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LAY ABSTRACT 
 
Approximately 0.7% of Canadians are currently affected with inflammatory bowel 

disease (IBD). The gut hormone serotonin, which regulates many normal functions, is 

elevated in gut inflammation. Reduced serotonin levels decrease the severity of 

inflammation. IBD pathology has been linked to a unique cell self-eating process called 

autophagy. Using cell lines, mice, and samples from IBD patients, we assessed the 

interactions between serotonin signaling and autophagy during gut inflammation. I found 

that an increase in serotonin levels enhances the severity of gut inflammation by 

inhibiting autophagy. We also established the connection between serotonin and 

autophagy in the intestinal epithelial cells, and how this modulates epithelial cell function. 

Furthermore, we demonstrated the establishment of an altered gut microbiota upon 

disruption of the serotonin-autophagy axis in the epithelial cells, which subsequently 

influenced gut inflammation severity. Thus, we identified one of the key triggers related 

to the pathogenesis and severity of IBD.  
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ABSTRACT 

Autophagy, an intracellular degradation, and recycling process is essential in maintaining 

cellular homeostasis. Dysregulated autophagy is linked to the pathogenesis of various 

diseases, including inflammatory bowel disease (IBD) which consists of Crohn’s disease 

and ulcerative colitis. In IBD, enterochromaffin cell numbers and one of its main product 

serotonin (5-hydroxytryptamine; 5-HT) levels are elevated. Previously, we had shown 

that tryptophan hydroxylase 1 deficient (Tph1-/-) mice, with reduced gut 5-HT had 

decreased severity of colitis. Here, we showed that gut 5-HT plays a vital role in 

modulating autophagy and thus regulating gut microbial composition and susceptibility to 

intestinal inflammation.  Tph1-/- mice, had upregulated colonic autophagy via the 

mammalian target of rapamycin pathway (mTOR), and decreased colitis severity.  Tph1-/-

mice after 5-HT replenishment, and serotonin reuptake transporter deficient (SERT-/-) 

mice, which have increased 5-HT levels, showed converse results. Deletion of intestinal 

epithelial cell-specific autophagy gene, Atg7, in Tph1-/- mice (DKO mice) abolished the 

protective effect of Tph1 deficiency in colitis, decreased the production of antimicrobial 

peptide, β-defensin 1 and promoted colitogenic microbiota. Furthermore, using cecal 

microbial transplantation, we found that the colitic microbiota of the DKO mice 

contributed to the increased severity of colitis. Supporting this pathway's translational 

importance, we uncovered that 5-HT treatment of peripheral blood mononuclear cells 

from both healthy volunteers and patients with Crohn’s disease inhibited autophagy via 

the mTOR pathway. Our results in this thesis emphasize the role of 5-HT-autophagy-

microbiota axis in intestinal inflammation. Moreover, these findings suggest 5-HT as a 
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novel therapeutic target in intestinal inflammatory disorders such as IBD that exhibit 

dysregulated autophagy.   
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Literature overview 

1. Autophagy  

 
Autophagy is a catabolic process of delivering and degrading cytoplasmic 

constituents, organelles and infectious agents to the lysosome.1-3 Autophagy is a highly 

conserved universal mechanism that participates in a range of physiological processes.1 It 

is crucial in response to starvation, tissue remodeling, breakdown of cellular debris, 

turnover of damaged organelles, tumour suppression, regulation of immunity, and cell 

death.4,5 Basal autophagy contributing to routine cell turnover is maintained in most 

tissues. Polyubiquitinated protein aggregates, formed during stress, aging, and disease are 

cleared by the autophagic process. Additionally, during infection autophagy degrades 

invading pathogens, suppresses the release of pro-inflammatory cytokines, participates in 

antigen presentation and lymphocyte development.6 There are three types of autophagy: 

macroautophagy, microautophagy and chaperone-mediated autophagy (CMA).1,4 In 

macroautophagy double membrane-bound vesicles called autophagosomes are formed in 

the cytoplasm that engulf cytoplasmic constituents and organelles. In microautophagy the 

target components are directly engulfed and degraded in the lysosome. In CMA, cytosolic 

chaperone heat shock cognate 70kDa protein (HSC70) binds to a KFERQ-like 

pentapeptide motif of the target protein that promotes the translocation of the targets into 

the lysosomal lumen across lysosomal membranes.4,7 The mechanisms and functions of 

macroautophagy has been extensively studied and linked to inflammatory bowel disease 

(IBD) disease pathogenesis. I am focusing on macroautophagy and it will be referred to 

as autophagy.  
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The hallmark of autophagy is the synthesis of autophagosome, a double 

membrane bound vesicle-containing portions of cytoplasm. Autophagosome formation 

occurs through three main stages: initiation, nucleation and expansion of the isolation 

membrane in the phagophore assembly site (PSA). The process of autophagy involves 

more than 30 proteins.5 The isolation membrane is also called phagophore. Stress signals 

like nutrient limitation, specific cargo like defective organelles and microorganisms 

activate the Unc-51 like autophagy activating kinase (ULK) complex through adenosine 

monophosphate-activated protein kinase (AMPK) and mammalian target of rapamycin 

(mTOR). AMPK activates autophagy while mTOR inhibits it. ULK1 complex recruits 

class III phosphatidylinositol-3-kinase (PI3K) complex. The PI3K converts 

phosphatidylinositol to phosphatidylinositol-3-phosphate (PI3P) at the phagophore 

marking the nucleation stage. The PI3P serves as a platform for downstream autophagy 

proteins to connect to the phagophore membrane, allowing it to be deformed and bent. 

Two ubiquitin-like enzymes, autophagy related (Atg) 7 and Atg10 activate and form the 

third ubiquitin like enzyme, Atg12-5-16L1 complex. The PI3P binds to the Atg12-5-16L1 

complex. Simultaneously the protease Atg4 cleaves cytoplasmic microtubule-associated 

protein 1 light chain 3 (LC3) to LC3-I. The ubiquitin-like enzymes Atg7, Atg3 and 

Atg12-5-16L1 complex conjugates phosphatidylethanolamine to the LC3-I protein to 

form LC3-II. LC3-II is hydrophobic and is easily incorporated in the phagophore 

membrane elongating and closing the phagophore membrane to form a double-membrane 

autophagosome. In selective autophagy adaptor proteins such as p62 bind to ubiquitinated 

proteins and organelles and attach them to LC3-II, bringing them into the autophagosome. 
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p62 has been found to accumulate in autophagy deficient cells.8 The autophagosome then 

fuses with the lysosome mediated by proteins like lysosome-associated membrane protein 

2 (LAMP2) to form autolysosome. In the final stage, the contents are broken down by 

lysosomal hydrolases and released into the cytoplasm.1,7,9-11  

Autophagy in absorptive enterocytes prevent barrier invasion by pathogens like 

Salmonella, adherent-invasive E. coli and opportunistic pathobiont Enterococcus 

faecalis.12,13 Starvation induced autophagy decreases intestinal epithelial permeability that 

maintains the barrier.14 Specialized epithelial cells like Paneth cells, goblet cells and 

enteroendocrine cells (EECs) are also regulated by autophagy. In the Paneth cells of 

Atg16L1 and Atg5 hypomorphic mice, aberrant granule exocytosis interferes with the 

release of antimicrobial peptides (AMPs). A similar change in Paneth cells in Crohn’s 

disease (CD) patients carrying the Atg16L1 risk allele was shown.15 In Paneth cells of 

intestinal epithelial cell (IEC) specific Atg7 conditional knockout (Atg7ΔIEC) mice, 

granule size is reduced and lysozyme staining is decreased.16 In goblet cells, autophagy is 

critical for the formation and secretion of mucin.17 Partial loss of autophagy in the Atg5+/- 

mice lead to goblet cell hyperplasia, disturbance in the secretory pathway and mucus 

layer defect.18 Autophagy also regulates the differentiation of EECs from stem cells along 

with the production of EEC peptide chromogranin.17,19 Furthermore, autophagy in the 

intestinal epithelium was found to reduce the severity of endotoxin-induced inflammatory 

response and thus contributing to the maintenance of intestinal homeostasis.20  

Immune cells play key roles in the pathogenesis of IBD. Autophagy regulates 

functions of innate and adaptive immune cells such as formation of transepithelial 
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protrusions, antigen sampling and presentation, dendritic cell (DC) maturation, major 

histocompatibility complex II (MHC II) loading, T and B cell proliferation.21-24 

Autophagy has crucial roles on the transcription and degradation of pro-inflammatory 

cytokines like interleukin (IL)-1β and IL-18. Saitoh et al. reported increased production of 

lipopolysaccharide (LPS) induced IL-1β and IL-18 in Atg16L1 deficient mice 

macrophages.25 This group also found that Atg16L1 deficient chimeric mice generated by 

transplantation of fetal liver cells into irradiated C57BL/6 (CD45.1) mice have increased 

susceptibility to dextran sulphate sodium (DSS) induced chemical colitis as demonstrated 

by acute weight loss and severe distal colon inflammation.  

Autophagy and gut microbiota are important factors in the development of IBD. 

The composition and diversity of gut microbiota in IEC specific Atg5 conditional 

knockout (Atg5ΔIEC) and Atg7ΔIEC mice have recently been shown to be highly 

different.26,27 In the Atg5ΔIEC mice, beneficial anti-inflammatory bacteria such as the 

mucin-degrading Akkermansia muciniphila and members of the Lachnospiraceae family 

are reduced. Pro-inflammatory bacteria such as Candidatus athromitus and potential 

Pasteurellaceae pathogens, on the other hand, are enhanced in the Atg5ΔIEC mice. 

Similarly, Atg7ΔIEC mice showed a larger bacterial burden, with more colitogenic bacteria 

such as Prevotella and Bacteroides fragilis.26,27 However, the relationship between host 

autophagy and microbiota is bidirectional. Microbiota-derived metabolites have been 

shown to influence intestinal inflammation via the autophagy pathway. By suppressing 

Atg16L1, LC3-II, and p62 expression, trimethylamine N-oxide, a gut microbiota derived 

metabolite, boosted IEC nucleotide-binding domain, leucine-rich-containing family, pyrin 
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domain-containing-3 (NLRP3) inflammasome activity.28 The mTOR signaling pathway 

has a key role in microbiota associated immune regulation and intestinal disease 

development.29 The intestinal microbiota and its metabolites regulate various 

physiological functions of the host and maintain homeostasis through the mTOR 

pathway, which controls many cellular processes, autophagy being one of them.29 A 

probiotic strain of Bifidobacterium attenuates various gastrointestinal (GI) disorders 

including chronic relapsing IBD and initiates autophagy in the IECs probably through the 

Atg12-5-16L1 pathway,30 further highlighting the importance of interaction between 

microbiota and autophagy in IECs. Nevertheless, the upstream regulators of the 

autophagy-microbiota axis remain to be determined.  

Recently, genome-wide association studies (GWAS) scan involving 735 CD 

patients and 368 controls identified an increased risk of developing CD in individuals 

with nonsynonymous single nucleotide polymorphism (SNP) in the Atg16L1 locus.31 The 

T300A variant of the Atg16L1 gene resulted in the production of defective autophagy 

protein that was more prone to caspase-3 mediated degradation. This resulted in defective 

stress activated autophagy and xenophagy, thus establishing a state of chronic 

inflammation.32 Additionally, another autophagy gene immunity related GTPase family 

M (IRGM) has also been linked with CD.33,34 These two polymorphisms are responsible 

for dysfunctional autophagy, which propagates the inflammatory process in IBD. 

Autophagy prevents an exaggerated pro-inflammatory response in the gut by influencing 

immune response to the commensal bacteria and by regulating cytokine secretion.35,36 

Different research groups reported pharmacological inhibition of mucosal autophagy by 
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rapamycin or other mTOR-inhibitors resulted in reduction of intestinal inflammation in 

experimental models of colitis and in severe refractory CD. All these studies concluded 

that enhancing autophagy in the gut is protective against colitis.37-39 Further, elaborated 

role of autophagy in intestinal immune response and inflammation has been discussed in 

the paper below.  

 
1.1 Role of autophagy in immune activation and intestinal inflammation 
 

AUTOPHAGY: ROLES IN INTESTINAL MUCOSAL HOMEOSTASIS AND 
INFLAMMATION 

 
Published in Journal of Biomedical Science. Volume 26. Issue 1. Pages 1-14. 2019 

https://doi.org/10.1186/s12929-019-0512-2 
 

Sabah Haq, Jensine Grondin, Suhrid Banskota & Waliul I. Khan 
 

Reproduced with permission of the publisher © 2019 
Copyright by SpringerNature under the Creative Commons CC BY license 

 
In this review, we summarized how autophagy, the cell recycling process, maintains 
intestinal homeostasis. In the human gut, autophagy plays a vital role in many aspects of 
the innate and adaptive immunity. Particularly, autophagy critically regulates the 
intestinal epithelium. In addition, it is also involved in maintaining a healthy gut 
microbiota. Any perturbations in this process of autophagy results in inappropriate 
immune response and uncontrolled inflammation. In this review, we have also focused on 
autophagy and its role in the pathogenesis of IBD. This review is very relevant to my 
research project focused on how disruption of the autophagic process in the colon and 
IECs contributes to the pathogenesis of intestinal inflammation.        
 
 
SH collected literature, designed and wrote the manuscript. JG edited and prepared 
manuscript for submission. SB edited and WK edited, revised and designed the 
manuscript. All authors read and approved the final manuscript. 
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2. Tryptophan and its metabolites 

Tryptophan is an essential aromatic amino acid critical for normal growth and is 

also a precursor of various bioactive compounds including tryptamine, nicotinamide, 5-

HT, melatonin, kynurenine and its metabolites.40 Therefore, tryptophan has diverse 

effects in health and disease, particularly in intestinal mucosal homeostasis and 

pathogenesis of gut inflammatory disorders. The recommended daily dose of tryptophan 

for humans is 250–425 mg, however most people consume 1000 mg or more.40 

Tryptophan is released after digestion of dietary proteins and is absorbed by the IECs. 

The absorbed tryptophan is either delivered to the liver via the portal circulation for 

protein synthesis or for metabolic breakdown or delivered to the bloodstream where it 

circulates mainly bound to albumin or in the free form (10-20%).41-43 The portion of the 

tryptophan that is not used in the liver is distributed by the circulation to other cells of the 

body for anabolic and catabolic functions.42 Additionally, a small portion of the 

tryptophan remains in the gut lumen where it is utilized by gut microbiota or is absorbed 

and used by the enterochromaffin (EC) cells of the intestine.41,44 The kynurenine and 5-

HT routes are the primary mechanisms for endogenous tryptophan metabolism.45 The vast 

majority of dietary tryptophan (95%) is metabolized via the kynurenine pathway. Only a 

small percentage of dietary tryptophan (1-2%) enters the 5-HT pathway and, as a result, 

contributes to 5-HT synthesis. In addition, a small percentage of ingested tryptophan (4-

6%) is degraded by bacteria in the gut lumen, resulting in the production of indole and 

other related chemicals.46 The metabolites of the kynurenine pathway plays various 

physiological roles such as fortifying immunological defenses, regulating gut motility and 
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maintaining functions of central nervous system (CNS).46 5-HT, a bioamine, is 

synthesized in both CNS and peripheral tissues, particularly within the GI tract.47,48 5-HT 

functions as a hormone and neurotransmitter in the body by working on a variety of 

receptors and as a component of intracellular signaling. In addition, 5-HT has been linked 

to GI function in the last 20 years, particularly in terms of motility, peristaltic activity, 

and intestinal secretions.49-51 5-HT also has a considerable impact on inflammatory 

pathways, as well as the development of a number of GI illnesses, such as IBD.47,52  

 

2.1 EC cells 

The GI tract is the largest endocrine system in terms of number of cells. It is 

composed of EECs located in the crypts and villi that makes up 1% of the gut epithelium 

cell population.53 EECs differentiate from pluripotent stem cells at the base of the crypts 

regulated by the interaction between Notch signaling and basic helix-loop-helix 

transcription factor family.54,55 EECs sense luminal material to produce and release 

hormones/signaling molecules, and modulate a number of GI and homeostatic activities. 

EECs either directly detect luminal contents through the microvilli or indirectly through 

neural or humoral pathways. In response to mechanical, chemical, or neural stimulation, 

EECs release their secretory products by exocytosis at the basolateral membrane. The 

secretory products, mostly peptides/hormones, can function locally in a paracrine way, 

stimulating other EECs and other cell types in the mucosa, reach distant targets through 

bloodstream, or act directly on nearby nerve endings.56,57 EECs are most abundant in the 

proximal small intestine followed by the rectum.58 
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One of the best characterized and most common EECs are the triangular or 

pyramidal shaped EC cells (about 8µm in size) located in the gastric antrum, duodenum, 

jejunum, ileum, colon, rectum and appendix, while the number of EC cells in the large 

intestine remains almost contant.58,59 These unique EC cells synthesise>90% of the 

body’s 5-HT. Apart from 5-HT, EC cells also produce chromogranin, substance P and 

guanylin.60-62 EC cells express a variety of ion channels and receptors such as transient 

receptor potential cation channel subfamily A member 1, taste and olfactory receptors, 

free fatty acid receptors, toll-like receptors (TLRs), ganglioside GM1 receptor, 5-HT 

receptors and somatostatin receptors.59,63,64 EC cells act as chemosensors, 

mechanosensors and oxygen sensors. EC cells detect nutrient or purine induced chemical 

changes of the gut luminal environment. EC cells also detect changes in solute 

concentration, pH, oxygen level, and mechanical forces (intestinal peristalsis).65 The 

secretory functions of EC cells have been demonstrated to be regulated, at least in part, by 

neural input.66 It has also been shown that stimulation of β-adrenergic and pituitary 

adenylate cyclase-activating polypeptide receptors has stimulatory effects on 5-HT 

release by EC cells, while activation of γ-aminobutyric acid A and cholinergic receptors 

has inhibitory effects.59 

 

2.2 Serotonin (5-hydroxytryptamine; 5-HT) 
 

5-HT is a monoamine neurotransmitter and hormone mainly produced by the gut 

(95%).67 EC cells are the major (90%) producer of peripheral 5-HT.48,61 Only, about 10% 

of the peripheral 5-HT is synthesized and secreted by the serotonergic enteric neurons.68 
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In the EC cells 5-HT is synthesized from dietary tryptophan. Dietary tryptophan is 

converted to 5-hydroxy-ʟ-trytaphan (5-HTP), catalyzed by the rate limiting enzyme 

tryptophan hydroxylase 1 (Tph1), an isoform of Tph.69,70 The other isoform Tph2 is found 

in the brain stem and enteric neurons. Tph1 and Tph2 function independently.69 Another 

enzyme aromatic ʟ-amino acid decarboxylase further converts the 5-HTP into 5-HT.70,71 

5-HT is then packaged and stored in the EC cells. Mechanical and chemical stimulants 

trigger the release of 5-HT in a calcium dependent manner.72 The secreted 5-HT enters 

the surrounding IECs through the serotonin reuptake transporter (SERT).71 Once 5-HT is 

taken up it is degraded by monoamine oxidase A (MAO-A) into 5-hydroxyindoleacetic 

acid (5-HIAA).71 There are five families of 5-HT receptors (5-HTRs) in the gut expressed 

on epithelial cells, immune cells, neurons and muscle cells.73 The 5-HT released from the 

EC cells participate in a range of physiological functions like motility, secretion and 

maintenance of the epithelial barrier.70,71 The major providers of 5-HT for lymphatic 

tissue and immunological cells are EC cells via platelets. Some immune cells express the 

enzyme, Tph1 and thus are additional but minor sources of 5-HT for the peripheral 

immune system.73 5-HT has been shown to have a wide range of diverse effects on 

immune cells, often in the same cell type.73,74 The varying effects of 5-HT on immune 

cells could be related to the local concentration of 5-HT and the expression of various 5-

HT signaling machinery, such as Tph1, 5-HTRs and SERT, which work together to 

produce particular effects. 

The close proximity of gut microbiota and EC cells indicates the presence of a 

cross talk between 5-HT and microbiota. Serum concentrations of 5-HT are reduced in 



 
 

Ph.D. Thesis – S. Haq; McMaster University – Medical Sciences 
 
!

! 26!

germ-free (GF) mice compared to conventionally raised mice. This was accompanied by 

reduced Tph1 mRNA and increased SERT mRNA expression in the proximal colon of 

GF mice.75 Indigenous spore forming bacteria from mouse and human microbiota 

stimulate the release of 5-HT from EC cells providing a supply of 5-HT to the gut lumen, 

mucosa and circulating platelets.76 Microbiota derived metabolites such as short chain 

fatty acids and secondary bile acids upregulate the expression of Tph1 in EC cells leading 

to increased synthesis and release of 5-HT.76,77 These studies indicate that the gut 

microbiota regulates the 5-HT production from EC cells. Recent studies have illustrated 

the influence of 5-HT on the composition of gut microbiota. We discovered that the 

microbial composition of Tph1+/- and Tph1-/- littermates differs significantly. 5-HT 

directly stimulates and inhibits the growth of commensal bacteria in a species dependent 

manner as well as indirectly via AMPs. In summary, increased 5-HT levels promote the 

growth of a colitogenic microbiota that leads to increased severity of colitis.78 Singhal et 

al. demonstrated a significant increase in the abundance of Firmicutes in SERT-/- 

(increased 5-HT in intestine) mice compared to SERT+/+ mice.79 5-HT promotes the 

growth of E. coli, Enterococcus faecalis, Rhodospirillum rubrum and Turicibacter 

sanguinis. It is thought that 5-HT's stimulatory effect on microbial growth is due to the 

existence of 5-HTR on their surface, which could bind related chemicals like indole or 

due to the presence of a protein structurally similar to SERT.80,81 

IBD has been associated with dysregulations of gut 5-HT signaling. The 

relationship between 5-HT and gut inflammation has been extensively shown in 

experimental models of colitis.82-84 Our lab has demonstrated that mice were less 
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susceptible to DSS and dinitrobenzenesulphonic acid (DNBS) induced colitis when gut 5-

HT content is significantly reduced by using Tph1 enzyme inhibitor or by knocking out 

the Tph1 gene.85 The relationship between 5-HT and gut inflammation was further 

supported by Gershon et al. who reported exaggeration in trinitrobenzesulphonic acid 

(TNBS) colitis in SERT-/- mice, which have increased 5-HT in the gut.86 Our lab has 

further shown a reduction in murine colitis by inhibition of 5-HTR7.87,88 Our lab has also 

found increased production of pro-inflammatory cytokines IL-1β and IL-6 by peritoneal 

macrophages upon treatment with 5-HT.85 In addition, we have shown 5-HT facilitates 

IL-13 mediated intestinal inflammation.89 The findings in murine models were further 

supported by clinical studies. In IBD patients, increase in EC cell number and 5-HT 

content has been documented.44 Microscopic colitis has also been linked with 

consumption of SSRIs.52 Minderhoud et al. reported an increase in mucosal Tph1 mRNA 

levels in the colon of CD patients who experience IBS like symptoms in remission.90 The 

role of 5-HT in the regulation of immune system, gut microbiota and intestinal 

inflammation is described in details in the paper below. 
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2.3 Serotonin and its regulation of the immune system and intestinal inflammation 
 

TRYPTOPHAN-DERIVED SEROTONIN-KYNURENINE BALANCE IN 
IMMUNE ACTIVATION AND INTESTINAL INFLAMMATION 
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In this review, the role of the endogenous metabolites of tryptophan in immune 
activation, gut microbiota regulation and intestinal inflammation has been summarized. 
Tryptophan is metabolized in the host via serotonin and kynurenine pathways. The review 
further dissects the multiple interactions between the serotonin and kynurenine pathways 
that have been studied and hypothesized. In my research project, I have focused on one of 
the metabolites, serotonin, since the EC cells of the gut are the major producers. 
Serotonin signaling has been extensively studied in our and other labs in the context of 
intestinal inflammation, particularly in IBD. From this review, I have only included in my 
thesis the relevant sections, figures and tables on serotonin.   
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of pro-inflammatory cytokines in a nuclear factor kappa-light-chain enhancer of activated B-cells 

(NF-κB)-dependent manner along with an upregulation of phagocytosis via 5-HTR1A in a dose-

dependent manner.32-34 5-HT has also been shown to increase the release of superoxides from 

macrophages and modulate the process of macrophage polarization.35 Interestingly, in contrast to 

the previously mentioned findings suggesting that 5-HT increases the production of pro-

inflammatory cytokines, Casas-Engel et al. reported opposing results; in these studies, 5-HT was 

shown to inhibit the lipopolysaccharide-induced release of pro-inflammatory cytokines, 

including tumor necrosis factor α (TNF-α) and interleukin (IL) 12p40. Moreover, the authors 

also found that 5-HT upregulates the expression of M2 polarization–associated genes through 

activating 5-HTR2B and 5-HTR7, and reduces the expression of M1-associated genes.36 These 

contradictory findings highlight the importance of receptor subtypes in the modulation of 

macrophage function by 5-HT.  

Natural killer (NK) cells respond to the effects of 5-HT by their surface expression of 5-

HTR1A and 5-HTR2A-C.37 In the early 1990s indirect effect of 5-HT on NK cells were 

identified through 5-HT mediated regulation of monocytes. 5-HT modulates the interaction 

between monocytes and NK cells resulting in an increase of NK cell functions including 

enhanced IFN-γ production and cytotoxicity.25,38,39 In recent years, further analysis of the 

mechanisms of monocyte-NK cell interactions revealed that 5-HT protects NK cells from 

monocyte mediated apoptosis, oxidative damage and thus helps in maintaining the functions of 

NK cells despite the presence of inhibitory monocytes.40 Increased concentration of serum 5-HT 

was linked with enhanced NK cell cytotoxicity.37 Furthermore, major depressive disorder 

patients treated with selective serotonin reuptake inhibitors (SSRIs) for short term had increased 

NK cell cytotoxicity where as long term treatment resulted in increased NK cell proliferation.41 

5-HT treatment of NK cell line, KHYG-1 at physiological concentrations enhanced their 

migratory behaviour without affecting cytotoxicity.37 These findings suggest that the effect of 5-

HT on NK cell function and behaviour is highly dependent on the concentration of 5-HT. 

The differentiation of monocytes to DCs is also modulated by 5-HT.15 Following this 

differentiation, 5-HT plays important roles in the functional capacity of DCs as supported by the 

presence of 5-HTRs in mature and immature DCs.42 In mature DCs, activation of 5-HTR3, 5-

HTR4, and 5-HTR7 enhances the release of the cytokines IL-1β, IL-6, and IL-8, and reduces the 

secretion of IL-12 and TNF-α.42,43 5-HT has also been shown to induce the production of 
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1. Inflammatory Bowel Disease (IBD) 

IBD, with two major forms, Crohn’s disease (CD) and ulcerative colitis (UC) is a 

chronic relapsing and remitting inflammatory disorder of the GI tract.91 In the 21st 

century, IBD is a global disease occurring across geographic boundaries, races, 

ethnicities, age and sex. The prevalence and incidence of IBD in Canada is one of the 

highest in the world. About 0.7% of Canadians are affected by IBD that results in 

substantial financial losses to the society.92 Patients with CD or UC can present with 

diarrhea, abdominal pain and per rectal bleeding. Intestinal complications such as 

strictures, bowel obstruction, abscess and anal fistula can occur in CD where as 

complications like toxic megacolon, perforation and colon carcinoma are more common 

in UC.93 25-40% of IBD patients may present with extra-intestinal manifestations 

involving joints, muscles, skin, eyes, bones, kidneys and liver.93,94  

Although CD and UC have many clinical and pathological features in common, 

evidence indicates that the two conditions have markedly distinct pathophysiological 

entities. In UC diffuse continuous superficial mucosal inflammation spreads proximally 

from the rectum to varying degrees of the colon up to the ileocecal valve. In contrast, the 

inflammation in CD is transmural, usually discontinuous, patchy and can involve any site 

of the GI tract from the mouth to the anus. However, the most commonly involved site in 

CD is the terminal ileum with the lesions appearing over Peyer’s patches.91,93 

Endoscopically, in CD healthy mucosa may be interspersed between areas of inflamed 

mucosa giving the bowel the characteristic appearance of "skip lesions". Histologically, 

the hallmark of UC is the formation of crypt abscesses composed of transmigrated 
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neutrophils. On the other hand CD is characterized histologically by non-caseating 

granulomas consisting of macrophages, giant cells and epithelioid cells.91 Although the 

exact etiology of IBD is not clear, it is considered a multifactorial disease resulting from 

the interactions among the following four basic components: genetic susceptibility, gut 

microbiota, immune system and environmental factors95,96 (Figure I).  

 

   

Figure I: Factors involved in the pathogenesis of IBD. The exact cause of IBD in 
unknown. It is thought to be a multifactorial disease resulting from interactions between 
host and environmental factors.  
 

1.1 Genetics 

The susceptibility and development of IBD is dependent on genetic factors. 

Compelling evidence from studies on the familial forms of IBD and those conducted with 

twins emphasize the importance of genetics as a key component in the pathology on IBD. 

Having a first-degree relative with IBD is an important risk factor for developing the 
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disease with the relative risk to siblings of patients being about 30- to 40-times higher for 

CD and 10- to 20-times higher for UC.97 The rate of concordance for monozygotic twins 

is 30-35% and 10-15% in CD and UC respectively.98 These data indicate that compared 

to UC, CD has a higher genetic load. Additionally, certain ethnic groups of European 

ancestry have a higher prevalence of familial IBD clustering compared to African 

American, Hispanic and Asian populations.99 When multiple relatives within the same 

family have IBD, the risk increases by approximately 10% for each additional first degree 

relative affected indicating a cumulative effect of the number of family members affected. 

Furthermore, there is a 57-fold increase in incidence within these families compared to 

the general population.99  

IBD is not inherited as a Mendelian trait, but rather may be due to an interaction 

of several genes identified by GWAS. Recent studies by GWAS and meta-analysis have 

identified about 201 IBD associated gene loci, with 137 associated with both types of 

IBD, 37 specific to CD and 27 specific to UC.100 The first gene locus identified to have an 

association with IBD was nucleotide-binding oligomerization domain containing 2 

(NOD2).101 NOD2 gene codes for an intracellular protein receptor that recognizes 

muramyl dipeptide, a conserved peptidoglycan motif in the cell wall of Gram positive and 

Gram negative bacteria. Activation of NOD2 in myeloid and epithelial cells induces 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and mitogen 

activated protein kinase (MAPK) mediated immune responses and protects the host 

against luminal microbiota.95,102 Disease-associated mutations in NOD2 gene results in 

defective microbial sensing and recognition leading to a loss of barrier immuno-
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surveillance and induction of pro-inflammatory responses.95,102 Autophagy gene variants 

such as Atg16L1, IRGM and Atg4B are linked to CD showing an indispensible role of 

autophagy in immune response and inflammation.31,33,100 Autophagy has also been related 

to CD through NOD2 gene. When bacterial compounds like muramyl dipeptide activate 

NOD2, Atg16L1 is recruited to the isolation membrane and autophagosome production is 

stimulated. When autophagy is inhibited, NOD2 stimulation in human primary immune 

cells, results in an increase in pro-inflammatory cytokine response.24,103,104 Apart from 

these genes, several of the IBD associated loci are involved in microbial detection, 

endoplasmic reticulum (ER) stress, intestinal barrier function and integration of the 

adaptive immune system, which are summarized in, Figure II. Although presence of 

multiple loci can elevate susceptibility to IBD, single genetic variants have been 

correlated with rare cases of very-early-onset IBD.105 However, since majority of people 

with IBD-associated risk variants do not develop the disease and vice versa, it is evident 

that other factors as well as gene-environment interactions play a vital role in the 

pathophysiology of IBD.106 
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Figure II: Inflammatory bowel disease (IBD) loci associated with immune system, 
represented by lead gene name. Loci associated with IBD are shown in black, CD in 
purple and UC in brown. Adopted from Lees et al.107  
 

1.2 Environmental factors 

One of the basic tenets in the pathophysiology of IBD is the interaction of 

environmental factors with host factors. One of the most prominent theories put forward 

to explain how environmental exposure may interact with the immune system and 

contribute to the emergence of IBD is the hygiene hypothesis. This hypothesis postulates 
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that children exposed to hygienic and sterile environments have decreased exposure to 

microbes that result in inadequate education of the immune system and ultimately in the 

development of an abnormal immune and inflammatory response such as IBD later in 

life.92,96 It has been observed that children living on a farm or rural regions, having pets 

and a larger family or drinking unpasteurized milk are less likely to develop IBD.92 

Epidemiological studies documenting the emergence and increased incidence of IBD in 

developing and newly industrialized countries highlight the effect of environmental 

exposure in the pathogenesis of IBD.108,109 Additionally, increased incidence of IBD in 

first and second generation immigrants who moved from regions of low prevalence to 

high prevalence further emphasize the importance of environmental factors in IBD 

pathogenesis.109 Early childhood environmental factors such as breastfeeding and 

exposure to antibiotics in the first year of life impact the composition of the gut 

microbiota, which may influence the susceptibility to inflammatory disorders including 

IBD. Repeated use of antibiotics in early life increases the odds of developing CD.110,111 

Intriguingly, history of infectious gastroenteritis is another risk factor linked with the 

incidence of childhood-onset IBD.112 Diet is a very important environmental factor 

studied in the context of IBD due to its effect on the gut microbiome and intestinal barrier 

function. Diet high in total fat, saturated fat, polyunsaturated fatty acids and omega-6 

fatty acids are linked with increased risk of IBD where as intake of high fiber, fruits and 

vegetables are associated with reduced risk of IBD development while the effect of meat 

on IBD is not clear.109,113 Animal studies have also noted that food additives such as 
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sweeteners and emulsifiers are pro-inflammatory agents that contributes to the 

pathogenesis of IBD.92,109 

Other environmental risk factors implicated in the development, susceptibility and 

severity of IBD include cigarette smoking, air pollution and psychological stress. In 

adults, smoking increases the risk of CD development and has deleterious effects on the 

disease course. Contrary to its effect on CD, UC was found to have an inverse association 

with smoking with studies establishing the beneficial effects of smoking on the course of 

UC. The mechanisms underlying the role of smoking in IBD involve the adaptive and 

innate immunity, gut motility, vasculature and generation of free radicals.95,114,115 It is 

unclear why the effects of smoking on CD and UC are opposite in spite of sharing many 

similarities. Air pollution, which parallels industrialization, increases the risk of both CD 

and UC, possibly by altering the gut microbiota and inducing inflammatory response in 

the intestine.92,116 Thus, it is evident that environmental determinants influence the 

development, disease course and severity by its complex interaction with the gut 

microbiota and the host immune response. 

 

1.3 Gut microbiota 

The gut microbiota has a strong impact in health and disease by influencing 

nutrient absorption, epithelial barrier function, host metabolism and development and 

maturation of the immune system.117-119 Human gut microbiota includes the collection of 

intestinal bacteria, fungi, archaea and viruses that colonize the GI tract. In IBD, most 

microbiome research is focused on gut bacteria, even though fungi and viruses might be 
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important in the context of IBD.120,121 The intestinal microbiota is species-rich, with each 

person containing at least 160 bacterial species.122 The adult intestine harbors about 1014 

commensal bacteria.122 Most species belong to the phyla Firmicutes (50%), Bacteroidetes 

(30%), Actinobacteria, Proteobacteria, Fusobacteria, Cyanobacteria, and 

Verrucomicrobia.123 In the healthy state intestinal microorganisms form a symbiotic 

relationship with their host. In different segments of the intestinal tract the microbiota 

composition and density varies due to the differences in the local conditions. The 

microbial density in the small intestine is much lower and less stable compared to the 

colon as demonstrated by 103 cells/gram of content in the proximal small intestine and 

1012 cells/gram of content in the distal colon.124,125  

In IBD intestinal ‘dysbiosis’ occurs characterized by change in structure, diversity 

and function of the microbiota. In IBD there is increased penetrance of bacteria in 

mucosa, decreased bacterial species richness and decreased microbial community 

stability.126,127 The role of gut microbiota as a causative factor in the development of 

intestinal inflammation is supported by observations that experimental colitis does not 

develop in GF mice or the intestinal inflammation is less severe when mice are treated 

with antibiotics.128,129 Clinically the response of IBD patients to antibiotics and fecal 

diversion as well as the common sites of inflammation being areas of relative fecal stasis 

(terminal ileum and rectum) further supports the causative role of dysbiosis in IBD.130 

There is a shift in the balance between the anti-inflammatory commensals and the pro-

inflammatory pathogenic bacteria in IBD. In IBD, bacteria with anti-inflammatory 

properties such as Faecalibacterium prausnitzii are reduced where as bacteria such as 
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Escherichia coli, that better tolerate inflammatory environments are increased compared 

to the healthy controls (HCs). In UC, even though Akkermansia which has an anti-

inflammatory effect is decreased, it is unclear whether this is a cause or effect of 

inflammation.130,131 During dysbiosis invasive pathogenic bacteria can grow and 

translocate across the mucosal barrier to activate the immune response and promote 

inflammation.132 

 

1.4 Intestinal immune system 

The intestinal immune system maintains a state of tolerance and 

hyporesponsiveness to the gut commensal microbiota, dietary antigens and drugs while it 

fights invading pathogens without leading to overwhelming immune response and 

intestinal inflammation.133,134 The immune system is composed of innate and adaptive 

arms that are closely interlinked. The innate immune system response is non-specific, 

rapid and does not provide long lasting immunity. It includes anatomical barriers, pattern 

recognition receptors and cells such as neutrophils, DCs, monocytes, macrophages and 

natural killer cells.133 The innate immune cells provide the first line of defense and also 

activates the second defense system, the adaptive immunity by cytokine production and 

antigen presentation to T cells in the gut.135 In contrast to the innate immune system, the 

adaptive immune system is specific and long lasting. The antigen presenting cells (APCs) 

present antigens to the T-helper (Th) cells in the inductive sites such as mesenteric lymph 

nodes and gut associated lymphoid tissue that results in the activation and differentiation 

of Th cells to either Th1, Th2 or Th17 cells.135 Th1 cells mainly secrete interferon-γ (IFN-
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γ), tumor necrosis factor (TNF), IL-12, while the Th2 cells secrete IL-4, IL-5 and IL-13. 

Classically, the histopathological features of CD resemble Th1 mediated inflammation 

where as those of UC resemble Th2 mediated inflammation. However, recently the roles 

of Th17 and regulatory T cells have been identified in the pathogenesis of both CD and 

UC.93 Additionally, deregulated amounts of immunoglobulin (Ig) G, IgA and IgM in IBD 

patients indicate that B cells also play a role in IBD pathogenesis.136 The lack or 

dysfunction of regulatory B cells that are characterized by the production of anti-

inflammatory cytokines, IL-10 and TGF-β have been documented in IBD.137,138 

Regulatory B cells reduce the severity of inflammation by directly diminishing the 

production of pro-inflammatory cytokines such as IL-1 and TNF-α by macrophages or by 

producing IgG, which neutralizes harmful agents in immune responses and tissue 

damage.139  

The mucosal epithelium of the GI tract forms the first barrier between the foreign 

antigens and the internal host milieu.140 In addition to being an anatomical barrier to 

harmful microbes, the epithelium performs the main function of absorption of nutrients 

and water.141 These opposing tasks are performed by the intestinal epithelium by 

maintaining a dynamic interaction between its structural, molecular and immune 

components. However, any disruption in the structural or regulatory components of the 

barrier allows the flux of microbial antigens into the internal milieu and thus activates the 

immune system.142-145 Thus in IBD, dysregulated epithelial barrier is suggested to play a 

central role in the pathogenesis since antigen translocation across the epithelium will 
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activate the immune system of susceptible individuals and initiate uncontrolled 

inflammation in the gut.142,146     

 

1.4.1 Intestinal mucosal barrier  

The small and large intestine are lined with non-ciliated columnar epithelial cells, 

which forms crypts and villi. Villi are only present in the small intestine. The epithelium 

consists of 80% absorptive enterocytes, 20% specialized epithelial cells such as goblet 

cells, EECs and Paneth cells (only in small intestine). All the four types of epithelial cells 

develop and differentiate from pluripotent stem cells found at the base of the crypts.147,148 

The epithelial cells are renewed every 4-5 days by developing from stem cells and 

proliferating in the base of the crypts followed by migration upwards towards the tip of 

the villi in the small bowel or to the surface of the large bowel. The only exceptions are 

the Paneth cells in that they remain within the crypts.147,148        

The luminal side of the mucosal layer of the GI tract is covered by mucus gel 

layer that has physiological roles such as lubrication, prevention of dehydration and 

mechanical damage, protection against colonization by pathogenic bacteria and their 

toxins, protection against luminal proteases arising from bacterial and mucosal cells, and 

formation of a diffusion barrier for small molecules but allows for the transport of 

nutrients.149 The major component of the mucus layer is the large molecular weight 

glycoproteins known as mucin.149 MUC2 is the best characterized secreted mucin of the 

intestine.150 In the colon the two layered mucus is composed of a clear, well-defined, 

attached inner layer devoid of bacteria and a less defined loose unattached outer layer 
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containing gut bacteria and dietary materials.151 The inner mucus layer is maintained by 

continuous secretion from goblet cells.151,152 The small intestine has a single mucus layer, 

unattached to the epithelium and is more permeable to bacteria.151,152 In IBD patients 

especially in UC the intestinal mucus layer varies in thickness, continuity, composition as 

well as the mucin structure. These changes adversely affect the protective properties of 

the mucus layer and consequently might result in an increased vulnerability of the 

epithelium to bacterial invasion. In UC the mucus layer is thinner, penetrable and less 

continuous,153,154 with depletion of goblet cells.155,156 In CD, even though there is 

increased mucus thickness and no change in the number of goblet cells154 there is 

evidence of abnormal expression and glycosylation of mucin.156 In addition to these 

clinical findings, it has been seen that Muc2-/- mice spontaneously develop colitis as well 

as have increased severity of DSS induced colitis.157 In a murine model of DSS induced 

colitis, the mucus layer is altered before the induction of any inflammation illustrating the 

importance of mucus layer integrity to prevent inflammation.158 Furthermore, 

maintenance of the epithelial barrier by murine Muc2 is also protective against lethal 

infectious colitis caused by Citrobacter rodentium or Salmonella enterica serovar 

Typhimurium.159,160    

The absorptive and secretory epithelial cells form a continuous and polarized 

monolayer that acts as the barrier between the gut lumen and lamina propria. Water and 

nutrients are absorbed by the epithelium through the transcellular and paracellular 

pathways.161 The barrier integrity is maintained by the interconnection of IECs via 

junctional complexes such as tight junctions, adherens junctions and desmosomes. The 
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intercellular space is mainly sealed by the tight junctional complexes consisting of 

transmembrane proteins, claudins and occludins and peripheral membrane proteins, 

zonula occludin. Below the tight junctions are the adherens junctional proteins such as E-

cadherin which associates with α and β-catenins.162 Increased intestinal permeability in 

patients with quiescent IBD and in up to 40% of first-degree relatives of patients with CD 

suggest barrier defect might precede the onset of the disease.163 In IBD expression of tight 

and adherens junctional proteins have been reported to be altered in response to pro-

inflammatory cytokines such as TNF-α, IFN-γ, IL-17, IL-13 and chemokines.91,135 

The intestinal barrier is further strengthened by the production of AMPs expressed 

by the enterocytes of the small and large intestine and Paneth cells of the small intestine. 

AMPs are mostly present in the inner mucus layer. AMPs, an evolutionarily conserved 

innate immune mechanism defends against both commensal and pathogenic microbes by 

interrupting highly conserved and essential features of microbial structure and 

physiology, such as the cell membrane and cell wall.164,165 Large AMPs resemble lytic 

enzymes or proteins that bind to specific sites of microbial macromolecules. Smaller 

(<100 amino acids) cationic AMPs interact with the anionic bacterial membrane and cell 

wall due to the electrostatic attractions. This results in the insertion of the peptides into 

the bacterial membrane and formation of transmembrane pores that ultimately leads to 

cell lysis.165,166 Some AMPs exert their action intracellularly by inhibiting DNA and 

protein synthesis as well by utilizing their anti-protease activity.167,168 One of the major 

types of AMPs in humans is defensins. The release of defensins is regulated by the 

stimulation of pattern recognition receptors. In humans the defensins are classified as α 
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and β based on the differences in length of peptide segments between six cysteines and 

the disulphide bonds between the cysteines.165 In humans there are six types of α-

defensins: human neutrophil peptides 1-4 (HNP1-4) secreted mainly by neutrophils, 

human defensin (HD) 5 and 6 expressed only in Paneth cells of the small intestine. In 

mice, there is no HNP production, instead Paneth cells express 6 α-defensins termed 

cryptdins which are processed into their active forms by matrix metalloproteinase-7 

cleavage.169,170 In the colon the chief AMP are β-defensins expressed by the epithelial 

cells. Among the six types of β-defensins, human β-defensin (hBD) 1 (mouse orthologue 

mDefb1) and hBD2 (mouse orthologue mDefb3) are most extensively studied. hBD1 (and 

mouse orthologue mDefb1) is constitutively expressed in the intestinal epithelium 

regardless of colitis.171,172 hBD2, is not expressed in normal healthy colon, but is 

significantly induced by pro-inflammatory cytokines and microbes.171-173 CD patients 

have attenuated induction of hBD2 where as UC patients have increased levels of 

hBD2.172,174,175 The abnormal production of β-defensins in IBD may be associated with 

impaired clearance of mucosal microorganisms and alteration in the microbiota 

composition. This altered microbiota as discussed in the section on “Gut Microbiota” may 

result in exaggerated immune response in the host and lead to uncontrolled intestinal 

inflammation.  During IBD, two critical processes, 5-HT signaling and autophagy is 

disturbed which have been discussed in Chapter 1. 

 

2. Experimental models of IBD 

 Close to 30 different animal models of intestinal inflammation has dramatically 
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advanced our understanding of the pathogenesis and underlying mechanism of IBD.176 

These models are broadly classified into 3 groups: chronic T cell transfer model of 

intestinal inflammation, spontaneous chronic intestinal inflammation models induced by 

gene deletion and acute self-limiting colitis models. 176 Although no single model can 

fully reflect the complexity of human IBD, each one contributes vital insights into one or 

more main aspects of the disease, and their combined efforts have resulted in the 

development of a widely acknowledged set of principles for human IBD pathogenesis. In 

the T cell transfer model chronic intestinal inflammation develops due to the disruption of 

T cell homeostasis. In summary, adaptive transfer of regulatory T cell deficient naïve T 

cells (CD4+CD45RBhigh T cells) from healthy donor mice into syngeneic 

immunodeficient recipient mice lacking T and B cells (SCID or Rag1-/-) results in 

development of pancolitis and small intestinal inflammation after 5-10 weeks.177 Several 

spontaneous genetic mouse models of intestinal inflammation have been described with 

IL-10-/- and SAMP/Yit mice being some of the most widely studied and used.176 In 

chemical colitis models, acute inflammation of the colon is initiated and maintained by 

luminal administration of toxic chemicals such as organic solvents and acids.176 Among 

the commonly used acute chemical colitis models are the DSS-induced colitis, 

di/trinitrobenzene sulfonic acid-induced colitis, acetic acid-induced colitis and oxazolone 

induced colitis models.177 All of the models in the 3 categories have their specific uses 

and limitations and they are selected based on the research question. Based on our 

research question, we selected DSS-induced colitis model to study the role of 5-HT-

autopahgy-microbiota axis in intestinal inflammation. 
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2.1$Dextran$sulphate$sodium$(DSS)$model$of$colitis 

 The study and understanding of IBD has advanced tremendously by the 

development of experimental murine models of intestinal inflammation. The animal 

models of inflammation are invaluable tools for the investigation of the pathophysiology 

and novel therapeutic strategies of IBD. Chemical models are the most commonly used 

experimental IBD models, inspite of having limitations, since it mimics central 

immunological and pathological features.177,178 Among the chemicals used to induce 

intestinal inflammation, DSS, a negatively charged heparin like polysaccharide is widely 

used due to its simplicity, reproducibility, rapidity and controllability.177,179 Additionally, 

DSS-induced model has the advantage of using mice that are immunocompetent and 

developmentally normal as opposed to IBD models requiring immunodeficient hosts and 

genetically engineered models that may have developmental abnormalities.178   

The exact mechanism of action of DSS is not known. It is likely that upon oral 

administration it damages the epithelial layer of the colon, increasing the permeability. 

This results in exposure and dissemination of luminal antigens in the underlying mucosa 

and submucosa, resulting in neutrophil and macrophage activation.177,179 The 

inflammation in DSS model is dependent more on the innate immunity since DSS-

induced colitis develops in severe combined immunodeficient mice, where T and B cells 

are absent. However, when both innate and adaptive immunity are intact, the 

inflammation is greater.177 By altering the duration, frequency and dose of DSS 

administration, either acute or chronic models of intestinal inflammation can be produced. 

Symptomatically, features of DSS colitis are weight loss, diarrhea and bloody stools.178 
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Morphological and pathological features of superficial ulceration, epithelial loss and 

neutrophil infiltration looks similar to flares of human UC.178 Immunologically, acute 

DSS colitis shows a Th1/Th17 response where as chronic DSS colitis exhibits Th1/Th2 

response.180       

 

3. Hypothesis and aims 

Autophagy is regulated by factors such as nutrient levels, growth factors, oxygen 

and hormones through regulators like AMPK and mTOR.181 Recently, 5-HT has been 

investigated as a possible regulator of autophagy. Soll et al. provided evidence of 

autophagy inhibition by 5-HT in hepatocellular carcinoma cell line. The group showed 

that after 24 hours treatment with 5-HT there was 7 fold increased expression of p62.182 

5-HT was reported to activate mTOR in human bronchial smooth muscle cells. 5-HT was 

found to have similar effects on lacrimal gland. It was seen that sustained reduction in the 

level of blood 5-HT in mice resulted in lacrimal gland atrophy due to increased 

autophagy.183 SERT gene knockdown in dorsal raphe nucleus in rats increased 5-HT level, 

decreased hippocampal autophagy as seen by a decrease in Beclin-1 and LC3-II/LC3-I 

ratio.184 Taken together, emerging evidence supports potential interactions between 5-HT 

and autophagy. 5-HT and autophagy are independently linked to colitis. Majority of the 

evidence shows that 5-HT is pro-inflammatory where as autophagy is protective against 

colitis. While dysregulated 5-HT signaling and autophagy have been implicated in 

intestinal inflammation, it remains unclear whether they interact with each other in 

relation to colitis.  
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Hypothesis: Increased 5-HT signaling inhibits autophagy in the colon and alters the gut 

microbiota composition and enhances the severity of gut inflammation. 

Aim 1: To define the role of 5-HT-autophagy axis in intestinal inflammation.  

Aim 2: To elucidate the role of 5-HT in modulation of autophagy in intestinal epithelial 

cells. 

Aim 3: To evaluate the role of 5-HT-autophagy axis in regulation of gut microbiota 

composition. 
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DISRUPTION OF AUTOPHAGY BY INCREASED 5-HT ALTERS GUT 
MICROBIOTA AND ENHANCES SUSCEPTIBILITY TO EXPERIMENTAL 
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In this chapter, I examined my hypothesis and my 3 aims of my project. Using Tph1-/- and 
SERT-/- mice, we showed that increased levels of gut 5-HT during intestinal inflammation 
inhibits autophagy in the whole colon resulting in aggravated colitis and vice versa. 
Additionally, using rapamycin we established that 5-HT mediated changes in autophagy 
was through the mTOR pathway (Aim 1). Next, using epithelial cells from Tph1-/- mice, 
double knockout mice that are deficient in Tph1 and epithelial cell specific Atg7, and 
human epithelial cell lines we were able to show that increased levels 5-HT in the gut also 
inhibited autophagy in the IECs during intestinal inflammation. Furthermore, we also 
demonstrated similar findings in peripheral blood mononuclear cells isolated from healthy 
controls and CD patients, indicating the translational significance (Aim 2). Finally, in our 
third aim, we found that the disruption of the 5-HT-autophagy axis in the IECs alter the 
gut microbial composition towards a more colitogenic phenotype which mediates the 
severity of inflammation (Aim 3). In this article, all the methods and results of my project 
have been included.  
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Table S2: DESeq2 table for microbial composition analysis of DSS treated mice. DESeq2 analysis used to determine significantly 

different genera between Tph1-/- and DKO mice, and between Atg7ΔIEC and DKO mice, where the difference is significant, if p<0.01 

after adjustment for multiple testing via Benjamini-Hochberg multiple testing adjustment procedure.  

ASV Base Mean log2 Fold Change lfcSE stat p value p adjusted Baseline Condition Genus 

sp2 4060.37779 -6.293219 1.69692464 -3.7086025 0.00020841 0.001103898 DKO Tph1-/- Ileibacterium 

sp5 12500.6337 1.47909001 0.34441294 4.29452509 1.75E-05 0.000120956 DKO Tph1-/- f_Lachnospiraceae 

sp8 7183.08635 -1.9362726 0.52486734 -3.6890705 0.00022508 0.001103898 DKO Tph1-/- Bacteroides 

sp18 1521.53837 -13.596306 1.14144002 -11.911538 1.03E-32 7.83E-31 DKO Tph1-/- f_Prevotellaceae 

sp22 1288.87845 4.33593334 0.90417037 4.79548265 1.62E-06 1.23E-05 DKO Tph1-/- Faecalibaculum 

sp45 850.866652 -13.7315 1.25156776 -10.97144 5.24E-28 1.99E-26 DKO Tph1-/- Rikenellaceae_RC9_gut_group 

sp46 1504.41523 -3.1242811 0.5915247 -5.2817425 1.28E-07 1.08E-06 DKO Tph1-/- Parabacteroides 

sp53 511.490191 -12.09604 1.50706307 -8.0262335 1.01E-15 1.53E-14 DKO Tph1-/- o_Rickettsiales 

sp57 1029.78737 3.2564455 0.81619558 3.98978574 6.61E-05 0.000418842 DKO Tph1-/- Muribaculum 

sp72 355.58696 -11.429329 1.59472126 -7.1669761 7.67E-13 9.71E-12 DKO Tph1-/- f_Rickettsiaceae 

sp95 364.1383 -12.24909 1.22070134 -10.034469 1.08E-23 2.04E-22 DKO Tph1-/- Rikenella 

sp112 317.082451 -11.471674 1.11080382 -10.327363 5.30E-25 1.34E-23 DKO Tph1-/- Odoribacter 

sp139 125.248681 -9.862823 1.65786953 -5.9490948 2.70E-09 2.93E-08 DKO Tph1-/- c_Bacteroidia 

sp161 343.130562 -4.542743 1.19654583 -3.7965475 0.00014673 0.000857779 DKO Tph1-/- f_Clostridiales_vadinBB60_group 

sp166 148.68628 2.69632501 0.73251513 3.68091376 0.0002324 0.001103898 DKO Tph1-/- Intestinimonas 

sp379 11.8726475 -7.7781503 1.38399471 -5.6200723 1.91E-08 1.81E-07 DKO Tph1-/- f_Tannerellaceae 
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Table S3: DESeq2 table for microbial composition analysis of naive mice. DESeq2 analysis used to determine significantly 

different genera between Tph1-/- and DKO mice, and between Atg7ΔIEC and DKO mice, where the difference is significant, if p<0.01 

after adjustment for multiple testing via Benjamini-Hochberg multiple testing adjustment procedure. 

ASV Base Mean log2 Fold Change lfcSE stat p value p adjusted Baseline Condition Genus 

sp2 4546.04038 -3.3775504 0.84212595 -4.0107426 6.05E-05 0.0009075 DKO Tph1-/- Eisenbergiella 

sp30 1243.33491 3.62069941 0.89955987 4.02496769 5.70E-05 0.0009075 DKO Tph1-/- Lachnospiraceae_UCG-001 

sp31 646.283267 -6.3159803 1.44653798 -4.3662734 1.26E-05 0.00032017 DKO Tph1-/- Akkermansia 

sp46 1053.46736 2.03920093 0.38887003 5.24391389 1.57E-07 5.97E-06 DKO Tph1-/- Muribaculum 

sp69 345.246602 -11.8729 1.36833373 -8.6769038 4.07E-18 3.09E-16 DKO Tph1-/- Mucispirillum 

sp146 256.323214 -3.6603939 0.92413875 -3.9608705 7.47E-05 0.0009075 DKO Tph1-/- f_Desulfovibrionaceae 

sp357 25.6094646 -2.3507906 0.5975755 -3.9338804 8.36E-05 0.0009075 DKO Tph1-/- f_Eggerthellaceae 

sp8 3697.54969 3.70897612 0.41490596 8.93931755 3.92E-19 7.44E-18 DKO Atg7ΔIEC Bacteroides 

sp12 1907.10763 -10.672009 0.7381303 -14.458164 2.23E-47 8.46E-46 DKO Atg7ΔIEC Helicobacter 

sp23 2716.44403 -12.315796 1.95849441 -6.2883998 3.21E-10 1.63E-09 DKO Atg7ΔIEC Dubosiella 

sp27 1187.2435 -9.6265826 0.54802119 -17.566077 4.48E-69 3.41E-67 DKO Atg7ΔIEC Alloprevotella 

sp46 1053.46736 1.68709108 0.40978994 4.11696558 3.84E-05 0.00015356 DKO Atg7ΔIEC Muribaculum 

sp48 645.406299 -10.529227 1.10944406 -9.4905432 2.30E-21 5.82E-20 DKO Atg7ΔIEC Prevotellaceae_UCG-001 

sp76 574.788943 1.5157401 0.48315713 3.13715767 0.00170594 0.00563703 DKO Atg7ΔIEC Parabacteroides 

sp78 277.518457 -11.431127 1.40121839 -8.1579912 3.41E-16 4.31E-15 DKO Atg7ΔIEC Anaerosporobacter 

sp135 198.715867 -11.849196 1.7084857 -6.9354959 4.05E-12 3.08E-11 DKO Atg7ΔIEC Shuttleworthia 

sp136 177.099706 -3.956906 0.59966241 -6.598556 4.15E-11 2.63E-10 DKO Atg7ΔIEC Candidatus_Saccharimonas 

sp146 256.323214 -12.261337 1.40783077 -8.7093826 3.06E-18 4.64E-17 DKO Atg7ΔIEC f_Desulfovibrionaceae 

sp159 93.5269332 -10.036348 1.36968668 -7.3274771 2.35E-13 2.14E-12 DKO Atg7ΔIEC Coriobacteriaceae_UCG-002 

sp160 260.258504 2.34578358 0.78247727 2.99789359 0.00271853 0.00794646 DKO Atg7ΔIEC A2 

sp170 147.327267 -3.1692048 0.94008659 -3.3711839 0.00074846 0.00258559 DKO Atg7ΔIEC Blautia 

sp179 128.639108 -9.6354235 1.31679275 -7.3173424 2.53E-13 2.14E-12 DKO Atg7ΔIEC Parasutterella 

sp223 45.8417755 -2.3333761 0.51649657 -4.5176991 6.25E-06 2.64E-05 DKO Atg7ΔIEC Streptococcus 

sp268 18.3825062 -7.3282116 1.12277161 -6.5268943 6.71E-11 3.65E-10 DKO Atg7ΔIEC Bilophila 

sp290 35.123911 -7.0628847 1.31693973 -5.363104 8.18E-08 3.66E-07 DKO Atg7ΔIEC o_Rhodospirillales 

sp291 36.9919368 -8.5770107 1.29872009 -6.6042027 4.00E-11 2.63E-10 DKO Atg7ΔIEC o_Gastranaerophilales 

sp299 26.260971 -7.1417282 1.31759476 -5.4202767 5.95E-08 2.83E-07 DKO Atg7ΔIEC Ruminococcus_1 

sp354 18.249815 -7.4741424 1.14074347 -6.5519923 5.68E-11 3.32E-10 DKO Atg7ΔIEC f_Erysipelotrichaceae 

sp357 25.6094646 -8.7595207 1.18429572 -7.3963965 1.40E-13 1.52E-12 DKO Atg7ΔIEC f_Eggerthellaceae 

sp370 7.99998457 -4.618761 1.49257631 -3.094489 0.00197152 0.00617882 DKO Atg7ΔIEC Defluviitaleaceae_UCG-011 

sp409 11.716816 -6.8300445 1.66455175 -4.1032335 4.07E-05 0.00015482 DKO Atg7ΔIEC DNF00809 

sp434 13.80677 -7.5288094 1.99799863 -3.7681755 0.00016445 0.00059514 DKO Atg7ΔIEC Candidatus_Stoquefichus 

sp493 6.77387068 -2.6900964 0.87186768 -3.0854411 0.00203251 0.00617882 DKO Atg7ΔIEC Family_XIII_AD3011_group 
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Table S4: Primer sequence for 16S rRNA V3 region. 
 
Primer Sequence 
V3_Forward CCTACGGGAGGCAGCAG 
V3_Reverse ATTACCGCGGCTGCTGG 
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Discussion 
 
1. Implications of our findings 
 

IBD, classified as CD and UC, is a chronic intestinal inflammation that develops 

due to interaction among genetic susceptibility of the host, impaired immune system, 

environmental factors and microbial dysbiosis.91 In IBD genetics play a major role in its 

development as demonstrated by family and twin studies. The prevalence of IBD was 

significantly higher among relatives of IBD patients.185 GWAS have identified more than 

240 susceptibility loci of IBD including autophagy related genes such as Atg16L131 and 

IRGM.33,186 Nearly a decade later, Murthy et al.32 exhibited that the SNP in Atg16L1 

resulted in increased caspase 3 mediated cleavage of T300A variant of Atg16L1. This 

resulted in impaired stress activated autophagy, thus establishing a state of chronic 

inflammation that predisposes individuals to CD.32 We have seen a marked reduction in 

LC3B+ IECs and IRGM transcripts in the colonic mucosa of CD patients with active 

inflammation. Comparably, Atg16L1 and IRGM protein expression is reported to be 

reduced in the intestine of individuals with CD.107 However, data indicate that the 

percentage of heritability explained by genetic variants is only 13.1% in CD, and 8.2% in 

UC.186,187 Therefore, exploring the role of other factors such as the gut endocrine system 

is crucial in understanding the pathogenesis of IBD. In the present study we tested the 

hypothesis that increased 5-HT impairs autophagy in the colon, particularly in the colonic 

epithelial cells, resulting in microbial dysbiosis and ultimately contributing to 

pathogenesis of colitis.     

An emerging contributing factor in IBD is the role of the gut endocrine system. In 
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particular, many studies have established that IBD patients and mice with colitis in 

experimental models have increased EC cell number and mucosal 5-HT content.52,188-191 

Microscopic colitis has been linked with consumption of SSRIs where SSRIs decrease the 

expression of SERT.192 Our group has demonstrated that CD patients have increased 

levels of plasma 5-HT, upregulated expression of Tph1, 5-HTR3 and 5-HTR7 and 

reduced expression of SERT mRNA in the colon.193 In accordance with previous findings 

our present study displays elevated plasma 5-HT level in CD patients with active 

inflammation compared to HCs. In our study we demonstrated that an increase in plasma 

5-HT in patients with active CD was associated with impaired autophagy in peripheral 

blood mononuclear cells (PBMCs) isolated from whole blood indicated by significantly 

reduced autophagy proteins, LC3-II, Beclin-1 and Atg12-5 and accumulated p62 

compared to HCs. In this cohort, even though we did not determine the association 

between disease activity and impaired 5-HT-autophagy axis, the findings of impaired 

autophagy in active CD patients with elevated plasma 5-HT does indicate that disruption 

of the 5-HT-autophagy axis may play a role in patient’s experience of IBD associated 

symptoms. In addition, we observed a reduction in autophagy markers in PBMCs from 

both patients with active CD and HCs following direct treatment with 5-HT. Soll et al.182 

demonstrated analogous finding of reduced expression of LC3B and 7-fold increased 

expression of p62 after 24 hours treatment with 5-HT in liver cancer cells. In contrast, 

Niture and colleagues194 reported that under physiological conditions, 5-HT increases 

autophagy in liver cancer cells through the activation of Notch signaling pathway. The 

differences in dose, duration of treatment and cell lines between the two groups may 
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explain the disparities in their data. mTOR is a key regulator of autophagy and essential 

regulator of cell metabolism and growth.195 Activation of mTORC1 by nutrient 

sufficiency and growth factor stimulation inhibits autophagy.7,196 Rapamycin is an 

autophagy inducing drug that mediates its effect through the inhibition of the mTOR 

pathway.197 We investigated whether inhibition of mTOR by rapamycin could overcome 

the 5-HT induced impaired autophagy. We found that addition of rapamycin to 5-HT 

treated PBMCs reversed the effect of 5-HT on autophagy in HCs and active CD patients 

indicating that 5-HT might possibly be inhibiting autophagy through the mTOR pathway. 

However, future studies should be undertaken to address some of the limitations of our 

study such as sample size and determining how 5-HT modulates autophagy in patients 

with and without autophagy polymorphisms.    

Using two mice models (Tph1-/- and SERT-/-) with different levels of 5-HT in the 

gut, our findings clearly showed that 5-HT is an important negative regulator in the 

upstream end of mTOR dependent autophagy pathway. As Tph1 is the rate limiting 

enzyme of 5-HT synthesis,69,70 mice deficient in Tph1 have markedly reduced levels of 5-

HT in the gut.85 SERT-/- mice, in contrast, have significantly elevated level of 5-HT in the 

gut compared to wild-type (WT) mice, since 5-HT is unable to be transported back into 

the surrounding epithelial cells.71 As reported previously,85 we observed significantly 

reduced severity of intestinal inflammation in Tph1-/- mice compared with WT controls. 

The hallmark of autophagy is the formation of double membrane bound vesicles 

containing portions of cytoplasm, called autophagosome.7 LC3B is essential for 

autophagosome formation and used as a marker of autophagy.7,11 Lipidation of LC3-I 
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with phosphatidylethanolamine to form hydrophobic LC3-II is catalyzed by ubiquitin like 

enzymes Atg12-5-16L1 complex, Atg7 and Atg3.7,17 LC3-II incorporates into and 

elongates the isolation membrane resulting in closure of autophagosome. The level of 

adapter protein p62 rises in response to inhibition of selective autophagy because its 

degradation is dependent on autophagy. p62 can therefore be used as marker to study 

autophagic flux.198 In the colitic mice groups, we observed a significant rise in LC3-II 

along with depletion of p62 in the Tph1-/- mice compared to WT mice. In the noncolitic 

groups there was comparable findings of increased autophagy in Tph1-/- mice. In addition, 

the autophagy regulator p-mTOR was markedly reduced in Tph1-/- mice, further 

indicating that 5-HT inhibits autophagy through the mTOR pathway. To further 

investigate whether 5-HT activates p-mTOR and inhibits autophagy, 5-HT restored Tph1-

/- mice were given rapamycin. Indeed, rapamycin treatment attenuated intestinal 

inflammation as shown previously37 along with reversal of the impaired autophagy. These 

findings corroborate our human PBMC data that shows the inhibitory effect of increased 

5-HT on autophagy in the context of colitis. SERT-/- mice, model of elevated 5-HT, 

showed increased severity of DSS-induced colitis. These findings were correlated with a 

marked reduction in the process of autophagic flux. In addition, we also observed 

downregulated autophagy in the SERT-/- mice without colitis. However, this did not result 

in the development of spontaneous colitis. Previously, different research groups have 

established that autophagy deficient mice models do not develop spontaneous 

colitis.17,25,199,200 It can be speculated that impaired autophagy in the intestine predisposes 

the SERT-/- mice to increased severity of colitis, after colitis develops by the 
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administration of an external agent such as DSS. As with the intestine, SERT gene 

knockdown in dorsal raphe nucleus in rats increased 5-HT level and impaired 

hippocampal autophagy as seen by a decrease in Beclin-1 and LC3-II/LC3-I ratio.184 

These results further strengthen the notion that during colitis, increased 5-HT impairs 

autophagy in the gut and contribute to increased severity of inflammation. Our findings 

further validate various studies that have established that functional autophagy is 

protective against intestinal inflammation by preventing an exaggerated pro-inflammatory 

response in the gut.  

The first line of defense in the gut against invading gut microbiota and pathogens 

are the IECs.201,202 Due to the close proximity of the EC cells to the adjacent IECs as well 

as the presence of 5-HTR on IECs,64 it is likely that 5-HT plays a critical role in 

maintaining IEC homeostasis. Our study, to our knowledge, for the first time 

demonstrates that during DSS-induced colitis, reduced 5-HT in the gut increases 

autophagy in the IECs. This was indicated by the increased level of autophagy markers in 

the intestinal mucosa and in the IECs isolated from Tph1-/- mice compared to the WT 

control. These results were similar to that found in the whole colon. The importance of 

autophagy in the maintenance of homeostasis and the prevention of uncontrolled 

inflammation was confirmed when Atg7ΔIEC mice exhibited increased severity of colitis 

compared to Atg7fl/fl mice. Similar to our findings, Tsubio and his group27 demonstrated 

that Atg7ΔIEC mice have exacerbated DSS colitis due to decreased expression of AMPs 

and mucins, expansion of abnormal gut microbiota and bacterial invasion into the colonic 

epithelium. Once the elevated autophagy in the IECs of Tph1-/- mice was reduced by 
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knocking out Atg7 gene, the protective effects of reduced 5-HT in the gut was absent. 

The severity of colitis of DKO mice was markedly increased compared to the Tph1-/- 

mice, while resembling the colitis severity of Atg7ΔIEC. Our findings in the DKO mice 

thus demonstrate that the interaction of 5-HT and autophagy in the IECs regulate colitis.  

The gut microbiota is linked with many GI disorders including IBD. Alteration in 

the gut microbiota structure and function might trigger and perpetuate chronic colitis.203 

Recently, both the process of autophagy and 5-HT signaling has been implicated in the 

regulation of gut microbiota.27,78,204,205 Our lab has shown that Tph1+/- and Tph1-/- naïve 

littermates have a significant difference in microbial composition. Adoptive transfer of 

microbiota from Tph1-/- to Tph1+/- littermates and vice versa alters severity of colitis, with 

microbiota from Tph1-/- mice mediating protective effects.78 In the present study the 

PCoA plot in axis 3 of Figure 5D of chapter 3 shows a significant difference in β-

diversity of microbial composition between Tph1+/+ and Tph1-/- mice. Of note, 

Allobaculum is significantly increased in colitic Tph1-/- compared to Tph1+/+ mice. 

Allobaculum is regarded as anti-inflammatory following the observation that it is 

decreased in DSS colitis but is increased after administration of probiotics or therapeutic 

traditional medicine.206,207 In addition, to Tph1-/- mice, SERT-/- mice with increased levels 

of 5-HT in the intestine, and the gut lumen81 have a markedly changed microbial 

composition compared to SERT+/+ mice.79 5-HT directly stimulates or inhibits the growth 

of microbiota in a species dependent manner possibly via 5-HTRs or SERT like 

transporters on the surface of microbes or indirectly by AMP production78,79,81 

Dysfunctional autophagy is implicated in the development of intestinal dysbiosis. After 
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DSS administration, the β-diversity of Atg7ΔIEC mice was significantly different compared 

to Atg7fl/fl group. Previously, Atg7ΔIEC showed altered microbiota composition, with an 

increase in colitogenic microbiota that contributed to severe colitis. Autophagy deficient 

mouse models such as Atg7ΔIEC, Atg5ΔIEC and Atg16L1T300A knock-in mice exhibit an 

increase in bacterial burden, reduction in diversity, increase in pro-inflammatory bacteria 

such as Bacteroides fragilis and decrease in anti-inflammatory bacteria such as 

Akkermansia muciniphila and ultimately influences host immune response.27,204,205 The 

microbial changes observed in autophagy deficient models reflect those in IBD 

patients.208 It is evident that increased 5-HT and impaired autophagy promotes a 

colitogenic microbiota that plays a crucial role in the development, severity and 

perpetuation of intestinal inflammation. In spite of these findings, there was no evidence 

whether increased 5-HT impairs autophagy in the IECs and results in dysbiosis. It is 

apparent from our study that the protective microbiota in colitic and naive Tph1-/- mice is 

lost when the Atg7 gene is also deficient in IECs. The microbiota of colitic DKO mice is 

very similar to that of colitic Atg7ΔIEC mice in spite of also being deficient in Tph1 gene. 

This might be because the Atg7ΔIEC mice already have disrupted autophagy in the IECs, 

when the Tph1 gene is knocked out and thus the 5-HT-autophagy axis regulating the gut 

microbiota is disturbed. Even though the taxonomic summaries showed no significant 

differences, the microbiota of the Atg7fl/fl mice separated into distinct cluster from the 

microbiota of Atg7ΔIEC mice as seen by the PCoA plots in spite of having similar levels of 

gut 5-HT. This indicates that when autophagy is disrupted in the IECs, the composition of 

the gut microbiota is altered irrespective of the levels of gut 5-HT. These results signify 
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that the development of the protective microbiota in mice with very reduced amounts of 

5-HT in the gut might be due to elevated levels of autophagy in the IECs. One of the 

mechanisms by which 5-HT-autophagy axis in the IECs might be regulating the 

development of a colitogenic microbiota is through the production and secretion of the 

basal AMP, mDefb1. We found that not only in the colitic, but also in the naïve DKO 

mice, the levels of mDefb1 are reduced compared to Tph1-/- group and is similar to 

Atg7ΔIEC mice that supported our hypothesis. For further proving that the dysbiotic 

microbiota is mediating the change in colitis in the DKO mice we performed cecal 

adoptive transfer experiment from both the colitic and naïve DKO mice to antibiotic-

treated mice. The transfer of microbiota from colitic and naïve DKO mice resulted in 

more severe colitis compared to mice receiving microbiota from Tph1-/- group. These 

findings indicate that the impairment in the 5-HT-autophagy axis in the IECs alter the gut 

microbial composition and influence the severity of intestinal inflammation. 

 

2. Future directions of our finings 

5-HTR and AMPK signaling in autophagy: 

In our present study, we observed that 5-HT–mediated disruption of autophagy in 

the IECs is arbitrated by 5-HTR3, 5-HTR4, and 5-HTR7, with 5-HTR7 playing a more 

dominant role. 5-HT mediated reduction of autophagy markers and elevation of negative 

regulator p-mTOR in the HT-29 and primary mouse IECs cells were reversed when the 

above mentioned 5-HTR were blocked by specific antagonists. However, it is not clear 

how the inhibition of these 5-HTRs result in activation of autophagy via the mTOR 
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pathway. Even more perplexing, is that 5-HTR4 and 5-HTR7 are G protein-coupled 

receptor where as 5-HTR3 is a ligand gated ion channel.44 In our animal models, we 

found that mice with increased 5-HT in the gut have reduced levels of p-AMPKα while 

the opposite is true for mice with low levels of gut 5-HT. These findings suggest AMPK 

might be the upstream regulator of the 5-HT-autophagy axis in the IECs. AMPK is a 

heterotrimeric serine/threonine kinase with a catalytic α-subunit and regulatory β- and γ-

subunits that create an evolutionary conserved complex. AMPK induces autophagy and 

regulates cellular metabolism to maintain energy homeostasis.209 AMPK is activated by 

low levels of cellular energy (ATP) or high AMP/ATP ratio and it slows down energy-

intensive processes in part via inactivating mTOR which is also a negative regulator of 

autophagy.209 There are mounting evidence that the second messenger cAMP regulates 

metabolism, growth and differentiation via its action on AMPK.210 There are evidences of 

cAMP either activating or inhibiting AMPK and autophagy depending on the tissue, cell 

line and the condition being studied.210,211 From these discussion, it can be hypothesized 

that the increase of the second messenger cAMP212 and subsequent inhibition of AMPK 

may be one way for 5-HTR4 and 5-HTR7 to activate mTOR. However, a different second 

messenger system might be playing a role in the 5-HTR3-autophagy axis. The activation 

of 5-HTR3 causes an inflow of extracellular calcium ions, which mobilises and raises 

intracellular calcium concentration.212 The role of intracellular calcium in mTOR-

dependent autophagy is still debated.213 As a result, future research studies into link 

connecting 5-HTRs expressed on IECs and mTOR in the regulation of autophagy in IBD 

is needed. 
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Role of 5-HT-autophagy axis in immune cells: 

 One of the mechanisms by which 5-HT regulates intestinal inflammation is 

through its action on mucosal innate immune cells. The presence of 5-HTRs, SERT and 

Tph1 in the immune cells such as macrophages and DCs indicate the dependence of the 

immune cells on 5-HT signaling. The diverse action of 5-HT in the regulation of immune 

cell function has been discussed in Chapter 1. Specifically, our lab has shown that DCs 

from DSS-induced Tph1-/- mice generates less pro-inflammatory cytokine IL-12 than 

those isolated from Tph1+/+ mice, which was consistent with the severity of colitis. Tph1-

/- DC cytokine production was restored after in vitro 5-HT stimulation, and adoptive 

transfer of 5-HT pulsed DCs into Tph1-/- mice up-regulated colitis. In addition, CD4+ T 

cells primed by Tph1-/- DCs produce lower amounts of IL-17 and interferon-g.214 

Additionally, we have also found that stimulation of 5-HTR7 on DCs, increase the 

production of pro-inflammatory cytokines via the NF-κB pathway.87 5-HT also enhances 

the infiltration of macrophages and their cytokine production during colitis.85 As 

discussed in Chapter 1 it is established that autophagy has critical role in innate immune 

cell function such as cytokine production, antigen presentation, and phagocytosis.17 

Different groups have reported highly elevated production and secretion of pro-

inflammatory cytokines by DCs and macrophages isolated from mice and humans with 

autophagy impairment.17 Based on the following evidence of: 5-HT is a pro-inflammatory 

signaling molecule for innate immune cells; autophagy is protective against inflammation 

through its action on innate immune cells, and our findings in this thesis on the inhibitory 

role of 5-HT on autophagy in IECs during colitis, it is imperative to further investigate 
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whether increased 5-HT levels has similar inhibitory effects on autophagy in mucosal 

innate immune cells that leads to increased severity of intestinal inflammation.    

 

3. Autophagy and 5-HT-autophagy axis in the management of intestinal 

inflammation  

A case report and a retrospective case review indicated that the mTOR inhibitor, 

rapamycin, is a good candidate for the treatment of refractory adult and paediatric IBD 

unresponsive to conventional therapy. Massey et al.215 reported that in a 37 years old 

woman with severe CD, refractory to standard medical therapies, the use of oral 

rapamycin at a dose of 4mg/day for 6 months in addition to 6 weekly infliximab infusions 

resulted in a striking and sustained improvement in CD symptoms and complications 

indicated by a significant decrease of the Harvey–Bradshaw index from 13 to 3. Her 

symptomatic improvements were associated with endoscopic remission and a marked 

reduction and normalisation of markers of inflammation such as C-reactive protein 

(decreased from 79 to 2), albumin and platelet count. However, since the patient was 

concomitantly on infliximab it is unclear whether infliximab augmented the effects of 

rapamycin. Nevertheless, upon administration of rapamycin, the efficacy of infliximab 

was not only recaptured but also maintained for 3 months since the rapamycin was 

discontinued. Similar to this case report, in a retrospective case review series it was 

demonstrated that rapamycin was moderately effective as an adjuvant in children with 

refractory IBD.216 This was a small study where medical records of paediatric IBD 

patients between 2006 and 2012 were reviewed retrospectively to evaluate clinical 
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response, remission and mucosal healing following administration of rapamycin as an 

adjuvant therapy. In this study, from the records of 11 UC and 3 CD patients analyzed, it 

was seen that 5 (45%) UC patients attained clinical remission, 2 (18%) UC patients 

achieved clinical response and the remaining 4 (36%) did not respond. All CD patients 

showed clinical remission. However, only 5 UC and 2 CD patients achieved mucosal 

healing. Due to the small sample size, the decline in rate of colectomy in rapamycin 

responders failed to reach statistical significance. Another limitation of the study was the 

simultaneous use of other immunomodulatory drugs in the patients. Therefore, the 

findings from this study should be interpreted with caution. It is imperative to conduct 

well-designed randomized placebo-controlled study with larger sample size and long-

term outcome goals to establish the efficacy of rapamycin as an adjuvant or alternative 

treatment in children and adults with refractory IBD. However, a major caveat in the 

clinical application of autophagy modulating drugs is that these drugs are not selective for 

autophagy pathway and has multiple targets. Future research is needed to develop highly 

specific autophagy modulators that are disrupted during IBD.  

To date, there are no clinical studies to determine the efficacy of blocking mucosal 

5-HT in IBD either by using a specific Tph1 inhibitor or by using specific 5-HTR 

antagonists. Oral Tph inhibitors LX-1031 and LX-1033 have been found to be effective in 

non-constipating IBS without any major side effects.217,218 In addition, the Tph inhibitor 

telotristat ethyl is currently Food and Drug administration approved for treating carcinoid 

syndrome diarrhoea.219 Based on these promising clinical trials, it is justifiable to 

investigate the effects of mucosal 5-HT modulators as a potential therapy for IBD. From 
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our findings it is evident that 5-HT is a regulator of autophagy in IECs. Modulating levels 

of 5-HT may also be another means of targeting dysfunctional autophagy in IBD. Future 

studies will have to address the methods of targeting the disrupted 5-HT-autophagy axis 

in the colon, particularly in the IECs with an aim to develop novel therapeutics for IBD. 

 

4. Concluding statement 

IBD is a global disease with its incidence increasing worldwide.220 Even though 

many studies have unraveled various important factors in the pathogenesis of IBD, it still 

remains incurable.93 It is evident that both dysfunctional 5-HT signaling and autophagy 

are associated with IBD. In IBD the link between the two has not been studied before us. 

From our investigations, it is clear that elevated 5-HT levels, which occur in IBD inhibits 

and disrupts autophagy with resultant increase in severity of colitis. One of the 

mechanisms by which the disturbed 5-HT-autophagy axis in the gut contributes to IBD 

pathology is through the alteration of the microbiota. Our study highlights the vital role of 

the host immune-endocrine interactions with the gut microbiota in IBD, which 

underscores the multifactorial nature of IBD pathogenesis. However, further studies are 

needed to gather more information and build upon these findings with an aim to facilitate 

the development of new improved therapeutics in intestinal disorders with dysregulated 

autophagy including IBD. 
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all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.  

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail. 

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions. 

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process. 

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
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Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions: 

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Should AAAS decide not to publish your manuscript, upon �nal written noti�cation to you that AAAS will not publish your
manuscript, this License shall be null and void. AAAS retains complete discretion as to whether to publish any manuscript, and in
what form.

II. Rights of Publication

In consideration of publication by AAAS of the manuscript currently titled Disruption of autophagy by increased 5-HT alters gut
microbiota and enhances susceptibility to experimental colitis and Crohn’s disease (abi6442) (the “Work”) and authored by Sabah
Haq, et. al. (“You”), You hereby grant to AAAS the sole and exclusive, irrevocable right to publish, reproduce, distribute, transmit,
display, store, translate, create derivative works from and otherwise use the Work, for any purpose, including commercial purpose,
in any form, manner, format, or medium, whether now known or hereafter developed, throughout the world and in any language, for
the entire duration of any such right and any renewal or extension thereof and to permit/sublicense others to do any or all of the
foregoing as well.

With regard to associated supplemental materials, data, audio and/or video �les that You have submitted for publication with Your
manuscript, You hereby grant to AAAS the non-exclusive right to publish, reproduce, distribute, transmit, display, store, translate,
create derivative works from and otherwise use these supplemental materials in any form, manner, format, or medium, whether
now known or hereafter developed, throughout the world and in any language, for the entire duration of any such right and any
renewal or extension thereof and to permit/sublicense others to do any or all of the foregoing as well.

You retain copyright, subject to the rights You grant to AAAS above, and all rights not expressly granted in this License. No rights in
patents or trademarks or other intellectual property rights other than as described above are transferred to AAAS in this License.

You also authorize AAAS, but AAAS undertakes no obligation to, at its own expense, enforce the rights granted under this license
on Your behalf against third parties whom AAAS believes to be infringing the copyright in the Work.

III. Author Rights

For the purposes of this License the “Final Published Version” shall be de�ned as the �nal, copyedited and proofed version of the
Work that is published by AAAS.

For the purposes of this License the “Accepted Version”shall be de�ned asthe version of the Work that is accepted for publication
by AAAS including changes resulting from peer review but prior to AAAS’s copy editing and production.

Some but not all of AAAS’s journals make the Final Published Version available under the author’s choice of Creative Commons
license. Any such options will be made available to You after acceptance and may be subject to an Article Processing Charge
(“APC”).

A. Except as provided for in Sections III.C and III.D,after publication of the Work by AAAS, You and Your co-authors retain the non-
exclusive right to use the Work in the following ways without further permission:

1. Reprint the Final Published Version in print collections of Author's own writings.

2. Reprint the Final Published Version in print format for inclusion in a thesis or dissertation that the Author writes.

3. Present the Final Published Version orally.

4. Reproduce the Final Published Version for use in courses the Author is teaching. (If the Author is employed by an academic
institution, that institution may also reproduce it for course teaching.)

5. Distribute photocopies or a PDF of the Final Published Version to colleagues for non-commercial purposes only (providing that
recipients are informed that they may not further distribute or copy it).

6. Post a copy of the Accepted Version on the Author's personal website or in their Institution’s archival database repository,
provided a hyperlink to the Final Published Version on the Science website is included and provided the Accepted Version is
marked with the following notice: "This is the author's version of the work. It is posted here by permission of the AAAS for personal
use, not for redistribution. The de�nitive version was published in Science Advances 7, (2021-11-05), doi: 10.1126/sciadv.abi6442".

7. Reuse �gures and tables created by the Author in future works the Author writes.

8. The Author's employer may use the Accepted Version for non-commercial research purposes. (“Non-commercial research
purposes” is de�ned as research undertaken for purposes other than (a) a pro�t motive, (b) for commercial exploitation, (c)
monetary gain derived from the outcome of the research, (d) research undertaken on behalf of a commercial entity, or (e) other
similar purposes.)

9. Author may use or authorize use of Supporting Online Material associated with the Work for any purpose and in any format.

B. Authors of Research Articles, Reports, Reviews, Research Resources or Technical Comments arising out of NIH grants awarded
no earlier than 2 May 2005 or who are required by their funding agencies to make their research results publicly available may do
so under the following conditions:

The Author may cause the posting, no sooner than 6 months after �nal publication of the Work by AAAS, of the Accepted Version
in their funding body’s archive or designated repository provided it includes a hyperlink to the �nal published version on the
Science website and the full reference citation and provided that further use of the posted article copy is restricted to non-
commercial research purposes (“Non-commercial research purposes” is de�ned as research undertaken for purposes other than
(a) a pro�t motive, (b) for commercial exploitation, (c) monetary gain derived from the outcome of the research, (d) research
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undertaken on behalf of a commercial entity, or (e) other similar purposes). This policy does not apply to article types that are not
speci�cally mentioned above. The Author must ensure that the Accepted Version is not released on their funding body’s archive or
repository until 6 months after its �nal publication date in a Science journal.

C. If the option to publish the Work under the Creative Commons Attribution 4.0 International Public License (CC BY) was
provided by AAAS after acceptance of Your manuscript and You selected such option and paid any applicable APC: After
publication of the Work by AAAS, You and Your co-authors may make all uses of the article permitted by the CC BY license, subject
to all conditions of that license.

D. If the option to publish the Work under the Creative Commons Attribution-Non Commercial 4.0 International Public License
(CC BY-NC) was provided by AAAS after acceptance and You selected such option and paid any applicable APC: After publication
of the Work by AAAS, You and Your co-authors may make all uses of the article permitted by the CC BY-NC license (subject to all
conditions of that license), plus, if applicable, the uses set forth in III.B. above as well as the following commercial uses:

1. Use the work or a portion of the work as part of a larger work that You create (e.g. use �gures in new journal articles or book
chapters, use excerpts in new articles, book chapters, blog posts, use the entire work in a collection of Your work), under the
following conditions:

a. credit must be given to its �rst publication in the appropriate volume of the relevant Science journal;
b. the author of the larger work must be the same author of the Work published hereunder;
c. republication of the Work or any substantially similar version of the Work in another journal is not permitted.

2. Use and permit others to use the Supplemental Materials for any purpose provided credit is given to its �rst publication in the
appropriate issue of the relevant Science journal.

IV. User Access and Rights (applicable only to Works published under a Creative Commons License)

Where AAAS publishes the Final Published Version under a Creative Commons License, AAAS will make the Final Published
Version freely accessible online without barriers or embargo. Upon publication, AAAS will also submit the Final Published
Versionto PMC/UKPMC for immediate release.

AAAS shall publish the Work under the Creative Commons License selected by the Contributing Author after acceptance. Use of
the Final Published Version by Yourself and others shall be subject to the terms of the Creative Commons License that is selected:

1) Creative Commons Attribution 4.0 International Public License (CC BY): This license allows users to copy, redistribute, remix,
transform, and build upon a work, in any format or medium, for any purpose including commercial purpose, on a perpetual basis
provided they credit the work and the authors. Users must explain any changes that were made from the original and may not
suggest the authors endorse the use. The resultant work must be made available under the same terms, and must include a link to
the CC BY 4.0 International License.

The full legal code of the Creative Commons Attribution 4.0 International Public License may be found at
https://creativecommons.org/licenses/by/4.0/legalcode (https://creativecommons.org/licenses/by/4.0/legalcode)

2) Creative Commons Attribution-Non Commercial 4.0 International Public License (CC BY-NC): This license allows users to
copy, redistribute, remix, transform, and build upon a work in any format or medium, but only for non-commercial purposes and not
for commercial advantage or monetary compensation. These rights are granted on a perpetual basis although users must credit
the work and the authors. Users must explain any changes that were made from the original and may not suggest the authors
endorse the use. The resultant work must include a link to the CC BY-NC 4.0 International Public License.

The full legal code of the Creative Commons Attribution-Non Commercial 4.0 International Public License may be found at
http://creativecommons.org/licenses/by-nc/4.0/legalcode (http://creativecommons.org/licenses/by-nc/4.0/legalcode).

V. Additional Author Representations

You warrant and represent that:

the Work is original;
all the facts contained therein are true and accurate;
the Work does not contain any libelous statements;
the Work has not been published elsewhere;
the Work does not infringe upon any copyright, proprietary, or personal right of any third party.

You agree to indemnify, defend and hold harmless AAAS against any claims in respect of the warranties above.

VI. Third Party Content IMPORTANT: If the Work contains any material that is owned or controlled by a third party, You must
obtain permission for its use and submit written evidence of that permission to Your Editor and You must clearly acknowledge the
source and copyright holder of that material within the text of the Work.

The AAAS recognizes the U.S. Government’s non-exclusive rights to use the Work for non-commercial, governmental purposes
where such rights are established in the grant or contract.

 This work was created under U.S. Government Contract
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By signing this License, You warrant that You have the full power to enter into this License. This License shall remain in effect
throughout the term of copyright in the Work and may not be revoked without the express written consent of both parties. This
License shall be governed and construed, and any dispute arising hereunder resolved, in accordance with the laws of the District
of Columbia, United States of America, without resort to the con�icts of laws principles thereof.

Addendum to the License to Publish for Research Funded by cOAlition S Organizations*

THIS ADDENDUM hereby modi�es and supplements the License to Publish only with regard to research papers funded by
cOAlition S Organizations that have implemented an Open Access policy that aligns with Plan S.

This Addendum does not apply to Works that are not funded by cOAlition S Organizations.

For Works funded by cOAlition S Organizations that have implemented an Open Access policy that aligns with Plan S (“cOAlition S
Funded Work(s)”), this Addendum and the License to Publish, taken together, allocate all rights under copyright with respect to all
versions of the cOAlition S Funded Work. The parties agree that wherever there is any con�ict between this Addendum and the
License to Publish, the provisions of this Addendum shall govern and control and the License to Publish shall be construed
accordingly.

AAAS licenses back the following rights to the Author in the version of the cOAlition S Funded Work that has been peer-reviewed
and accepted for publication, (the “Accepted Version”) but not the �nal, copyedited and proofed version published by AAAS (the
“Final Published Version”):

The right to self-archive and distribute the Accepted Version under either a CC BY 4.0 license or a CC BY-ND license, including on
the Author’s personal website, in the Author’s company/institutional repository or archive, and in not for pro�t subject-based
repositories such as PubMed Central, without embargo but only following publication of the Final Published Version.

AAAS’ license back of the foregoing rights to the Author under this Addendum does not extend to any material in the Accepted
Version that is owned by a third party. The Author is solely responsible for obtaining rights from any such owner for use of that
material in connection with the Author’s exercise of rights licensed back under this Addendum.

The Author may not replace the Accepted Version with the Final Published Version. The Accepted Version posted must contain a
legend as follows: “This is the accepted version of the following article: FULL CITATION, which has been published in �nal form at
[Link to �nal article].”

Author rights with regard to the Final Published Version remain as stated in the License to Publish.

*A list of cOAlition S Organizations is maintained by cOAlition S at https://www.coalition-s.org/plan-s-funders-implementation/
(https://www.coalition-s.org/plan-s-funders-implementation/)

 I Agree

*Signature:  Sabah Haq
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