tph1-deficient mice. Tph1-/- mice were exposed to AR via normal 

drinking water or administered with normal drinking water for 12 weeks (84 days) prior 

to induction of acute colitis by 3.5% DSS for 7 days. During DSS, mice were 

continuously exposed to AR in the corresponding groups. (a) Schematic illustration of 

the experimental design. (b) Body weight change during DSS. Each point represents 

mean ± S.E.M. (c) DAI during DSS. Each point represents mean ± S.E.M. (d) 

Macroscopic score. (e) Representative image of colons. (f) Colonic length (cm). (g) 

Colon weight (mg). (h) Representative images of H&E-stained colon sections on day 7 

post-DSS; scale bar: 100 µm. (i) Histological score. (j) Colonic MPO level. (k-m) 

Colonic pro-inflammatory cytokines. Values represent mean or mean ± S.D. from n = 

4 mice/group. Statistical significance was determined by Student’s t-test, one-way 

ANOVA with Bonferroni’s test, or two-way ANOVA with Bonferroni’s test. *P < 0.05 

versus water. 
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Figure 24: Water intake measurement in Tph1-deficient mice exposed to Allura 

Red AC via normal drinking water or administered with normal drinking water 

for 12 weeks. (a) Water intake represented in ml per mouse per day. (b) Water intake 

is represented in ml per g of mouse per day. Values represent mean ± S.E.M. from 7 to 

8 mice per group.  
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Next, the underlying mechanism by which AR promotes 5-HT secretion was 

examined using BON cells. ROS is a well-characterized driver of colitis pathogenesis, 

(Blaser et al., 2016) and NF-κB activity is regulated by intracellular ROS level (Morgan 

et al., 2011). Elevation of intracellular ROS levels were detected by 2',7'-

dichlorofluorescein diacetate (DCF-DA) fluorescence after 24 hours of AR treatment 

(1 μM) (Figure 25a); 5-HT (10 μM) was used as a positive control (Regmi et al., 2014). 

However, the effect of modulating 5-HT secretion and ROS production was absent 

when BON cells were treated for 24 hours with CS (Figure 25b). To further investigate 

the relationship between AR and 5-HT, BON cells were pre-treated for 1 hour with 

triptolide (20 nM), a potent NF-κB inhibitor, followed by 24 hours of AR treatment (1 

μM). Triptolide attenuated the effect of AR on TPH1 mRNA expression and 5-HT 

secretion (Figure 25, c and d). Similarly, 5-HT secretion was increased when the 

monolayer derived from whole mouse colonic organoids was treated for 24 hours with 

AR (1 μM) (Figure 25e). Taken together, these data indicate that AR induces ROS 

production, activates NF-κB, and promotes 5-HT secretion in vitro, while AR does not 

influence susceptibility to DSS-induced colitis in the absence of Tph1 in vivo. 
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Figure 25: Allura Red AC induces ROS production and activates NF-κB to 

increase 5-HT secretion in vitro. (a) Representative fluorescence image of 

intracellular reactive oxygen species (ROS) detected using 2’,7’-dichlorofluorescin 

diacetate (DCF-DA) in BON cells treated for 24 hours with AR (1 µM) or 5-HT (10 

µM). (b) Representative fluorescence image of intracellular ROS detected using DCF-

DA in BON cells treated for 24 hours with CS (1 µM) or 5-HT (10 µM). 5-HT was used 

as a positive control for ROS induction. (c) TPH1 mRNA expression and (d) 5-HT level 

in the cell culture supernatant of BON cells pre-treated for 1 hour with triptolide (20 

nM), followed by AR treatment (1 µM). NaB (1 mM) was used as a positive control. (e) 

5-HT level in 2D monolayer derived from colon organoids. Data represent 3 

independent experiments. Values represent mean ± S.E.M. Statistical significance was 

determined by Student’s t-test or one-way ANOVA with Bonferroni’s test. *P < 0.05 

versus untreated. #P < 0.05 versus AR.  
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3.11 Perturbed gut microbiota by Allura Red AC enhances colitis susceptibility 

To explore whether the increased susceptibility to colitis by AR is mediated 

through regulation of the gut microbiota composition, bacterial profiling in cecal 

luminal contents was performed to elucidate whether the low-grade colon inflammation 

observed in naïve C57BL/6 mice (Figure 16 and 18) was associated with disruption of 

the gut microbiota composition. Analysis of β-diversity using Bray-Curtis dissimilarity 

revealed a markedly distinct clustering pattern between the two groups along the PCoA1 

axis (Figure 26a). At the phylum level, the composition of microbiota was changed 

between the two groups. Relative abundance of Proteobacteria, Deferribacteres 

bloomed in mice exposed to AR (Figure 26b). At the genus level, the relative 

abundance of Roseburia was decreased while that of Desulfovibrio, Muribaculum, 

Mucispirillum, and Turicibacter was increased in AR exposed mice (Figure 26c).  

To substantiate the observation that perturbed gut microbiota enhanced colitis 

susceptibility by AR exposure, GF mice were inoculated by gavage with an equally 

weighted pool of cecal contents derived from mice exposed to AR or control for 3 days 

(once per day), followed by 21 days of colonization prior to 2.0% DSS in drinking water 

for 7 days (Figure 26d). During the experiment, all mice were fed normal chow diet. 

GF mice, which were inoculated with cecal contents from mice previously exposed to 

AR (GF-AR), showed increased severity of colitis compared with GF mice inoculated 

with cecal contents of control mice (GF-NC). Although the body weight loss was 

similar between the two groups (Figure 26e), DAI was significantly higher in GF-AR 

(Figure 26f). This increased DAI was associated with higher macroscopic scores 



Ph. D. Thesis – Y. H. Kwon; McMaster University – Medical Sciences 

125 

 

(Figure 26g) and reduced colonic lengths (Figure 26h). Additionally, histological 

scores (Figure 26, i and j) and colonic MPO levels (Figure 26k) were elevated along 

with increased colonic 5-HT levels in GF-AR compared with GF-NC (Figure 26l). 

Furthermore, colonic pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, 

were significantly elevated in GF-AR compared with GF-NC (Figure 26, m-o). These 

findings show that perturbed gut microbiota induced by AR exposure exacerbates DSS-

induced colitis.  
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Figure 26: Transplantation of Altered Gut Microbiome from Allura Red AC 

exposed mice into GF mice exacerbates DSS-induced colitis. 16S rRNA bacterial 

profiling at the v3-v4 region using cecal contents was carried out. (a) Bray-Curtis 

dissimilarity revealed each group of mice possessed distinct microbiota. Boxplots of 

phylum (b) and genus (c) level abundance showing lower and upper quartiles along 

with median value for relative abundance. Fresh cecal samples were obtained and 

pooled at equal amounts from naïve C57BL/6 mice exposed to AR via normal chow 

diet or fed normal chow diet. A 200 μl inoculum was orally administered to each GF 

mouse once per day for 3 consecutive days, followed by 3 weeks of colonization period 

prior to 2.0% DSS treatment for 7 days. All mice received normal chow diet during 

experiment. (d) Schematic illustration of the experimental design. Red arrow indicates 

daily inoculation. (e) Body weight change from day 0 to day 28. (f) Disease activity 

index during 7 days of 2.0% DSS. (g) Macroscopic score. (h) Colonic length (cm) (top); 

a representative image of colons (bottom) (i) Representative images of H&E-stained 

colonic sections on day 7 post-DSS; scale bar: 100 μm. (j) Histological score. (k) 

Colonic MPO level (l) Colonic 5-HT level. (m-o) Colonic pro-inflammatory cytokines. 

Values represent mean or mean ± S.D. from n = 4-9 mice/group. Statistical significance 

was determined by Mann-Whitney U test, Student’s t-test, or two-way ANOVA with 

Bonferroni’s test. *P < .05 versus Chow or Chow  GF. 
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3.12 Allura Red AC promotes 5-HT synthesis in germ-free mice 

To further discern whether increased colitis susceptibility by AR exposure is 

dependent on the gut microbiota, GF mice were exposed to AR via normal chow diet 

for 14 weeks (Figure 27a). There was no difference in colonic lengths (Figure 27b). 

Colonic MPO levels were increased (Figure 27c), and histological scores were higher 

in mice exposed to AR (Figure 27, d and e). In addition, the numbers of 5-HT–positive 

cells were significantly increased (Figure 27, f and g), and colonic 5-HT levels were 

also elevated, in mice exposed to AR (Figure 27h). Thought not significantly increased, 

there was also a trend for high colonic IL-1β levels (Figure 27i). These findings indicate 

that AR can promote 5-HT synthesis and inflammatory signals via the gut microbiota-

independent pathway. 
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Figure 27: Allura Red AC increases colonic 5-HT level in the absence of microbial 

signals. GF mice were exposed to AR via normal chow diet or fed with normal chow 

diet for 14 weeks (98 days). (a) Schematic illustration of the experimental design. (b) 

Colonic length (cm); a representative image of colons (bottom). (c) Colonic MPO level. 

(d) Representative images of H&E-stained colon sections; scale bar: 100 μm. (e) 

Histological score. (f) Representative images of IF staining for 5-HT (red) in the colon; 

scale bar: 50 µm. (g) Number of 5-HT–positive cells per 10 crypts. (h) Colonic 5-HT 

level. (i) Colonic IL-1β level. Values represent mean or mean ± S.D. from n = 4-5 

mice/group. Statistical significance was determined by Student’s t-test. *P < .05 versus 

chow.  
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DISCUSSION  
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Every day, humans are exposed to different chemical substances through a 

variety of pathways, including dietary intake. The Western diet, which has permeated 

cultures around the world due to taste and convenience, is largely composed of ready-

to-eat or ready-to-heat processed foods that are typically high in salt, and invert sugar 

and low in fibre, vitamins, and minerals (Moubarac et al., 2017). Notably, this dietary 

pattern may comprise nearly two-thirds, of the total caloric intake of youths (weight 

mean age, 10.7 years) in the United States (Wang et al., 2021). As previously noted, 

diet shapes the microbial ecology of the gut, and changes in microbial composition are 

strongly associated not only with metabolic and neurological disorders but also with 

numerous intestinal disorders, including IBD (Backhed et al., 2005; Manichanh et al., 

2006). Recently, a prospective cohort study involving approximately 120,000 

participants from low- to high-income countries found that higher intake of ultra-

processed foods (e.g., processed meats, soft drinks, snacks, and refined sweetened 

foods) was positively associated with the risk of developing IBD (Narula et al., 2021). 

Though often overlooked, the Western diet is also especially rich in food additives and 

synthetic colourants that enhance the flavour and appearance of foods. While several 

risk factors tied with the Western diet have been associated with chronic inflammatory 

diseases (Furman et al., 2019), the current knowledge of the role of these dietary 

components in IBD pathogenesis is still modest. This thesis provides evidence that the 

widely used synthetic colourant, Allura Red AC, promotes colitis by influencing Tph1-

derived 5-HT biosynthesis in both gut microbiota-dependent and -independent 

pathways. 
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Across several in vitro experiments, the ability of AR to enhance 5-HT 

biosynthesis and elicit inflammatory effects was examined. In BON cells, a widely used 

model of human EC cells, AR, even a low concentration (1 pM) showed a pronounced 

increase in 5-HT levels in comparison to other synthetic dyes. This was correlated with 

increased Tph1 mRNA expression. The metabolite of AR, CS, did not elicit these 

effects. When pre-treated with TNF-α, AR promoted IL-8 secretion and the 

diminishment of E-cadherin in HT-29 cells. The pro-inflammatory nature of AR was 

also observed in LPS-induced RAW264.7 macrophages, where the levels of the 

cytokines, IL-1β, IL-6 and TNF-α, were also potently increased compared with LPS 

treatment alone. Taken together, these in vitro findings suggest that in the presence of 

inflammatory mediators such as TNF-α and LPS, AR is a potent driver that can 

exacerbate inflammatory signals and may diminish intestinal epithelial barrier function 

in vivo. 

Expanding upon the aforementioned in vitro work, the relationship between AR 

and intestinal inflammation was investigated across two mouse models. AR exposure 

over the course of 12 weeks, either via drinking water or dye-laden normal chow diet, 

exacerbated DSS-induced colitis. C57BL/6 mice exposed to AR showed elevated DAI, 

histological and macroscopic scoring, colonic MPO, and levels of the pro-inflammatory 

cytokines in the colon, such as IL-1β, IL-6, and TNF-α, compared to their naïve 

counterparts, on day 7 post-DSS. Studies using cultured monolayers and animal models 

of colitis have provided evidence that inflammatory cytokines, such as IL-1β and TNF-

α, trigger tight junction barrier dysfunction via MLCK activation (Clayburgh et al., 
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2005; Zolotarevsky et al., 2002). Here, in DSS studies involving C57BL/6 mice, 

markers of intestinal epithelial barrier function including ZO-1 (Tjp1), Ocln and Muc2 

expression, were impaired. These findings corroborate the in vitro observations where 

inflammatory mediators in combination with AR potently induced immune responses 

and impaired the barrier function. Though not explicitly touched on here, it should also 

be noted that mode of delivery (i.e., food or water-based consumption) does not alter 

the ability of AR to exacerbate colitis.  

MLCK activation is associated with intestinal epithelial dysfunction and 

hyperpermeability (Yao et al., 2020), which is correlated with enhanced clinical activity 

in patients with IBD (Blair et al., 2006). MLCK-mediated tight junction disruption in 

the intestinal epithelium leads to apoptosis-mediated intestinal epithelial barrier loss and 

the induction of experimental colitis (Günther et al., 2013). These findings are further 

consistent with previous studies where the loss of intestinal epithelial barrier mediated 

by hyperpermeability precedes the onset of colitis in clinically healthy first-degree 

relatives of those with CD or in individuals with familial risk (Irvine et al., 2000; Turpin 

et al., 2020). Here, in naïve C57BL/6 mice, AR induced low-grade colonic 

inflammation even in the absence of DSS by impairing the intestinal epithelial barrier 

function via MLCK. The effects of AR on MLCK activation were also observed in both 

in vitro (HT-29 cells) and ex vivo (mouse colonic organoids) systems.  

Host defense peptides are also important in mucosal defense; the lower levels of 

these peptides are observed IBD patients (Wehkamp et al., 2005). These peptides 

directly induce the expression of MUC2 and tight junction proteins in vitro (Otte et al., 
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2008; Tai et al., 2008). Moreover, a deficiency of PPAR-γ which is an important 

regulator of antimicrobial factor that maintains constitutive expression of the 

antimicrobial peptides, β-defensins, in the colon, leads to defective killing activity 

against major groups of commensal bacteria (Peyrin-Biroulet et al., 2010). Here, the 

observed low-grade colonic inflammation induced by AR was associated with reduced 

markers of host defense, including Pparg, mdefb3 and Reg3g in the colon. Previously, 

high levels of mdefb3 and Pparg expression were found in Tph1-/- mice, which was 

further confirmed using HT-29 cells that 5-HT directly inhibits Pparg and human β-

defensin 2 (hBD-2; a human ortholog of mouse β-defensin 3) expression (Kwon et al., 

2019). Thus, higher numbers of 5-HT–positive cells along with increased colonic 5-HT 

levels by AR exposure during low-grade colonic inflammation may account for this 

reduction in antimicrobial factors. 

 In conjunction with findings in the DSS model, AR also triggered an early 

onset of CD4+CD45RBhigh T cell-induced colitis with CD45RBhi-AR mice displaying 

significantly higher macroscopic and histological scoring, DAI, and colonic pro-

inflammatory cytokines, IL-1β, IL-6, TNF-α, and IFN-γ levels in comparison to 

CD45RBhi mice. IFN-γ, a Th1 cytokine, plays an essential role in IBD and in the 

development of experimental colitis across both DSS and CD4+CD45RBhigh T cell 

models (Ito et al., 2006). In synergy with TNF-α, IFN-γ promotes intestinal epithelial 

barrier defects by disrupting the tight junctional complexes via MLCK, contributing to 

the pathology of IBD (Wang et al., 2005; Youakim et al., 1999). This evidence parallels 

with the findings in this thesis that, in addition to the effect of AR on direct activation 
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of MLCK, increased levels of colonic IFN-γ and TNF-α can trigger immune-mediated 

intestinal epithelial barrier dysfunction.  

It was recently shown that AR consumption at a dosage under the threshold of 

what is considered safe in humans (0.025% w/v) promoted colitis in transgenic mice 

overexpressing IL-23 (He et al., 2021); the signaling pathway of which is strongly 

linked with IBD (Dotan et al., 2007; Duerr et al., 2006). These mice were intermittently 

exposed to AR via normal chow diet or normal drinking water for 7 days, followed by 

7 days of vehicle, for a total of 4 cycles. It is reasonable that the intermittent exposure 

at this dosage (2.5 times higher than the one used in this thesis) was sufficient to induce 

colitis in genetically susceptible mice. In this thesis, when C57BL/6 mice were 

intermittently exposed to AR (24 hours per week) for 12 weeks before DSS-induced 

colitis, there was no difference in the colitis severity. It appears that the exposure level 

in the intermittent exposure experiment was not sufficient to promote colitis compared 

to the level being exposed every day. 

The immunopathogenic mechanisms induced by AR in the transgenic mice 

overexpressing IL-23 were dependent on IFN-γ-producing CD4+ T cells (similar to 

those found in patients with IBD), which contributed to intestinal epithelial damage 

through marked IEC apoptosis; this effect was abrogated by genetically ablating IFN-γ 

in transgenic mice overexpressing IL-23 (Chen et al., 2022; He et al., 2021). In this 

thesis, when Rag1-/- mice reconstituted with T cells were exposed to AR for 5 weeks, 

higher levels of colonic TNF-α and IFN-γ were found. It has previously been shown 

that IFN-γ, in synergy with TNF-α, significantly decreases SERT expression in IECs 
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(Foley et al., 2007), while IFN-γ from CD4+ T cells increased Trp uptake and promoted 

5-HT secretion from T cells (Finocchiaro et al., 1988). 

The importance of Tph1-derived 5-HT in the pathogenesis of colitis is supported 

by previous work that suggested pharmacologically inhibiting mucosal 5-HT synthesis 

uncouples the positive linkage of colonic 5-HT to colitis (Kim et al., 2015; Margolis et 

al., 2014). Since both in vitro and in vivo experiments involved in this thesis established 

a connection between 5-HT, AR exposure and inflammation, Tph1-/- mice were used to 

elucidate if the ability of AR to promote colitis was predicated on the expression of 

Tph1. Indeed, Tph1-/- mice were not more susceptible to DSS-induced colitis after 

exposure to AR. Additionally, AR promoted mild colitis, which was associated with 

increased colonic 5-HT levels and elevated numbers of 5-HT–positive cells in the colon 

of naïve C57BL/6 mice. Furthermore, when GF mice were exposed to AR, colonic 5-

HT levels were increased. Together, these findings illustrate that any direct effects of 

AR on the gut microbiota do not influence colitis susceptibility if Tph1-derived 5-HT 

production is inhibited, suggesting that the indirect effect of AR via the host’s 

serotonergic system on the gut microbiota contributes to a greater extent. Similarly, an 

increased 5-HT secretion via NF-κB through direct induction of ROS generation by AR 

suggests that a positive feedback cycle is in play and drives 5-HT biosynthesis. Given 

that high 5-HT levels promote NADPH oxidase 2 (NOX2)-derived ROS production and 

prime colonic epithelial cells toward inflammation (Regmi et al., 2014), as well as alter 

host tolerance to commensal E. coli, promoting adherent-invasive colonization through 

impaired intestinal epithelial cell junctions (Banskota et al., 2017), it is thus reasonable 
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to state that AR exposure primes colonic epithelial cells towards inflammatory 

responses through Tph1-derived 5-HT. 

Low-grade inflammation in naïve C57BL/6 mice exposed to AR was associated 

with an increased abundance of Turicibacter. T. sanguinis expresses a neurotransmitter 

sodium symporter-related protein with sequence and structural homology to 

mammalian SERT (Fung et al., 2019). In this way, T. sanguinis signals nearby EC cells 

and imports 5-HT through a mechanism that is inhibited by the selective serotonin 

reuptake inhibitor (SSRI), fluoxetine (Fung et al., 2019). Previously, mice lacking TNF-

α (Tnfa-/-) showed decreased severity of TNBS-induced colitis with a lower abundance 

of Turicibacter compared to WT mice (Jones-Hall et al., 2015). The data from this study 

as well as a past study positing that Turicibacter may play a role in the development of 

IBD (Bernstein et al., 2017) suggest that further investigation is warranted to precisely 

determine the role of Turicibacter in colitis. 

Across several in vivo experiments involving naïve C57BL/6 mice, reductions 

in Muc2 expression were consistently observed. In the colon, defects in the inner mucus 

layer, normally devoid of microorganisms, can lead to exaggerated immune responses 

by the invasion of microbes and thus instigate intestinal inflammation (Johansson, 

2014). In this thesis, the presence of AR was associated with reduced Muc2 expression 

and the depletion in the number of PAS+ goblet cells, indicating that AR exposure can 

have a direct impact on the mucus layer in the colon. Defects in the mucus layer may 

be further attributed to the microbial composition found in AR-exposed C57BL/6 mice, 

which harboured increased levels of the mucin-degrading, Gram-negative commensal 
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bacteria, Mucispirillum. These bacteria are mucus-dwelling pathobionts which act as 

one of the several indicator phylotypes for active colitis (Berry et al., 2012; Rooks et 

al., 2014). For instance, M. schaedleri, which express systems for scavenging ROS in 

vivo, localize close to the mucosa and expand during inflammation (Loy et al., 2017). 

Consistent with this evidence, the development of spontaneous colitis with the classical 

pathological hallmarks of CD was triggered by the presence of M. schaedleri in mice 

lacking two CD-related genes, namely NOD2 and the cytochrome b-245 beta chain 

(CYBB) subunit of phagocyte NOX2 (Caruso et al., 2019). This study suggests 

Mucispirillum is a microbial trigger for colitis, and that expansion of Mucispirillum in 

mice exposed to AR, in this thesis, may play a role in incitement of colitis. As noted 

earlier, the gut microbiota is known to play a critical role in the development of colitis. 

For instance, IL-10-deficient mice, which typically develop spontaneous colitis under 

SPF conditions, do not develop colitis under GF condition (Sellon et al., 1998). 

Perturbation of the gut microbiota by AR exposure led to increased severity of DSS-

induced colitis in GF mice upon transfer of the microbiota from AR exposed SPF mice. 

These findings further support the concept that disruption of the gut microbiota 

composition is an important factor involved in the pathogenesis of colitis.  

The current data suggests that AR enhances the susceptibility to colitis. It should 

be mentioned that in this study, the effect of the AR’s microbially-derived metabolite, 

CS, was not further tested in vivo as CS did not promote 5-HT secretion in vitro. 

Likewise, CS did not have any effects on the production of IL-8 in vitro. This finding 

is consistent with previous findings that CS did not induce colitis in transgenic mice 
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overexpressing IL-23 (He et al., 2021). Previously, it has been postulated that bacterial 

azoreductase activity can be saturated at a high concentration of AR, which would 

ultimately lead to accumulation of the parent compound in the lumen even in the 

presence of azo dye-metabolizing strains (Zou et al., 2020). This is further supported 

with previous findings that when the dye concentration increased beyond a certain 

threshold, there were changes in the decolorization rate from first to zero-order; the 

reaction rate was no longer affected above certain substrate concentration (Birkett, 

1994; Zahran et al., 2019). The possibility of saturation of the enzyme by the chronic 

administration of the AR in this thesis, therefore, cannot be excluded.  

The rising incidence of IBD in individuals who are less than 5 years of age is 

increasingly reported (Benchimol et al., 2017). In this thesis, findings that the exposure 

of AR during early life primes the host to the later development of colitis support the 

notion that early life is increasingly considered as a crucial period that influences 

susceptibility to IBD development in later life (Agrawal et al., 2021). Synthetic 

colourants are a convenient and low-cost alternative for food manufacturers to make 

foods even brighter and more appealing to the customer, particularly young children. 

The amount of synthetic colourants have increased 500% from 1950 (12 mg/capita/day) 

to 2012 (68 mg/capita/day) (Stevens et al., 2014). In the same vein, approximately 43% 

of synthetic colourants including AR are found in food products marketed to children 

(Batada et al., 2016). More importantly, the levels of synthetic colourants found in these 

consumables were present at much higher levels than the amounts tested in randomized 

control studies investigating dye-related reactions and behaviours in children (McCann 
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et al., 2007; Stevens et al., 2014). It is thus likely that children are exposed to these 

chemicals on a more consistent and higher basis than adults. 

 

Conclusion and Future Directions 

The data encompassed in this thesis provide evidence that chronic consumption 

of AR enhances the susceptibility to colitis and that colonic 5-HT derived from Tph1 is 

a key mediator for the observed phenotype. In addition, AR enhanced the susceptibility 

to colitis in both microbiota-dependent and -independent manner (Figure 28). Given 

that the synthetic colourants, SY and TY also promote 5-HT biosynthesis in vitro and 

have similar chemical structures to AR, exploring whether these colourants promote 

colitis by similar mechanisms is thus of the utmost importance. As many dietary 

products contain multiple synthetic colourants, investigating whether any synergistic 

actions between these colourants influence the susceptibility to colitis will be a key 

direction for future work. The knowledge of the association between the gut microbiota 

and IBD continues to expand, and the influence of environmental factors, such as 

dietary components, becomes increasingly crucial. This thesis investigated the 

cumulative effects of AR, which are relevant to individuals regularly consuming 

(intentionally or unintentionally) foods rich in synthetic colourants. To some extent, this 

work may not recapitulate the average exposure humans encounter in daily life. Thus, 

population-based studies on AR consumption by individuals, including IBD patients, 

are necessary to ascertain if the intake of synthetic colourants is associated with the later 

development, or exacerbation, of colitis. Moreover, with an emerging interest in food-
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based exclusion diets (i.e., exclusive enteral nutrition) (Boneh et al., 2021; Levine et al., 

2019), the findings herein have potential important role for managing IBD as well as in 

enhancing public knowledge on the harmful effects of food dyes, such as AR. With a 

dramatic spread of the Western diet, the effects of synthetic colourants, which are often 

overlooked as potentially harmful food components, are increasingly becoming a public 

health concern. Thus, this thesis not only prompts scrutiny of the use of synthetic 

colourants across industries but may, in the future, provide the foundation of research 

that may impact global health.  
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Figure 28: Graphical summary of the effects of Allura Red on colitis. Under the 

normal condition, the intestinal epithelial cells (IECs) constantly interact with 

commensal bacteria in the gut and maintain mucosal homeostasis by finely tuning the 

immune network. Chronic exposure to Allura Red AC (AR) disrupts intestinal epithelial 

barrier integrity via myosin light chain kinase (MLCK) activation. The mucus layer 

maintained by Muc2 is also impaired by exposure to AR. Additionally, colonic pro-

inflammatory cytokines are increased, which can further aggravate the impairment of 

the epithelial barrier function. AR exposure also increases colonic serotonin (5-

hydroxytryptamine; 5-HT) levels, while perturbing the gut microbiota composition, in 

which the microbes are also influenced by increased luminal 5-HT levels. Furthermore, 

the effect of AR exposure is also mediated by the gut microbiota-independent pathway 

as evidenced by using germ-free mice. AR exposure in these mice increased colonic 5-

HT levels, which can prime IECs and immune cells for exaggerated inflammatory 

responses.  
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