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Dietary fiber consumption has long been known to protect against inflammatory bowel 

diseases and colorectal carcinogenesis. In mammals, large intestinal microorganisms 

ferment dietary fiber to generate energy, whi le releasing short-chain fatty acids (SCFAs), 

such as acetate, propionate and butyrate. Interesting)), SCF As are also known to protect 

against intestinal inflammation and colorectal carcinogenesis, a lthough the molecular 

mechanisms behind these actions are still being investigated. For most of their biological 

effects, SCF As must be transported from lumen into the intestinal tissue, where they 

activate multiple biological processes. We and others have reported Slc5a8 as a high 

affinity transport mechanism for SCF As, which would remain fully functionaL even 

v .. hen CFA concentration drops to sub-millimolar range, ~hereas other transport 

mechanisms are rendered inefficient. The aim of the current stud) v.as to test protective 

role of Slc5a8 against intestinal inflammation and colorectal carcinogenesis during 

suboptimal intake of dietary fiber. 

We observed that Slc5a8 is obligatory for HDAC -inhibition in colonic epithelium and 

intestinal barrier function, only when the animals were fed a dietary fiber-free diet (FF 



diet), and not when the animals were fed diet containing optimal amounts of fibers (FC 

Diet). Compared to WT, Slc5a8_,_ animals demonstrated higher susceptibility to AOM

DSS-mediated intestinal inflammation and colorectal carcinogenesis under FF dietary 

conditions, but not under FC dietary conditions. At molecular level, we found that 

butyrate and propionate could induce potent immunosuppressive enzymes Indoleamine 

2,3-dioxygenase and Aldehyde Dehydrogenase l A2 in dendritic cells obtained from WT 

animals, but not from Slc5a8-- animals. Butyrate, transported via Slc5a8 enabled DCs to 

suppress conversion of naive T cells to interferon-y secreting pro-inflammatory T cells 

and Slc5a8_,_ animals harbored higher proportion of interferon-y+ CD4+ T cells in vivo. 

Taken together, our data provide crucial evidence for critical role of Slc5a8 mediating 

protective effects of dietary fiber metabolites, SCF As in protecting against intestinal 

inflammation and colorectal carcinogenesis. 

INDEX WORDS: Commensal Bacteria, Dietary Fiber, Butyrate, Inflammatory Bowel 

Diseases, Colorectal Cancer, Slc5a8, Dendritic Cells, T cells, HDAC-inhibition, 

Immunosuppression, Intestinal Epithelial Barrier 



(C) 

Ashish Gurav 

All Rights Reserved 



Protection Against Colonic Inflammation and Colon Cancer by 
Commensal Bacterial Metabolites: An Obligatory Role for the 

Short-Chain Fatty Acid Transporter Slc5a8 

By 

Ashish Gurav 

Submitted to the Faculty of the School of Graduate Studies 

of Georgia Regents University in partial fulfillment 

of the Requirements of the Degree of 

Doctor of Philosophy 

November 

2014 



Protection Against Colonic Inflammation and Colon Cancer by 
Commensal Bacterial Metabolites: An Obligatory Role for the 

Short-Chain Fatty Acid Transporter Slc5a8 

This dissertation is submitted by Ashish Gurav and has been examined and 

approved by an appointed committee of the faculty of the School of Graduate Studies of 

Georgia Regents University. 

The signatures, which appear below, verify the fact that all required changes have 

been incorporated and that the dissertation has received final approval with reference to 

content, form and accuracy of presentation. 

This dissertation is therefore in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy. 

J:J-jo&} J'f- • _____ 
Date Major Advisor 

Departmental Chairperson 

Dean, School of Graduate Studies 



ACKNOWLEDGEMENTS 

This dissertation is culmination of a collaborative work of many people who have 

contributed to its success and to whom I would like to express my deepest gratitude. I 

believe this work would provide new insights in the field of mucosal immunology and 

bring a significant positive change to those suffering from chronic inflammatory 

conditions. 

I would like to thank my mentor, Dr. Vadivel Ganapathy for his guidance, support 

and encouragement to accomplish the work in this dissertation. I would also like to thank 

him for entrusting me with a challenging project, which has given me countless 

opportunities to diversify my knowledge and skills over the years. 

I would like to express special regards to Dr. Nagendra Singh for his guidance 

and encouragement throughout the duration of the project. I want to express my gratitude 

for his efforts and sharing his expertise in the field of immunology that enabled me to 

successfully complete current research project. 

I am thankful to my advisory committee members, Dr. Puttur Prasad, Dr. 

Thagaraju Muthusamy and Dr. Leszek lgnatowicz for their support and encouragement 

during the course of this work. Their valuable suggestions proved to be crucial for the 

success of this challenging project. I am also thankful to Dr. Pamela Martin for agreeing 

vi 



to be the reader during the dissertation defense and for her help and support during the 

course of dissertation project. 

This work could not have been successfully completed without the support and 

well wishes from our collaborators, Drs. Darren Browning, Honglin Li, David Munn, 

Andrew Mellor, Tracy McGaha and Shanthakumar Manicassamy. I am also thankful to 

Drs. Sathish Sivaprakasam, Sabarish Ramachandran, Yangzom Bhutia, Babu Ellappan, 

Jaya Gnanaprakasam, Ravi Padia, Lei Huang, Henrique Lemos, Kapil Chaudhary, 

Rajneesh Pathania and Rahul Shinde for their support. 

I would like to express many thanks to the administrative staff at Department of 

Biochemistry and Molecular Biology, Mrs. Bennie Brisco, Joyce Hobson, Ida Walker 

and Kimberly Lord for their administrative support that made the research work feasible. 

Many thanks to the administrative staff at the Graduate School, Mrs. Marvis Baynham, 

Linda Brown for their support. 

This note of thanks would not be complete without mentioning my family and 

friends for their love and support. I thank my wife, Dr. Komal Koli for standing by me 

and encouraging me to face every adverse situation. ller unconditional love and support 

gave me the strength to accomplish this task, which otherwise would not have been 

possible to achieve. Therefore, I am dedicating this dissertation to her. 

Many thanks to my father Dr. Pramod Gurav, mother Mrs. Arundhati Gurav, 

grandmother Mrs. Sindhu Nirali and my mother-in-law Mrs. Pallavi Koli for believing in 

my dreams and me. I would like to express special thanks to Dr. Rajesh Ghongade, Mrs. 

vii 



Vaishali Ghongade, Ms. Gayatri Ghongade, Mr. Ruturaj Kulkarni and Mr. Yogesh 

Tambe, for their unconditional love and support. I am also thankful to Dr. Jagadish Joshi, 

Dr. Saiprasad Zemse, Mrs. Kruti Zemse, Dr. Pradip Bapat and Mrs. Padmaja Bapat for 

their love and support in making my stay in Augusta a memorable experience. 

viii 



Dedication 

This dissertation is dedicated to my best friend and my wife, 

Dr. Komal Koli 

For her unconditional love and support 

ix 



-------

Table of Contents 

ACKNOWLEDGEMENTS ........................................................................................................ vi 

Dedication ................................................................................................................................ ix 

Table of Contents ..................................................................................................................... x 

Table of Figures ..................................................................................................................... xii 

Introduction .............................................................................................................................. 1 

Intestine ............................................................................................................................................. 1 
Immune Cells and Their Relevance to Intestinal Biology ................................................. 6 
lndoleamine 2,3-Dioxygenase (100) and its Relevance to Immune Tolerance ...... 11 
Retinoic Acid and Its Relevance to Immune Suppression .............................................. 12 
Commensal Bacteria ................................................................................................................... 14 
Dietary Fibers And Short Chain Fatty Acids ........................................................................ 17 
Molecular Targets ofSCFAs ...................................................................................................... 20 
Biological Actions of SCF As ....................................................................................................... 2 2 
Inflammatory Bowel Disease and Colorectal Carcinoma ............................................... 26 

Rationale .................................................................................................................................. 32 

Specific Aims ........................................................................................................................... 35 

Methods .................................................................................................................................... 36 

Chemicals and Buffers ................................................................................................................ 36 
Animals ............................................................................................................................................ 36 
Isolation of DCs and Their Culture ......................................................................................... 37 
RNA Isolation and Gene Expression Analyses .................................................................... 37 
Western Blot Analyses ............................................................................................................... 38 
Foxp3•CD4•Treg Conversion Assay ......................................................................................... 39 
In-vitro lnterferon-y• CD4• T Cell Suppression Assay ..................................................... 39 
In-vivo lnterferon-y• CD4• T Cell Suppression Assay ....................................................... 40 
Analysis ofSTAT3 Acetylation ................................................................................................. 41 
Immunofluorescence .................................................................................................................. 41 

X 



Animal Diets .................................................................................................................................. 42 
Lamina Propria Immune Cell Isolation ................................................................................ 43 
Development of Acute and Chronic Intestinal Inflammation and Colorectal 
Carcinogenesis in Mice ............................................................................................................... 43 
Measurement of Intestinal Permeability ............................................................................. 44 
Statistical Analysis ....................................................................................................................... 45 

Results ...................................................................................................................................... 46 

I. Investigate the in vitro effects ofSCFAs on the expression ofiDO and AldhlA in 
dendritic cells and their relevance to the tolerogenic phenotype of these cells, and 
assess the role ofthe SCFA transporter Slc5a8 in this process ................................... .46 

100 expression in colon correlates with bacterial colonization .............................................. 46 
Butyrate and Propionate Induce 100 via HOAC Inhibition ........................................................ 50 
Molecular Mechanis ms Behind Butyrate-Mediated 100 Induction ........................................ 52 
Slc5a8 in OCs Plays a Crucial Role in Butyrate-Mediated Induction of a Tolerogenic 
Phenotype ........................................................................................................................................................ 54 

II. Demonstrate in vivo that Slc5a8 is obligatory for the generation oftolerogenic 
dendritic cells and the induction ofT rep in colon under low-fiber dietary 
conditions in mice ....................................................................................................................... 59 

Slc5a8 Influences T Cell Repertoire In Vivo ...................................................................................... 59 
Role ofSicSa8 in Protection Against OSS-Induced Acute Colitis ............................................. 69 
Role of Slc5a8 in Protection Against AOM/OSS-Induced Chronic Colitis and 
Inflammation-Associated Colorectal Carcinogenesis ................................................................... 71 
Protective Role ofSlcSa8 Against Intestinal Polyposis in APCmtn/• Mice .............................. 74 

Discussion ................................................................................................................................ 77 

Summary .................................................................................................................................. 87 

References ............................................................................................................................... 90 

xi 



Table of Figures 

Figure 1 .........•...•...............................•.....•...•••.••••••••.••.•••••••••.••••.•••••••••••••. 5 

Figure 2 ...........................................•.•••.•.•....•.•••••••••••••.••••..••.•••••••••••..•..• 47 

Figure 3 ..........•......••.••.•.•••.•.•.........•••••.••.••••.••.••••••••••••••••••••••••••••••••••••.••• 49 

Figure 4 ......................•....•.•••....••.........•••.•••••••....•......•.•.......••...........•..••. 51 

Figure 5 •••••••••..•••••••••..•..•........••........•..•....•••.•.•••••••.•..............•...•...•.....••• 53 

Figure 6 ..•••••.••.•..••••...••..••..••••.•••..•.•••...•..............•.•••••••••.•....••••••.•••••••••••• 55 

Figure7 ••.•••••••.••...••••••.•....•.........••..••••.•......••••••••••..•....•..••••••••••••••...•....•. 56 

Figure 8 .................................................................................................. 51 

Figure 9 •••••.••..•.•.••.•••••••.....•..•.••.••••••••......••.....••...•...•........•••....•••.......••••• 60 

Figure 10 ................................................................................................. 62 

Figure 11 ................................................................................................. 65 

Figure 12 ................................................................................................. 67 

Figure 12 (continued) ••..••••.•.•.••••••..••••.....•••••••..•.••••.•..•.•••••......•....•••.••••.•• 58 

Figure 13 ................................................................................................. 70 

Figure 14 ...........•.•..•...•...•••...•.•..•...•••.•.•......••.•.••••....•••.......•....•••••.•••••.••... 72 

Figure 14 (continued) ••••..•...•••••.•••••••••••......••.•••........•••••••••••.•....•..•...•••.••. 73 

Figure 15 •........••....•........•.••..•.••••..•.••....................•..•.••.•..•.•.•••.•....•••••••..•. 76 

xii 



1 

Introduction 

Intestine 

Gastrointestinal tract is one of the most complex sets of organs that are fundamental to 

the existence of animals by providing nutrition essential to maintenance of life and 

aiding in excretion of waste products. Grossly, Gl tract is divided from proximal to distal 

end into mouth/oropharynx, esophagus, stomach, intestines and rectum. Several glands 

and accessory organs function throughout the course of Gl tract that complement the 

function of the organ. Most part of discussion in this dissertation will be dedicated to 

understanding function of the intestinal physiology and pathological disorders, which 

warrants additional discussion of the organ. Human intestine can be divided 

anatomically into two major organs- small intestine and large intestine. 

Small intestine begins at the distal end of pyloric sphincter of the stomach and ends at 

ileo-cecal valve. Functionally, small intestine plays a critical role in digestion of complex 

dietary macromolecules and absorption of nutrients. To aid its function, the small 

intestine receives exocrine secretions from pancreas and liver (via gall bladder). 

Secretions from these organs include digestive enzymes such as lipases, amylases, 

cholesterol esterases and proteases as well as non-enzymatic components such as 

bicarbonate, bile salts, cholesterol, and bile pigments. Together with other digestive 

enzymes associated with the intestinal brush border membrane, these secretions aid in 

the digestion of dietary proteins, lipids and carbohydrates (with the exception of dietary 

fibers) into amino acids, small peptides, fatty acids, monoglycerides and 

monosaccharides. These digestive products along with dietary vitamins and minerals 
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such as calcium, iron etc. are then absorbed throughout the length of the small intestine 

via various transport mechanisms. The transport mechanisms in small intestine are both 

complex and highly efficient due to presence of a vast array of transporters in the apical 

membrane (brush border membrane) of epithelium, combined with a huge surface area 

of absorptive membrane folded into villi and microvilli. It is worthwhile to note here 

that in a healthy adult, due to efficient digestion and absorption, only a minor amount 

of digested and undigested carbohydrates reach the large intestine [1]. 

Large intestine is the distal part of Gl tract that extends from ileocaecal valve to the 

rectum. In humans, large intestine can be anatomically subdivided into cecum, colon 

(ascending, transverse, descending and sigmoid colon), rectum and anal canal. In an 

adult, large intestine is about l.Sm long. Although large intestine is discussed here as a 

single anatomic entity, it is important to note that in humans, large intestine develops 

from two distinct embryonic precursors. Cecum, appendix, ascending colon, right colic 

flexure and right two-thirds of transverse colon develop from embryonic midgut. Blood 

supply to these parts of the large intestine is derived from the branches of superior 

mesenteric artery. Left one-third of transverse colon, left colic flexure, descending 

colon, sigmoid colon, rectum and upper part of anal canal develop from embryonic 

hindgut. These parts consequently receive their blood supply from branches of inferior 

mesenteric artery. The venous drainage of the large intestine mirrors the arterial supply 

in the organ. Blood from the colonic parts that originate from midgut flow into veins 

that ultimately form superior mesenteric vein, whereas blood from hindgut-derived 

parts flows into inferior mesenteric vein. Superior mesenteric vein, which carries 

nutrient-rich blood from parts of small and large intestines, then combines with the 

splenic vein to form hepatic portal vein, which is joined by the inferior mesenteric vein 

in its course towards the liver. The distinctive embryonic origin of various parts of large 

intestine results in distinctive gene expression patterns along the length of the intestinal 

tissue, and thus helps to explain occurrence of certain pathologies localized to specific 

parts of the large intestine. 
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Microscopically, intestine appears to be arranged in concentric layers, each having 

unique properties and functions. Facing the lumen is the innermost layer of intestinal 

epithelium, which is a monolayer of simple columnar epithelium with microvilli at its 

apical membrane creating the 'brush border'. The epithelial layer contains variety of cell 

types, including stem cells, enterocytes (small intestine), colonocytes (large intestine), 

mucus-secreting goblet cells, hormone-secreting enteroendocrine cells, and in case of 

small intestine, the Paneth cells that keep microbial growth in lumen under control [2]. 

The entire epithelial layer and underlying layer of lamina propria are arranged in series 

of folds called villi and crypts (of Lieberki.ihn). Both villi and crypts of Lieberki.ihn are 

present in small intestinal mucosal layer, whereas large intestinal epithelium contains 

only crypts of Lieberki.ihn. The crypts of Lieberkuhn in small intestine are complex and 

branched, and contain openings of submucosal glands. In large intestine however, the 

crypts are straight, unbranched and contain large number of goblet cells. This 

arrangement of the epithelial layer and presence of brush border greatly increases the 

effective surface area for absorption or secretion. Due to rapid turnover of cells, colonic 

epithelium is in a process of dynamic equilibrium with the apoptosis of mature cells at 

the crest of villus that are replaced by developing cells that differentiate from the 

epithelial stem cells situated at the bottom of the crypt. Several recent studies have 

attempted to further identify the characteristics of epithelial stem cells, but their exact 

nature still remains elusive. Small intestine is divided into three distinct parts, beginning 

from proximal -duodenum, jejunum and ileum - based on the anatomic features. These 

three parts are connected from end to end. Large intestine however, does not 

demonstrate such distinct anatomic features. The epithelial barrier that is formed by 

junction between adjacent epithelial cells is the most crucial boundary between 

intestinal tissue and luminal antigens, including trillions of bacteria and food-derived 

antigens. Numerous reports have demonstrated that any defect or deregulation in 

expression of proteins that form these tight junctions between epithelial cells result in 

'leaky barrier' that permits entry of luminal antigens and bacteria to enter the intestinal 

tissue, resulting in chronic inflammation of intestine [3]. Along with digestion, 
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absorption and secretion, recent studies have unraveled immune regulation as yet 

another function of intestinal epithelium. By virtue of the microbial pattern recognition 

machinery including TLRs, intestinal epithelial cells are able to 'crosstalk' between the 

microorganisms in the lumen and immune cells underlying the epithelial cells [5]. 

lamina propria (LP) is the underlying connective tissue layer that is separated from the 

epithelium by basement membrane. LP contains nerve supply, blood and lymphatic 

vessels that carry nutrients away from the epithelium while carrying oxygen and 

secretory products towards the epithelial layer. Due to its collagen content, LP also 

provides structural integrity to the epithelium and basement membrane. Research 

interest in various cell types in LP has become possible in recent decades due to 

emergence of sophisticated diagnostic tools such as confocal microscopy and 

flowcytometry, which have enabled researchers to identify, isolate and characterize 

various cells in LP. Most notably, various types of immune cells are found in the LP that 

play critical role in regulating intestinal function, maintain immune surveillance in the 

organ while preventing undesired pathological inflammation. The LP layer is also critical 

in providing a space for crucial biological cross talk between immune cells, epithelium 

and microbiota in the lumen. Recent studies have identified several molecular 

mechanisms by which LP immune cells influence populations of bacteria in the intestinal 

lumen [6]. Muscularis mucosa is a thin layer of smooth muscle that underlies the lamina 

propria, which along with lamina propria and epithelium together constitute the 

mucosal layer of intestinal wall. The muscularis mucosa functions to aid in motility of 

the intestine that propels the intestinal contents distally. The layer of submucosa lies 

underneath the mucosal layer. The submucosa is made of thick network of collagen 

fibers along with numerous blood vessels and nerve fiber plexus called Meissner's 

plexus, which is composed of non-myelinated, postganglionic sympathetic fibers, and 

parasympathetic ganglion cells. Underlying the submucosa are the thick muscular layers, 

inner circular layer and outer longitudinal layer. Together these muscles provide 
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contractility to the large intestine, which mixes the luminal contents together and 

propels them distally. The outermost layer of intestine, called serosa is made of thick 

connective tissue and a single layer of mesothelial cells. 

Immune Cells and Their Relevance to Intestinal Biology 

It is a well-established fact that under healthy conditions luminal antigens are not simply 

ignored by the immune surveillance. Recent reports suggest a crucial and highly 

underappreciated view of intestinal lamina propria immune cells in shaping and 

maintaining luminal microflora, healthy epithelial barrier and optimal intestinal 

functions (7]. Secondary immunological features in the intestines like mesenteric lymph 

node, Peyer's patches, mucosal lymphoid aggregates and infiltration of variety of 

immune cells throughout the lamina propria, point to the fact that the immune cells 

constantly sample the intestinal tissue as well as the gut luminal contents for foreign 

antigens. Several studies, including current dissertation, have delved into identification 

and characterization of intestinal lamina propria immune cells, their function and their 

significance on intestinal function. 

Dendritic cells are one of the professional antigen processing cells (APCs). Under a 

classical activation scenario, DCs constantly scan for the antigens in the 

microenvironment by endocytosis. Once DCs capture and recognize the antigen by 

virtue of their pathogen-associated molecular pattern (PAMP) recognition receptors 

(TLR and NOD receptors), they get activated. Activated DCs now process the captured 

antigen and load it on the MHC class I or class II molecules. Simultaneously, these DCs 

migrate from the site of antigen contact to the lymph nodes, where they present the 

processed antigen, co-stimulatory molecules and cytokine signals to antigen-specific 

na'ive T cells (To), thereby eliciting antigen-specific T cell-dependent immune response. 

Among the various mechanisms by which immune cells interact with the gut antigens, 

dendritic cells are highly important due to the fact that they are present in the intestinal 

lamina propria throughout the length of the organ [8]. Gut lamina propria Dendritic Cells 
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(LP-DCs) possess a characteristic feature of forming tight junctions with colonocytes that 

allows them to extend their cellular processes across the epithelial barrier [9]. LP-DCs 

can therefore directly sample the luminal contents for the antigens. Interestingly, 

researchers have observed that colon LP-DCs, when exposed to an antigen, which would 

otherwise bring about a classical pro-inflammatory immune response, instead bring 

about an anti-inflammatory response by generation of specific cytokines like IL-4 [10]. 

Numerous studies have attempted to dissect molecular mechanisms involved in the 

anti-inflammatory (or tolerogenic) properties of APCs to control autoimmune disorders 

such as systemic lupus, inflammatory bowel diseases etc. [11, 12]. 

T lymphocytes are specialized immune cells that are generated in the bone marrow 

from lymphoid precursor cells, and most of these lymphocytes are matured into either 

CD4+ or cos+ T cells in thymus via negative and positive selection processes. In the 

peripheral lymphoid tissues, such as lymph nodes, mature na·ive T cells receive the 

activation via cognate antigen bound to either MHC class I (for CDS T cells) or MHC class 

II (for CD4 T cells) along with co-stimulation from the APCs in the form of COSO or CDS6 

molecules [13]. Certain cytokines secreted by APCs further potentiate the pro

inflammatory or anti-inflammatory T cell immune response. Once activated, the T cells 

then rapidly proliferate and migrate out of the lymph node to enter the peripheral 

circulation, where they encounter and neutralize the specific antigens. Among the T 

lymphocytes, CD4+ T cells have claimed the center stage of adaptive immune response 

due to the fact that these are highly important cell types for pro as well as anti

inflammatory immune response. Deficiencies in the CD4+ T cell activity leads to severe 

immunodeficiency, such as in case of HIV infection, AIDS and various types of cancers 

[13, 14). Conversely, overactivation of CD4+ T cells plays central role in severe 

autoimmunity as seen in case of ulcerative colitis, systemic lupus, multiple sclerosis etc. 

[15, 16]. Thus, identification of molecular regulators of CD4+T cell function holds key to 

understanding the pathophysiology of a wide array of diseases. It has been well 

documented that during the process of activation, the APCs can differentially activate 
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the na"ive T cells into either classically pro-inflammatory or anti-inflammatory immune 

response [8]. 

Classical pro-inflammatory adaptive immune response, also known as Th1 type immune 

response, is characterized by rapidly proliferating antigen-specific T cells that secrete 

certain cytokines that further potentiate the cytotoxic effects ofT cells and enhance 

immune cell recruitment, survival and proliferation [17]. The cytokines that potentiate a 

Th1 immune response are interleukin 2 (IL-2), interleukin 12 {IL-12), tumor necrosis 

factor-a (TNF-a) and interferon-y (lfn-y) etc. Th1 immune response enables helper cells 

to mount effective immune response against intracellular pathogens and influence 

humoral immunity to produce immunoglobulins such as lgG. IL-12 secreted by APCs 

induces proliferation ofT cells and enhances secretion of lfn-y, the hallmark cytokine of 

Th1 immune response. lfn-y secreted by T cells acts on its receptor present on a wide 

range of effector cells, including APCs. lfn-y thus potentiates the pro-inflammatory 

immune response by a number of mechanisms that include activation of specific 

signaling in the effector cells [18]. In a positive feedback mechanism, lfn-y induces 

secretion of IL-12 from APCs. It also leads to increased phagocytosis of pathogens by 

increased secretion of complement factors by the APCs. lfn-y also promotes leukocyte 

adhesion, which is key to their migration. Th1 cells that secrete lfn-y induce class B cell 

switching to lgG-secreting type. 

On the other hand, anti-inflammatory immune response is a group of multi-pronged 

immune regulatory mechanisms that operate simultaneously. Commonly, these 

mechanisms are referred as Th2 type immune response identified by secretion of potent 

anti-inflammatory cytokines such as IL-10, IL-4, IL-5, IL-6, IL-9 and IL-13. Towards the end 

of last century, advanced diagnostic and molecular biological techniques led to 

identification of a specialized subset of CD4+ T cells, called regulatory T cells (Tress), 

crucial in orchestrating anti-inflammatory immune response. Regulatory T cells are the 

dominant immunosuppressive species ofT cells that represent 5-10% of murine and 1-
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2% of human peripheral CD4+ T cells [19] . Tregs are produced in thymus during high 

affinity interactions during the negative se lection of T cell development. Such Tress are 

called thymic Tregs or tTregs. Peripherally the na'ive CD4+ cells are converted into Tregs by 

the tolerogenic APCs; such Tregs are called peripherally induced Tregs or pT,egs· The tTregs 

as well as pTregs are identified by their expression of forkhead box P3 transcription factor 

(FoxP3), which has been used to recognize the Treg cell lineage commitment marker for 

the T cells. Earlier reports have demonstrated that APCs in the intestinal lamina propria 

and gut-associated lymphoid tissues (GALT) possessed ability to generate pTregs [20] . 

Recently, Cebula eta/ demonstrated a crucial role of thymus-derived tTregs in populating 

intestinal lamina propria and influencing intestinal microbiota [21] . Thus, it appears that 

both tTregs as well as pTregs complement the function of intestinal immune surveillance 

and homeostasis [8] . It is also evident that animals lacking or having mutations in the 

FoxP3 protein suffer from a wide spectrum of autoimmune diseases that worsen over 

the time and ultimately result in death [22, 23], thus indicating importance of Tress in 

maintenance of immune homeostasis. Several molecular mechanisms have been 

reported that enable the APCs to generate pTregs in the peripheral tissues, and 

regulation of these signals is believed to hold the key to understand the deregulation of 

immune homeostasis in various chronic inflammatory diseases [8] . 

Thus, it is evident now that antigen-processing cells are the master regulators of 

immune response since they identify the antigen, effectively process and present it to T 

cells and depending on the environmental cues elicit either a pro-inflammatory immune 

response that nullifies the invading pathogen, or mount an anti-inflammatory immune 

response that enables host to 'tolerate' the antigen, such as in case of normal healthy 

microbial flora on various mucosal surfaces. Since the immune system at mucosal 

surfaces enables host to tolerate the non-self antigen, thereby allowing coexistence of 

host and microorganisms without undesired inflammation, such an anti-inflammatory 

immune response is often termed as tolerogenic immune response. Several studies 

have demonstrated that compared to the monocyte-derived DCs, the dendritic cells 
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obtained from colonic LP enabled T cells to produce higher quantities of anti 

inflammatory cytokine ll-4, while suppressing expression of lfn-y [10]. Furthermore, it is 

also known that colonic LP-DCs could convert na"ive T cells into CD4.CD25+ Foxp3• 

regulatory T cells instead of converting such cells into pro-inflammatory T cells (T H1 and 

TH17) [20, 24]. Thus, it is now evident that the colonic LP-DCs can generate tolerogenic 

immune response as opposed to the immunogenic response produced by DCs 

elsewhere [10, 25]. Further, It has been shown that the pTregs generated by LP-DCs play 

central role in control of colonic inflammation and can reverse the tissue destruction 

caused by it [20, 26]. However, the exact molecular mechanisms that lead to generation 

of tolerogenic dendritic cells are still largely unknown. It is also documented that along 

with the CD4+ Foxp3• Tregs, regulatory counterparts of other subsets of immune cells like 

NKT cells, B cells and y6 T cells also exist [19]. However, the role of CD4+ FoxP3.Tregs cells 

appears to be crucial in the immune homeostasis of the intestines [19, 26]. 

Another subset of T lymphocytes that is gaining much of focus specifically in relation 

with intestinal inflammation is the interleukin 17 (ll-17)-producing CD4+ T lymphocytes, 

also known as TH17 cells. These cells are identified by their STAT3-dependent expression 

of the nuclear hormone receptor RORyT and cytokines like ll-17, ll-22 and ll-21 [27). 

CD4+ T H17 cells are quite abundant in the intestinal lamina propria as compared to the 

other lymphoid organs like spleen, MLN and Peyer's patches. ll-17 family cytokines act 

as potent pro-inflammatory cytokines by inducing production of other pro-inflammatory 

cytokines like TNFa and chemokines like KC, MCP-1, MIP-2 and matrix metalloproteases 

(MMPs). Together with these cytokines, ll-17 causes tissue infiltration by immune cells, 

inflammation and tissue destruction (28]. ll-23, a member of ll12 cytokine family, 

causes differentiation and expansion of ll-17 producing T cell compartment. 

Functionally, ll-17 and related cytokines like ll-22 and ll-23 mediate a pro-inflammatory 

immune response in the intestines as well as autoimmune diseases like rheumatoid 

arthritis and systemic lupus etc. [28, 29]. 
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lndoleamine 2,3-Dioxygenase {100) and its Relevance to Immune Tolerance 

Tryptophan being an essential amino acid, a decrease in tryptophan content in local 

microenvironment has profound negative impact on rapidly proliferating cells. This 

effect of tryptophan deprivation has been exploited in nature by virtue of tryptophan

degrading enzymes, tryptophan dioxygenase (TOO), and more importantly, indoleamine 

2,3-dioxygenase (100). 100 is a heme-containing enzyme that mediates cleavage of 

indole ring of tryptophan at CrC3 carbon atoms [30, 31]. Compared with TOO, 100 

encompasses a broader tissue distribution and broader range of substrates including L

and 0-tryptophan, 5-hydroxytryptophan, 5-methyltryptophan, tryptamine and serotonin 

[32]. Munn eta/. showed that activation of 100 correlated with the immunosuppressive 

environment in the placenta [33] . Further studies in the field of 100 over the last decade 

have shown that 100 expression and subsequent immune suppression is positively 

correlated with protection against a variety of experimental inflammatory conditions 

such as Graft vs. Host Disease [34], EAE [35] etc. Pharmacological induction of 100 in the 

intestine using unmethylated oligo deoxynucleotides, which act as TLR9 ligands, has 

been shown to have protective effect against experimentally induced colitis [36]. 

Mechanistically, 100 produces the immunosuppressive effect by degradation of 

tryptophan, which puts the cells present in the microenvironment under intracellular 

stress due to accumulation of uncharged tryptophanyl t -RNA. This particular effect is 

exacerbated in the highly proliferative cells such as effector T cells, causing their 

apoptosis [37]. At the same time, the metabolites of tryptophan degradation like 

kynurenine and its derivatives (collectively known as kynurenines) act as ligands for 

receptors like aryl hydrocarbon receptor (AhR) and GPR35. It has been shown that 

activation of these receptors by kynurenines generate CD4+ Foxp3+ Tres cells from na'ive 

CD4+ T cells, and suppress the production ofT Hl cytokines like TN Fa [38, 39]. 

Reddy eta/. reported that HDAC inhibition with pharmacological pan-HDAC inhibitors 

like SAHA and ITF2357 results in the acetylation of STAT3 (Ac-STAT3). Ac-STAT3 in turn 
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acts as a transcription factor for expression of 100 (40). They also showed that bone 

marrow derived dendritic cells express reduced levels of the pro-inflammatory cytokine 

TNFa when treated with these HDAC inhibitors. Since SCFAs act as HDAC inhibitors 

when transported by SLCSA8, one of the aspects of the proposed study is to investigate 

whether the HDAC inhibition is involved in the 100 induction by SCFAs and whether the 

function of the transporter is obligatory for this process. 

Retinoic Acid and Its Relevance to Immune Suppression 

Vitamin A and its roles in the vision, reproduction, embryogenesis and brain functions 

have been known since earlier half of the 20th century. However, its importance in the 

immunological perspective is relatively recent and still not completely understood. The 

immunological role of vitamin A and its derivatives is evident from the observation that 

vitamin A-deficient individuals suffer from a broad range of bacterial, viral and 

protozoan infections (41]. Dietary vitamin A is converted into its metabolites collectively 

known as retinoids, which are functionally active at molecular level. Of various retinoids, 

retinoic acid (RA) is the most important for the regulation of gene expression. RA exists 

as two isomers, all-trans retinoic acid (ATRA) and 9-cis retinoic acid. Conversion of 

retinol to RA is a two-step reaction that is catalyzed by series of enzymes. First, retinol is 

converted into retinaldehyde in a reversible reaction by retinol dehydrogenases ADHl, 

ADH2, ADH3 and ADH4, which all belong to the alcohol dehydrogenases family (ADH) 

(42-44]. The same reaction is also catalyzed independently by another group of enzymes 

called short-chain dehydrogenase/reductase (SDR) (45]. Both ADH as well as SDR 

families of enzymes have wide substrate specificity which includes alcohols and 

aldehydes of physiological relevance. Both these families of enzymes also exhibit wide 

tissue distributions, making production of retinaldehyde less tissue- or cell-specific as 

compared to the production of RA. The next step in the conversion of retinaldehyde to 

RA is catalyzed by retinaldehyde dehydrogenases family, popularly known as Aldehyde 
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Dehydrogenases 1A (ALDH1A). There are 3 enzymes of ALDH1A family identified in 

mouse; they are Aldh1A1 {Raldh1), Aldh1A2 (Raldh2) and Aldh1A3 (Raldh3). 

Physiological roles of each of these enzymes have been studied in great detail by 

creating null mice for specific enzymes. Aldh1A2 and Aldh1A3-null mice showed early 

lethality, thus indicating the crucial roles of these enzymes during development [41]. 

Once produced, cellular RA binds to a protein called 'cellular retinoic acid binding 

protein' (CRABP). CRABP exists in two isoforms, CRABP I and II, and both recognize ATRA 

as their high affinity ligand. CRABP II delivers the bound RA to nuclear RA receptors 

(RARs) where it functions to regulate gene expression [46]. There are two types of 

retinoic acid nuclear receptors, RAR and RXR. CRABP 11-bound ATRA and 9-cis RA are 

ligands for RAR family whereas RXR family interacts only with CRAPB 11-bound 9-cis RA. 

RAR as well as RXR families contain three members each; called a, ~ and y. CRABP II 

bound ATRA causes RAR to heterodimerize with RXR, which causes the complex to bind 

to retinoic acid response elements (RARE) in the genome thus, affecting the gene 

expression pattern [41]. 

From immunological perspective, RA inhibits the production of T H1 cytokines while 

promoting the T H2 cytokines, thereby skewing the local immune response from 

immunogenic to tolerogenic. Along with the dendritic cell lineage growth factor GM

CSF, RA enhances differentiation of monocytes into dendritic-like cells in bone marrow 

precursors. RA-mediated immune regulation is emerging as one of the key homeostatic 

mechanisms in the gut. RA is produced by DCs in the gut associated lymphoid tissues 

(GALT) and these DCs impart the gut-homing specificity to the T and B cells in a RA

dependent manner [47]. In recent years it has been shown that the RA enhances TGF~

dependent conversion of na'ive CD4+ T cells to FoxP3+ Tregs while suppressing the 

conversion of na'ive T cells into TH17 cells [24] . In the intestine, RA production is not 

limited only to the immune cells. Rescigno et a/. reported that the peripheral blood 

monocyte-derived dendritic cells acquired tolerogenic properties when cultured in 

presence of supernatants derived from intestinal epithelial cell lines or primary 
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intestinal epithelial cells [48]. Thus they proposed and identified several intestinal 

epithelium-derived factors in the culture supernatants that were responsible for 

imparting tolerogenic properties to the DCs. Such tolerogenic DCs were able to convert 

na·ive CD4+ T cells to FoxP3+ Tregs [49]. One of the factors identified is RA producing 

enzymes ALDHlAl and ALDH1A2, which according to their findings are expressed in the 

intestinal epithelial cells [48]. Recently it has been shown that the Wnt-~-catenin

signaling pathway is involved in generation of tolerogenic dendritic cells that induce the 

Foxp3•Tregs [SO]. ~-catenin is a signal transduction protein in the Wnt signaling pathway. 

A complex of proteins including APC, GSK and Axin tightly regulate the levels of ~

catenin under the steady state. GSK phosphorylates the ~-catenin thereby causing its 

proteasomal degradation. Once the frizzled receptor is activated by the Wnt ligands, the 

~-catenin destruction complex dissociates, which causes increase in the cytoplasmic ~

catenin levels. This in turn results in entry of ~-catenin into the nucleus where it 

increases the transcription of ~-catenin target genes. Manicassamy e/ a/. reported that 

ALDHlAl and ALDH1A2 expression is significantly reduced in the ~-catenin deficient 

dendritic cells [SO]. However, the regulation of ALDHlA expression in the dendritic cells 

under the influence of SCFAs is still unclear. 

Commensal Bacteria 

Under healthy conditions, microorganisms including bacteria, archeaia, fungi, parasites 

and viruses have been known to coexist on skin and various mucosal surfaces of the 

mammalian body [6] . In humans, it is estimated that these microorganisms collectively 

constitute a larger cell population than human cells [51]. Relationship between 

mammalian host and associated microbiota is therefore of a great importance to 

completely understand the physiological processes that enable healthy coexistence for 

both. Among these microorganisms, bacteria represent the largest component of the 

mammalian microbiome. Bacterial colonization of mammals is believed to begin during 
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birth by transfer of maternal microbiota to the offspring in the process of parturition 

[52]. Gastrointestinal microbiome of the offspring then continues to grow rapidly in size 

and diversity until it reaches a dynamic equilibrium, where the overall microbiome of an 

individual remains largely stable [53]. However, gut microbiome displays great diversity 

in relative representation of constituent bacterial phyla among individuals, which could 

be ascribed to the microbial species acquired at birth, host genetics, immunological 

factors, antibiotic usage and dietary factors [54]. 

Intestinal microbiome consists of a vast variety of microorganisms. Quantitatively, the 

bacterial load increases towards the distal parts of gastrointestinal tract, the highest 

number of bacteria found in the large intestine. It is estimated that under healthy 

conditions, one gram of luminal content in the colon contains 1011
- 1012 bacteria [55]. 

Most of these microbes cannot be cultured in isolation. It was therefore a conundrum in 

the past to determine the identity and biological properties of these microorganisms. 

Due to recent advancements in molecular techniques involving high throughput genome 

sequencing, it is now possible to identify the presence of these microbes, albeit at 

genomic level. Studies comparing germ-free mice to conventionally raised mice as well 

as mono-associated mice have therefore proven to be crucial in understanding and 

dissecting physiological role of gastrointestinal microbiome [6]. It was believed that the 

relationship between host and microbiome is of commensalism, where one-partner 

benefits and the other is apparently unaffected. Due to the same reason, human 

microbiome is still referred as commensal bacteriome. Mounting evidences over past 

several decades, including evidences presented in current study, have presented a 

compelling argument that the nature of this relationship is more accurately defined as 

mutualistic, where both the partners are benefitted from each other. 

It is well documented that intestinal microbiota has profound effects on various aspects 

of host biological systems. For example, germ-free animals demonstrate impaired 

development of gut-associated lymphoid tissues (GALTs) like Peyer's patches and 
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isolated lymphoid follicles [6]. It has been noted that germ-free animals as well as 

animals treated with broad-spectrum antibiotics to deplete significant portion of 

intestinal microbiota, exhibit increased susceptibility to 055-mediated intestinal 

inflammation compared to the animals maintained under conventional conditions [56, 

57]. Further, colonization of gut by Bacteroides fragilis and Clostridium clusters IV and 

XIVa protect against trinitrobenzenesulfonic acid (TNBS)- or 055-induced colitis [58, 59]. 

These results have established a protective role of intestinal microbiota against 

intestinal inflammation. 

Microorganisms in the colon provide a plethora of biological signals to the host. By 

virtue of the microorganism-associated molecular patterns (MAMPs), these 

microorganisms provide direct stimulation to the pattern recognition receptor (PRR) 

machinery of the host tissues. Interactions of microbe-derived components with host 

epithelial barrier as well as immune cells have been well documented and found to have 

profound effects on the physiological processes such as maintenance and/or 

reinforcement of intestinal epithelial barrier, expression of anti-microbial peptides, and 

induction of tolerogenic phenotypes in various immune cells. These phenomena make it 

possible for the host to keep checks and balances on the quantitative and qualitative 

aspects of microbiota in the intestinal lumen, and at the same time avoid pathological 

activation of immune cells. 

Host and the microbiota have co-evolved and coexisted to form an intricate metabolic 

relationship. It is therefore an obvious finding that during the course of chronic human 

diseases, the microbiome is often altered as a result of the cause or consequence of the 

disease process. Such alterations of microbiome are termed as dysbiosis, and have 

profound effects on genetic and metabolic profiles of the microbiome itself as well as on 

the physiological processes of the host. Certain microorganisms such as Helicobacter 

pylori and Human papilloma virus (HPV 16 and HPV18) are associated with increased risk 

of cancer development (60]. On the other hand, microorganisms such as Bacteroides 
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fragilis and Clostridium clusters IV and XIVa protect against intestinal inflammation. The 

term 'probiotics' is often used to define live microorganisms which, when administered 

in adequate amounts, confer a health benefit on the host [61] . It is therefore an area of 

intense investigation to identify the significance of relative representation of various 

components of a healthy microbiota and correlate the changes in relative abundance of 

these components to the disease processes such as inflammatory bowel disease (lBO) 

and colorectal carcinogenesis (CRC). Conditions that lead to dysbiosis including a wide 

range of environmental and host factors as well as the probiotic microorganisms that 

show promising health benefits are currently being investigated to address their role in 

pathogenesis of such diseases. 

Dietary Fibers And Short Chain Fatty Acids 

Total carbohydrates consumed as a part of diet can be broadly divided into two groups 

simple carbohydrates such as monosaccharide and disaccharides, and complex 

carbohydrates such as starch and dietary fibers. Digestion of carbohydrates begins in 

the mouth during process of mastication, where salivary amylase acts on starch to 

produce oligosaccharides. This process of breakdown of starch continues in the small 

intestine with the participation of pancreatic amylase. The brush border membrane of 

the small intestine also contains several enzymes that are capable of digesting 

disaccharides and oligosaccharides. The end products of carbohydrate digestion in the 

small intestine are almost entirely monosaccharides (glucose, galactose, and fructose). 

These end products are then absorbed across the brush border membrane of the 

intestinal epithelial cells (enterocytes) via a sodium-dependent transport mechanism 

(glucose and galactose) and a sodium-independent mechanism (fructose). Only 

negligible amounts of monosaccharides enter the large intestine because of the 

efficiency of the absorptive mechanisms in the small intestine [1] . 
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Certain complex carbohydrates of plant origin, collectively known as dietary fiber, 

mainly differ from the simple sugars in that the dietary fibers remain largely undigested 

by mammals due to lack of specific digestive enzymes, although they can be partially or 

completely hydrolyzed by certain bacterial groups. Based on their fermentability and 

solubility, dietary fibers can be further divided into short-chain oligosaccharides and 

long-chain oligosaccharides. The short-chain dietary fibers such as raffinose and 

stachyose are highly soluble and highly fermentable. Whereas the long-chain 

carbohydrates include four major groups: soluble, highly fermentable non-starch 

polysaccharide fiber (e.g., resistant starch, pectin, inulin, guar gum); intermediate 

soluble and fermentable fiber (psyllium/ispaghula); insoluble, slowly fermentable fiber 

(wheat bran, lignin (flax), and fruits and vegetables); and insoluble, non-fermentable 

fiber (sterculia and methycelullose) [62] . Unable to be undigested by mammalian 

digestive enzymes, the dietary fibers invariably reach the distal parts of Gl tract, 

especially to the distal ileum and large intestine. Due to unique anaerobic environment 

in the lumens of these organs and certain commensal bacteria, the dietary fibers get 

metabolized into hexose and pentose monosaccharaides, which are further fermented 

into short-chain fatty acids (SCFAs) along with numerous other metabolites [63]. The 

biological properties of dietary fibers vary greatly depending upon the proportion of 

soluble versus insoluble and fermentable versus non-fermentable dietary fiber 

components in the diet. Another factor that plays major role in the biological effects of 

dietary fibers is the composition of microbiota that affects the fermentation 

characteristics of the dietary fiber. 

Beneficial effects of dietary fiber on human health have been known for over 80 years 

[64]. Epidemiological studies conducted as early as 1940s have identified the positive 

correlation between consumption of unrefined carbohydrates by the populations that 

typically represent lower incidence of inflammatory conditions of intestine as well as 

lower incidences of colorectal cancers [64]. Traditionally, the diet in developing parts of 

world contained higher proportion of unrefined carbohydrates, such as dietary fibers as 
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compared to the diet in developed nations, which is rich in refined carbohydrates. 

Further, epidemiological studies have shown that migrants from areas of high incidence 

of colorectal cancer to the areas of low incidence generally attain the incidence rate of 

colon cancer similar to their new environments [65]. These studies have underlined the 

important effects of environmental factors on overall intestinal health. Diet being one of 

the major differences among the developed versus developing parts of the world, these 

findings led to a hypothesis that consumption of dietary fibers protect against intestinal 

inflammation and colorectal carcinogenesis [64). Several attempts to unravel the 

mechanisms by which dietary fiber confer this protection have been made in the past, 

which have pointed to multiple simultaneously operating mechanisms behind the 

beneficial effects of dietary fiber consumption [62] . Dietary fiber consumption increases 

fecal water content and the fecal bulk. Further, insoluble dietary fibers remain largely 

undigested throughout the Gl tract, and therefore decrease the intestinal transit time of 

the fecal matter by increasing peristalsis and mucosal secretion via mechanical 

stimulation. More recently, the protective role of dietary fibers has been attributed 

partly to their fermentation byproducts. 

Dietary fibers undergo fermentation by bacterial action in the intestinal lumen. This 

process of fermentation occurs in the lumen of small and large intestine. In case of 

humans, due to unique anaerobic microenvironment and presence of large microbiota, 

the process of dietary fiber fermentation occurs most abundantly in the large intestine 

[66] . High throughput screening methods using high performance liquid 

chromatography, mass spectrometry and nuclear magnetic resonance have identified a 

wide array of chemical compounds originating from these metabolic processes, and the 

list of such compounds is growing rapidly. Most of these metabolites are absorbed 

through the intestinal epithelium into the colon tissue and are then distributed first to 

the hepatic portal system circulatory systems. In recent years, biological effects of these 

bacterial metabolites on host systems have been identified. Interestingly, it has been 
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noted that these bacterial metabolites play significant roles in systemic conditions such 

as obesity, diabetes, atherosclerosis, intestinal inflammation and cancer [62, 67]. 

Therefore, research efforts in understanding the molecular mechanisms behind 

biological effects of these bacterial metabolites are increasing in recent years. 

Among the bacterial metabolites derived from dietary fiber, short-chain fatty acids 

(SCFAs) appear to be having profound effects on the host biological systems. Short-chain 

fatty acids constitute a group of monocarboxylic organic acids containing aliphatic 

carbon tails of up to six carbon atoms. Among various SCFAs, acetate (C2), propionate 

(C3) and butyrate (C4) are the most abundantly generated by fermentation of dietary 

fibers in the colonic environment. Their collective concentration increases towards the 

distal parts of colonic lumen where it is estimated to be ranging from 70 mM to 120 mM 

[55, 67]. Since, SCFA generation depends on interplay between intestinal bacteria, 

dietary fiber consumption and intestinal microenvironment, any disturbance in these 

components affects the overall SCFA production as well as relative abundance of the 

specific SCFA [63]. For example, consumption of soluble fibers, which readily undergo 

fermentation, produces higher amounts of SCFAs than the insoluble fibers. Presence of 

Fermecutes and Bacterioidetes among the intestinal bacteria leads to generation of 

higher amounts of butyrate. 

Molecular Targets of SCFAs 

Biologically, SCFAs play versatile and far-reaching roles in the host systems. Beneficial 

effects of SCFAs on host biological systems have been known for over a few decades and 

newer studies are uncovering the molecular mechanisms involved in these effects. 

Some of the biological effects of SCFAs begin only with their transport across epithelial 

layer in the intestine. Under healthy conditions where diet contains optimal amounts 

and quality of dietary fibers in presence of healthy intestinal microbiota, SCFAs are 
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generated in the intestinal lumen at collective concentrations as high as 120 mM [55]. 

Acetate, butyrate and propionate are the most abundant SCFAs, generated 

approximately at a mean molar ratio 60:20:20 respectively [68]. As mentioned earlier, 

SCFA concentration is highest in the proximal colon. Due to active as well as passive 

transport, their concentration decreases towards distal colon. Only a fraction of SCFA 

content is excreted along with the fecal material. Various mechanisms involved in 

biological effects of SCFAs therefore depend on the efficiency of their transport across 

intestinal epithelial barrier. 

Due to high concentration in the large intestine, SCFAs are readily transported via active 

as well as passive mechanisms across the intestinal epithelium into the host intestinal 

tissue. Several mechanisms of SCFA uptake have been demonstrated that function at 

any given time in a seemingly redundant manner. SCFAs enter the intestinal epithelium 

via non-ionic passive diffusion or carrier-mediated active transport. Passive diffusion of 

SCFAs is responsible for the bulk transport that depends on large concentration gradient 

across the epithelium. Among the active transport mechanisms, three principal groups 

of transporters have been identified for the transport of SCFAs. The bicarbonate/SCFA 

exchangers have been demonstrated at functional level to be expressed in the apical 

membrane of intestinal cells [69]. These exchangers are responsible for SCFA uptake in 

the cecum and proximal colon where the SCFA concentration is among the highest [70]. 

These transporters exhibit lower affinity for SCFAs (Km value for butyrate is 1.5 ± 0.2 

mM) [71]. Monocarboxylate transporters (MCT), which belong to SLC16 gene family, are 

abundantly expressed in the apical as well as basolateral epithelial membrane in ileum 

and colon [72]. Compared to the SCFA/HC03- exchangers, MCTs exhibit a lower affinity 

for SCFAs (Km value for butyrate is 2.6 mM) [73]. 

Among the transport mechanisms of SCFAs, sodium-coupled monocarboxylate 

transporter 1 (SMCT1 or SLC5A8) exhibits the highest affinity for SCFAs. SLC5A8 was 

originally identified by Rodriguez et al as an iodide transporter in the thyroid follicle, 
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where the transporter is responsible for uptake of iodide from plasma into the thyroid 

follicle, where it is eventually incorporated into thyroglobulins to form triiodothyronine 

(T3) or tetraiodothyronine (T4) [74]. SLCSA8 transporter is thus also known as apical 

iodide transporter (AIT). Recently SLCSA8 was reported to be expressed at high levels in 

the collecting tubules of kidneys, parotid glands, cecum and apical membrane of the 

colonic epithelium [75]. SLCSA8 gene is located on human 12 chromosome (mouse 

chromosome 10). Interestingly, we and others have reported that SLCSA8 gene 

expression is silenced by DNA methylation in cancers of colorectal, ovarian and breast 

tissues [76, 77]. Re-expression of Slc5a8 in colorectal cancer cells leads to their 

apoptosis and prevents colony formation [77]. These observations have established a 

tumor suppressor role of Slc5a8. Functionally, Slc5a8 transports butyrate, propionate 

and acetate among several other organic monocarboxylic acids [78]. Expression of 

Slc5a8 in Xenopus laevis oocytes led to robust induction of Na•-dependent uptake of 

SCFAs and other monocarboxylic acids. Further, the transport process is electrogenic 

with charge-to-substrate ratio specific for the substrate being transported [78]. Highest 

affinity of Slc5a8 for SCFAs makes it a unique transport mechanism that can function 

efficiently at very low concentration of SCFAs. 

Biological Actions of SCFAs 

Short chain fatty acids are versatile energy-rich biomolecules. They act as the primary 

nutrient source for the colonocytes. SCFAs undergo beta-oxidation in the mitochondria, 

thus providing energy up to 30% of daily caloric requirements in case of the rodents [67, 

79]. Studies have shown that not all SCFAs that are transported get metabolized in the 

epithelial cells [80, 81]. SCFAs that are exported from the epithelial cells across the 

basolateral membrane are then transported to the blood where they are carried bound 

to albumin. Due to rapid metabolism of SCFAs in the epithelial barrier, their 

concentration drops dramatically when measured away from intestinal lumen. Studies 

performed on rabbits demonstrate that butyrate concentration measured in the celiac 
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vein is 1 ± 0.4 mM [82]. Human studies have demonstrated that butyrate concentration, 

when measured in portal vein, drops to 17.6 ~M [83]. Most of the SCFAs that leave 

intestine via blood stream get metabolized in the liver, leaving only trace amounts of 

SCFAs in the peripheral circulation. Biological effects of SCFAs therefore largely depend 

on their concentration in the microenvironment of the target cell or organ. Since 

intracellular actions of SCFAs require their efficient uptake by the target cell, we 

hypothesized that role of high-affinity transport system such as SLCSA8 becomes 

indispensable when the SCFA concentration is very low for other transport mechanisms 

to function. Thus, under physio logical conditions, certain biological functions of SCFAs in 

tissues farther away from the gut epithelial barrier could depend, at least in part, on 

function of SLCSA8. Interestingly, we have reported that expression of SLCSA8 in colon 

is enhanced by presence of intestinal microbiota [84]. These observations have formed 

the basis of argument that SLCSA8 is a critical component of molecular crosstalk 

between host and microbiome. 

SCFAs have been studied at greater details regarding their roles on cellular signaling. 

Once transported intracellularly, butyrate and propionate, but not acetate, act as class I 

and class II HDAC inhibitors [85, 86]. Under steady-state conditions, a dynamic 

equi librium exists between protein acetylases and deacetylases in the cell. The cellular 

signaling events that tip this balance in favor of acetylation or deacetylation produce the 

subsequent effects of the signaling event in the cell. Thus, intracellular transport of 

butyrate and propionate result in inhibition of HDACs, with relatively higher activity of 

histone acetyl transferases (HAT). Since HDAC inhibition is closely associated with 

formation of transcription bubble and initiation of gene transcription, butyrate and 

propionate have long-term effects on gene expression patterns in a cell. We have 

reported that butyrate-mediated HDAC inhibition leads to up-regulation of pro

apoptotic genes such as p53, Bax, Bad, Bak, FAS ligand, FAS receptor, TRAIL, and TRAIL 

receptors and down regulation of anti-apoptotic genes such as Bcl-2, Bci-W, Bcl-xL, Bfl-1, 

and survivin [87]. Further, these pro-apoptotic effects of butyrate were observed in the 
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colon cancer cells that were expressing SLCSA8, but not in the normal colonic cells (87]. 

These findings along with others have led identification of SLCSA8 as a mediator of 

tumor-suppressive effects of SCFAs. 

Recently, SCFAs have also been identified to act as ligands for several cell-surface 

receptors. G protein coupled receptors Gpr109a, Gpr43 and Gpr41 have all been 

reported to act as cell-surface receptors that are activated by various SCFAs with specific 

affinities towards the receptor [88, 89]. Although these receptors were identified over a 

decade ago, their biological signaling and contribution to the overall physiology of the 

organ still remains poorly understood. These GPCRs are expressed in a wide variety of 

organs and cells, which enables them to function as critical determinants of signal 

transduction in response to extracellular environment over a wide range of tissues. 

GPR109A is also known as hydroxycarboxylic acid receptor 2 or HCAR2 or PUMA-G 

(Protein Upregulated in MAcrophages by IFN-Gamma, in rodents). Gene expression 

analyses have shown that GPR109A is highly expressed in adipocytes, immune cells such 

as macrophages, DCs and in certain epithelial cells including colonic epithelium [88]. 

GPR109A is a Gi-coupled receptor, and its activation leads to inhibition of adenylyl 

cyclase and subsequent decrease in intracellular cAMP [90]. Studies have demonstrated 

that GPR109A activation in adipocytes is responsible for the inhibition of lipolysis, which 

leads to decrease in free fatty acids release. In vitro studies have demonstrated that 

GPR109A is activated by several carboxylic acids including niacin (vitamin B3, EC50 = 0.1 

~M), ~-hydroxybutyrate (ECso = 750 ~M) and butyrate (EC50 = 1.6 mM) [91]. However, it 

is important to note here that under physiological conditions, concentrations of niacin 

as well as ~-hydroxybutyrate are not enough to activate the receptor. Butyrate on the 

other hand is generated at high concentrations in the colonic lumen, and is readily 

absorbed across the intestinal epithelium. We have thus shown that butyrate acts as the 

physiological ligand for GPR109A expressed in the intestinal epithelium and intestinal LP 

immune cells [92]. We have also demonstrated that, in the colonic tissue environment, 



25 

butyrate-GPR109A signaling plays key role in mediating beneficial effects of SCFAs such 

as protection against intestinal inflammation and colorectal carcinogenesis [92]. 

Further, the study confirms that the GPR109A expression on the immune cells as well as 

intestinal epithelial and stromal cells is essential for mediating the protective effects of 

butyrate. Interestingly, GPR109A signaling in the intestine can also be activated by 

administration of niacin, which confers similar protective effects as observed in case of 

butyrate. These data suggest a critical role of GPR109A signaling in the intestinal 

homeostasis and demonstrate possibilities of harnessing the GPR109A signaling by 

pharmacological intervention. 

Gpr41, also known as free fatty acid receptor 3 (FFAR3) is expressed in adipose tissue, 

intestinal epithelium and the peripheral nervous system. In the adipose tissue, GPR41 

promotes the release of leptin, thereby enhancing satiety and energy expenditure 

Recently, expression of GPR41 was shown in the enteroendocrine cells of the intestinal 

epithelium, which influences secretion of enteric hormones such as GLP and Peptide YY 

[93]. GPR41 is activated by butyrate and propionate with a higher affinity than by 

acetate. GPR43, also known as free fatty acid receptor 2 (FFAR2), is also a cell-surface G

protein coupled receptor expressed in colonic epithelial cells and immune cells such as 

neutrophils. GPR43 plays an essential role in regulation of both intestinal barrier 

function as well as innate immune response in the intestine. Among SCFAs, GPR43 is 

primarily activated by acetate and propionate. SCFA-GPR43 signaling plays a role in the 

regulation of appetite, electrolyte and fluid secretion, and inflammation. Maslowski et at 

analyzed role of Gpr43 in DSS-induced intestinal inflammation and have shown that 

GPR43 1 animals develop severe intestinal inflammation and demonstrate higher 

morbidity when challenged with DSS [56]. Further, acetate, one of the ligands for Gpr43, 

could significantly reverse the tissue destruction produced by DSS in WT mice, but not in 

Gpr43 1 mice. Thus, their findings suggest an overall protective role of GPR43 signaling 

in intestinal inflammation induced by DSS. On the other hand, in a recent report, Kim et 

at analyzed roles of GPR41 and GPR43 in intestinal homeostasis and immune 
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surveillance and infectious pathogenesis. Their report demonstrates that compared to 

WT mice, Gpr41·/- as well as Gpr43·/- mice show reduced inflammatory responses 

against TNBS- and ethanol-induced colitis [89]. Further, both Gpr41·/- and Gpr43·/

animals were defective in up-regulating pro-inflammatory cytokines and chemokines to 

mediate the inflammatory response. However, when these animals were infected with 

pathogenic bacterium C. rodentium, activation of the receptor with SCFAs in WT mice 

promoted recruitment of leukocytes, activation of effector T cells, and production of 

chemokines and cytokines during immune responses, thus enhancing protective 

immunity and tissue inflammation, which led to timely clearance of the pathogen. Such 

pro-inflammatory immune response was defective in case of GPR41·/- and GPR43·/

animals, which led to persistence of the pathogen [89]. Thus, reports thus far indicate 

that the role of GR41 and GPR43 and associated signaling in maintenance of healthy gut 

barrier and immune homeostasis needs to be further dissected from their role during 

intestinal pathogenesis. 

Inflammatory Bowel Disease and Colorectal Carcinoma 

Inflammatory Bowel Diseases (lBO) is a group of inflammatory diseases that primarily 

manifest in the colon and small intestine. Ulcerative colitis (UC) and Crohn's Disease 

(CD) are two major types of lBO, whereas collagenous colitis, lymphocytic colitis, 

diversion colitis, Beh~et's disease, indeterminate colitis represent a lesser number of 

cases. Both UC and CD have been known for their worldwide presence. Several 

epidemiological studies conduced over the decades have reported high degree of 

variation among the incidence of lBO across the world. However, these epidemiological 

studies have consistently reported that the incidence of lBO is highest among the 

developed parts of the world like northern Europe, the United Kingdom, North America 

[94] . In North America, the incidence rate for UC ranges from 2.2 to 14.3 cases per 

100,000 person-years, and the incidence rate for CD ranges from 3.1 to 14.6 cases per 

100,000 person-years [94]. In the United States and Canada, it is estimated that 7000 to 
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46,000 individuals are newly diagnosed with UC every year, and as many as 780,000 

persons are suffering from UC [94]. The peak age of onset of lBO is between 15 to 30 

years. According to the Centers for Disease Control and Prevention estimates, as many 

as 1.4 million persons in the United States suffer from these diseases. Further, UC is 

slightly more common in males, whereas CO is marginally more frequent in women. 

Ethnically, lBO occurs more in people of Caucasian and Ashkenazic Jewish origin than in 

other racial and ethnic subgroups. lBO is a chronic group of diseases that affect the 

quality of life and require long-tern, and potentially life long, healthcare support. lBO is 

one of the five most prevalent gastrointestinal disease burdens in the United States, 

with an overall health care cost of more than $1.7 billion. 

lBO is a complex group of diseases with no single etiological factor. Epidemiological 

studies have pointed to multiple possible risk factors that contribute to the disease 

process, although the mechanisms of action of these risk factors remains poorly 

understood. A family history of lBO itself is known to be a risk factor, which strongly 

suggest a genetic component for lBO [95]. Several attempts have been made in the past 

to identify the genetic components responsible for lBO via genome-wide association 

studies (GWAS). These studies have thus far identified 163 IBO-associated gene loci, of 

which 30 are CO-specific, 23 are UC-specific, while 110 are associated with both UC and 

CO [96]. These genes belong to distinct groups based on their molecular functions, e.g. 

genes associated molecular pattern recognition by immune system (N002, TLR5 etc.), 

inflammatory regulators (ll-10, ll-23, ll-17, ll-12, STAT3 etc.), regulators of immune cell 

function (CARD9, IL1R2, REL, SMAD3 and PRDMl) or regulators of autophagy (ATG16ll, 

IRGM) [97]. 

Diet has long been known as an important aspect that could explain certain 

environmental variations among the different populations around the world. Diet

derived antigens are one of the most abundant antigens encountered in the intestinal 

lumen. Therefore, research interests understanding certain dietary risk factors for 
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development of lBO have existed since the later half of past century. The claim that diet 

plays key role in IBD pathogenesis is further bolstered by observations that the migrants 

in the developed parts of the world demonstrate incidence of lBO similar to their new 

environment, rather than the environment of their origin [65). However, due to high 

variation in dietary components, poor recall and reporting of exact nature of diet for the 

purpose of study, and environmental factors affecting quality and quantity of diet 

consumed has resulted in a number of studies that have failed to reach a universal 

consensus among dietary risk factors for lBO. Since mid-20th century the epidemiological 

studies have found a positive correlation between consumption of refined sugars and 

incidence of lBO. Historically, one of the striking differences in the diet consumed in the 

developed parts of the world was higher content of refined sugars and relatively low 

abundance of unrefined grains flours. Other dietary risk factors reported from northern 

European studies include high consumption of cola drinks, chocolates, and high fat 

intake. Though the correlation of these dietary factors to incidence of IBD has been 

established, the molecular determinants that link these risk factors to lBO pathogenesis 

has not been established unequivocally. 

Clinically both UC and CD present as autoimmune inflammatory diseases, but with 

distinct features that are peculiar to each of them. Both UC as well as CD presents as 

alternate phases of relapse and remission of the chronic granulomatous inflammation of 

the intestine. Ulcerative Colitis manifests as ulcerative lesions in the rectum, colon, 

cecum and terminal ileum with a patchy appearance, with apparently healthy area of 

tissue between the patches of inflammation. This produces clinical symptoms such as 

abdominal pain, Gl bleeding, vomiting, chronic diarrhea with associated weight loss and 

fatigue. Clinical manifestation of Crohn's disease is similar to UC, but CD encompasses a 

wider region of tissue that ranges from mouth to anus, along with frequent 

manifestations outside the Gl tract. The extra intestinal manifestations of lBO are 

estimated to be present in around 36% cases [98] . Histologically both diseases persist as 

epithelial anomalies like distortion or destruction of crypts, inflammation and abscesses 
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in crypt as well as lamina propria-related anomalies like hemorrhage and heavy 

infiltration of immune cells. Generally, the lesion in case of UC is confined to the 

mucosal layer of intestine, whereas in case of CD, the lesions are much deeper with 

potential involvement of all layers of intestine. Thus, the lesions in CD are often 

described as 'transmural lesions', which present risk of perforation of the intestine. 

Underlying the variable clinical presentations, lBO presents a central theme of 

pathophysiology that includes gut barrier dysfunction leading to leak in the intestinal 

barrier, which is either preceded or followed by chronic granulomatous inflammatory 

immune response ultimately leading to tissue destruction and functional disability of the 

organ. Microscopically, both UC and CD present as chronic non-caseating 

granulomatous lesions. Further, animal studies involving genetic mutations in various 

immune system components have shown that the adaptive immune response plays a 

key role in the inflammatory process of lBO pathogenesis. Therefore, contemporary 

research in lBO has focused primarily on understanding interactions between 

microbiota, intestinal epithelial barrier function and adaptive immune response. 

The clinical studies of lBO have gained further interest over the years due to its 

association with colorectal carcinoma (CRC). It is estimated that individuals suffering 

from lBO have a cumulative risk of developing CRC below 1% in first 8-10 years of 

exposure of lBO, which dramatically increases with time, reaching maximum to 15-20% 

after 30 years exposure to lBO [99]. As the name suggests, CRC is the cancer arising in 

the colon or rectum. CRC is one of the leading causes of cancer-related deaths 

worldwide. Risk factors for CRC include lifestyle factors such as diet containing higher 

proportions of red meat, genetic predisposition, obesity, alcohol and medical history of 

lBO. CRC primarily originates from the intestinal epithelium as a polyp, which progresses 

to form a tumor. Since at least a part of CRC development is enhanced by inflammation, 

it is often denoted as inflammation-associated carcinogenesis in order to distinguish 

from the genetic mutation-derived carcinogenesis. 
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To mimic the course, progression and pathophysiology of colitis and colorectal 

carcinoma, various murine models have been developed over the years. Among various 

such models, dextran sulfate sodium (OS$) induced colitis has been studied extensively. 

OS$ is an enterotoxin, which when supplemented in the drinking water of the animals, 

causes death of the enterocytes resulting in potent pro-inflammatory response due to 

loss of epithelial barrier function. The immune response along with epithelial barrier 

dysfunction mimics the features of colitis in humans. Since colorectal carcinoma is an 

inflammation-associated carcinogenesis, researchers have mimicked the CRC by using 

chemica l carcinogens like azoxymethane (AOM) in combination with DSS. AOM is 

administered intraperitonially in the animal, followed by administration of DSS in 

drinking water; this condition causes neoplastic changes in the colonic epithelium. After 

its administration, AOM is hydroxylated in the liver by cytochromes P450. The 

hydroxylated form of AOM then enters the intestine through bile. In the gut it gets 

activated into carcinogenic methyldiazonium by the action of factors derived from 

bacterial flora [100]. Thus AOM-OSS model classically mimics the inflammation

associated colon carcinogenesis found in humans. 

Familial adenomatous polyposis (FAP) is a disease characterized by development of 

numerous intestinal polyps, which if left untreated undergo malignant transformation. 

Several genes have been found mutated in FAP [101]. Adenomatous polyposis coli (APt) 

is one such gene that is known to have multiple mutations that lead to FAP. Under 

resting conditions the APC protein forms complex with ~-catenin, axin and GSK. GSK in 

the complex phosphorylates ~-catenin, subsequently causing its proteasomal 

degradation; therefore the complex is called the destruction complex. Due to 

constitutive action of the destruction complex, the levels of free ~-catenin are kept 

under control in the cytoplasm of the cell. Mutations in APC gene cause synthesis of 

non-functional APC protein. The non-functional APC protein fails to form the destruction 

complex, thus resulting in high levels of ~-catenin entering nucleus. This activates 

transcription of genes downstream of the ~-catenin pathway, which includes many 
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oncogenes such as c-Myc. Thus, to study the genetic component of CRC, a genetic 

model of colon carcinogenesis is helpful. APcm•n/+ is one such animal model where min 

stands for multiple intestinal neoplasias. In case of the APCmin/+ model, the APC protein 

is non-functional, which results in spontaneous polyposis in rodents. In humans, 

majority of polyps in case of APC mutations develop in large intestine. Due to yet 

unknown reasons, APCmin/+ mice develop majority of polyps in small intestine, with only 

a small number of polyps in colon. 
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Rationale 

Burkitt et a/. hypothesized that dietary fibers have a protective role against colon 

carcinogenesis [64]. In support of their hypothesis, they argued that dietary fibers 

caused more rapid gastrointestinal transit time and aided in formation of bulkier stools 

[64]. Numerous studies over the years have elucidated the diverse role of dietary fibers 

and have identified the short-chain fatty acids (SCFAs) as their derivatives by the process 

of bacterial fermentation. Presence of SCFAs has been correlated with less occurrence 

and severity of inflammatory conditions like colitis and colorectal carcinoma [67]. 

However, the exact molecular mechanisms by which the SCFAs exert their actions are 

still being investigated. 

Recent reports demonstrate that SCFAs act via multiple mechanisms that 

simultaneously operate under steady-state conditions to exert their protective effects 

against intestinal inflammation. Most of these reports have demonstrated roles of cell

surface receptors, such as GPR109a, GPR43, Gpr41 etc., in mediating SCFA-derived 

signaling [88, 89]. Under physiological conditions, SCFAs are generated at high 

concentrations in the intestinal lumen, which leads to their higher availability to activate 

these cell-surface receptors at epithelial surface as well as underlying lamina propria 

resident cells, such as immune cells. luminal SCFA generation depends on interplay 

between dietary fiber intake, microbiota and a favorable environment in the intestinal 

lumen for dietary fiber fermentation. Therefore, luminal SCFA generation gets reduced 

during lower intake of dietary fibers or chronic antibiotic use [88]. Depletion of SCFA 

generation in the lumen under experimental conditions leads to loss of signaling via 

these cell-surface receptors, which further affects immune cell repertoire in the 

intestinal LP and leads to higher susceptibility of the animal to the inflammatory 

conditions [102]. Interestingly, western type of diet, which contains lower fractions of 
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dietary fibers and higher fractions of refined carbohydrates and fat, is associated with 

higher incidence of intestinal inflammatory conditions [103]. Thus, molecular 

determinants that mediate beneficial effects of dietary fibers and SCFAs hold promising 

approach to understanding intestinal inflammatory conditions and colorectal 

carcinogenesis. 

Certain functions of SCFAs, for example HDAC inhibition and ~-oxidation, mandatorily 

depend on intracellular availability of SCFAs. Due to high rate of metabolism of SCFAs in 

the intestinal tissue and beyond, their concentration drops dramatically. Thus, role of 

Slc5a8 on the tissue resident cells located farther from intestinal lumen could become 

essential for delivery of SCFAs into the cells. Dendritic cells are emerging as the master 

regulators of immune response by virtue of their ability to activate the lymphocytes. The 

colonic dendritic cells are known to generate the tolerogenic immune response in 

contrast to the dendritic cells found in other organs. Even though some of the molecular 

factors involved in the generation of tolerogenic phenotype in these DCs are known 

since the later part the last decade, current knowledge of overall mechanisms behind 

gut immune homeostasis is still far from complete . 

Our earlier studies have clearly demonstrated the role of Slc5a8 as a tumor suppressor. 

Human studies have reported Slc5a8 be1ng silenced during colorectal carcinogenesis . 

We have demonstrated that re-expression of Slc5a8 in colon cancer cells lead to their 

apoptosis. However, recent report using Slc5a8-null animals showed no such tumor 

protective role in AOM and APCm,n/+ animal models [75] . One of the critical factors in 

facilitating SCFA delivery to the epithelial cells and tissue is their efficient uptake from 

the lumen. Under physiological conditions, multiple mechanisms lead to uptake of 

SCFAs from lumen, thus rendering Slc5a8 superfluous. However, our in vitro data 

demonstrate that Slc5a8 is the highest affinity transport mechanism known to transport 

SCFAs, and it is fully functional even when the SCFA concentration drops to micromolar 

range. Thus under these conditions, Slc5a8 mediated transport of SCFAs becomes 
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indispensible for their delivery to the epithelial tissues. These observations have 

warranted current study to identify the role of Slc5a8 in mediating protective effects of 

dietary fibers and SCFAs against intestinal inflammatory conditions and colorectal 

carcinogenesis. Current study also determines role of Slc5a8 during depletion of 

intestinal SCFA generation by administering a diet lacking fibers, which is highly relevant 

to populations around the world that consume sub-optimal dietary fibers. 

Based on the published reports and our preliminary data, we hypothesize that even 

though SLCSA8 is dispensable for the beneficial effects of butyrate and propionate 

under high-fiber dietary conditions, the transporter is obligatory for their entry into 

colonic epithelial and immune cells and subsequent HDAC inhibition, and consequently 

for the prevention of inflammation and cancer in the colon, under the conditions of 

suboptimal dietary fiber intake. 

Interrogation of the validity of this hypothesis will lead to the design of better 

therapeutic approaches for the treatment of inflammatory diseases involving the gut as 

well as open new dimensions to the SCFAs as therapeutic agents for the 

accomplishment of immune suppression under autoimmune conditions. 



35 

Specific Aims 

Our central hypothesis is that even though SLCSA8 is dispensable for the beneficial 

effects of butyrate and propionate under high-fiber dietary conditions, the transporter 

is obligatory for their entry into colonic epithelial and immune cells and subsequent 

HDAC inhibition, and consequently for the prevention of inflammation and cancer in the 

colon, under the conditions of suboptimal dietary fiber intake. 

The hypothesis will be tested with following specific aims: 

Aim 1: Investigate the in vitro effects of SCFAs on the expression of 100 and ALDHlA in 

dendritic cells and their relevance to the tolerogenic phenotype of these cells, and 

assess the role of the SCFA transporter Slc5a8 in this process. 

Aim 2: Demonstrate in vivo that Slc5a8 is obligatory for the generation of tolerogenic 

dendritic cells and the induction of Tregs in colon under low-fiber dietary conditions in 

mice. 

Aim 3: Demonstrate the anti-inflammatory and tumor-suppressive functions of Slc5a8 

by assessing the development/progression of cancer in wild type and Slc5a8-l- mice with 

a low-fiber diet using azoxymethane (AOM) + DSS and Apcmm/+ models of colon cancer. 



36 

Methods 

Chemicals and Buffers 

Sodium butyrate, sodium acetate and propionic acid were purchased from Sigma Aldrich 

(St. Louis, MO). Fresh 100 mM stock solutions were prepared in appropriate culture 

media every time before use. Phosphate-buffered saline (PBS, 1X), Hank's balanced salt 

solution (HBSS), and cell culture media (RPMI1640) were purchased from Cellgro 

(Manassas, VA). STAT3 inhibitor J$1124 was obtained from Tocris Bioscience (Bristol, 

UK). 

Animals 

Wild type C57BL/6 mice, APCmin/+ and OT-11 transgenic mice were purchased from the 

Jackson Laboratories (Bar Harbor, ME). Slc5a8.;. mice were originally provided by Dr. 

Thomas Boettger (Max-Pianck-lnstitut fuer Herz-und Lungenforschung, Bad Nauheim, 

Germany) [75] and have been in use in our laboratory for several studies [85, 104]. 

Slc5a8·/·/APCmin/+ mice were generated by crossing Slc5a8 1 mice with APCmin/+ mice to 

generate Slc5a8•1·/APCmin/+ mice in F1 generation. These mice were then bred with 

Slc5a8-/ mice to generate Slc5a8 1 / APCmin/+ mice (F2 generation). All mice were used 

between 8 - 12 weeks of age unless specified in the experimental design. Mice were 

maintained in the conventional animal housing with 12 h day-night cycles, with water 

and food provided ad libitum. Germ-free and age-matched conventional mice were 

obtained from Taconic Biosciences, Inc. (Hudson, NY) and have been used in our studies 

previously [84). All animal procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC), Georgia Regents University. 
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Isolation of DCs and Their Culture 

Mature DCs were isolated from mouse spleen using COlle microbeads (Miltenyi 

Biotech., Auburn, CA) followed by magnetic separation. Purity of isolated DCs was 

determined by Flow cytometric analysis using COlle antibody. DC purity for typical DC 

isolation was "'90%. CD4+ CD2S"C044 CD62L HI T cells were isolated from spleen and 

mesenteric lymph nodes of OT-11 transgenic mice by FACS using fluorochrome

conjugated antibodies (eBioscience, San Diego, CA}. Where indicated, DCs were cultured 

in complete culture medium (RPMI 1640 medium, containing 10% fetal calf serum, 10 

mM HEPES pH 7.4, 2 mM glutamine, 100 IU/ml penicillin, 100 1-1g/ml streptomycin, and 

SO 1-1M 2-mercaptoethanol) at 3rc for 48 h in a humidified cell culture incubator in 

presence of S% C02. 

RNA Isolation and Gene Expression Analyses 

Cells recovered from cultures were used for total RNA isolation using RNeasy Plus Micro 

kit (Qiagen, Valencia, CA} according to the manufacturer's protocol. Tissues harvested 

from mice were used for total RNA isolation using Trizol reagent (Invitrogen, Camarillo, 

CA) according to the manufacturer' s protocol. RNA was quantified using nanodrop 

spectrophotometry. 1 1-1g of total RNA from each sample was used for traverse 

transcription using Superscript Ill Reverse transcriptase kit (Invitrogen, Valencia, CA}. 

Briefly, lllg of total RNA was mixed with 11-11 OligodT primers and incubated at 6S oc for 

S min. The contents were then mixed with 2 Ill RT buffer (provided in the kit), 11-11 RNase 

inhibitor and 1 1-11 Superscript Ill reverse transcriptase enzyme. The mixture was 

incubated at SO oc for S min followed by 8S oc for S min. eDNA thus prepared was stored 

at -20 oc until used for gene expression analyses. 
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Real-time PCR was performed with Power SYBR Green PCR Master Mix {Thermo-Fisher 

Scientific, Waltham, MA). Briefly, 10 to 50 ng eDNA was mixed with 10 Ill Power SYBR 

Green PCR Master Mix {2X) along with gene-specific primers used at 20Q-400 pM final 

concentrations. Mouse IDO primers (forward: 5'-TGG CAA ACT GGA AGA AAA AG-3'; 

reverse: 5'-AAT GCT TIC AGG TCT TGA CG-3') and mouse Aldh1A2 primers {forward: 5' -

TGG GTG AGT TTG GCT TAC GG - 3'; reverse: 5' - AGA AAC GTG GCA GTC TTG GC -

3') were used for real-time PCR. All PCR data were normalized to the data for mouse 

HPRT1 (primers: 5'-GCG TCG TGA TIA GCG ATG ATG AAC-3' and 5'-CCT CCC ATC TCC TIC 

ATG ACA TCT-3'). Gene expression was quantified using the 66CT method. 

Western Blot Analyses 

Mouse tissues were harvested and washed gently in PBS. Excess of PBS was removed by 

quickly placing the tissue on a filter paper. Tissues were then immersed in RIPA buffer 

(10 mM Tris-HCI pH 8.0, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% 

SDS, 140 mM NaCI and 1 mM PMSF) supplemented with protease and phosphatase 

inhibitor cocktail (Cell Signaling, Danvers, MA), 1 j..tM Trichostatin A and 10 mM 

nicotinamide. Tissues were homogenized in the buffer while maintaining 4 ·c 
temperature using a hand-held homogenizer. Samples were centrifuged at 14000 rpm at 

4 ·c for 20 min. The supernatant was collected in pre-cooled microfuge tubes. Protein 

content in tissue lysates was quantified using BCA protein estimation kit (Thermo-Fisher 

Scientific, Waltham, MA). 20 llg protein from each sample were mixed with appropriate 

volume of 6X Laemmli buffer containing ~-mercaptoethanol and boiled for 5 min. 

Protein samples were then loaded on 12% sodium dodecyl sulfate-polyacrylamide gels 

and subjected to electrophoresis. After electrophoresis, proteins were transferred to 

nitrocellulose membrane (GE Life Sciences, Pittsburgh, PA) for 1 h at 100V. Membranes 

were then blocked with 5% blotting grade non-fat milk (Bio-Rad) prepared in TBST (Tris

Buffered Saline, 0.1% Tween-20) for 1 h., after which, membranes were incubated with 
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primary anti-acetyl histone H4 (acetyl-lys12
) antibody (1:1000 dilution, Sigma Aldrich, St. 

Louis, MO) overnight at 4 oc. Excess antibody was removed by washing membranes 3 

times in TBST for 10 min each. Membranes were then incubated with anti-rabbit 

secondary antibody conjugated with IRDye800 (LiCOR, Lincoln, NE) for 1h at RT. After 3 

washes of TBST, 10 min each, to remove excess antibody, membranes were developed 

using infrared detection apparatus (Li-COR, Lincoln, NE). Same membranes were then 

subjected to stripping followed by blocking with 5% blotting grade non-fat milk (Bio

Rad) prepared in TBST before incubation with anti-~actin antibody (1:5000 dilution, 

Sigma Aldrich, St. Louis, MO) for 1 h at RT. Excess antibody was removed by washing 

membranes 3 times in TBST for 10 min each. Membranes were then incubated in anti

mouse secondary antibody conjugated with IRDye700 (LiCOR, Lincoln, NE) for 1h at RT. 

After 3 washes with TBST, 10 min each, to remove excess antibody, membranes were 

developed using infrared detection apparatus (Li-COR, Lincoln, NE). 

DCs pretreated with or without butyrate were recovered from culture at the end of 48 h 

and co-cu ltured for 4 days with the CD4+ CD25 T cells from OT-11 transgenic mice at DC:T 

cell ratio 1:2 in the complete medium. The culture medium was supplemented with 0.5 

~g/ml Ovalbumin peptide (ISQVHAAHAEINEA), 0.4 ng/ml TGF~ and 5 ng/ml IL-2. At the 

end of assay, cells were recovered and fixed with FoxP3/Transcription Factor Fixation/ 

Permeabilization kit (eBioscience, San Diego, CA) and stained with antibodies against 

CD4 and Foxp3 and analyzed on LSR II flow cytometer (BD Bioscience, Franklin Lakes, 

NJ). 

In-vitro lnterferon-y• CD4+ T Cell Suppression Assay 
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DCs pretreated with or without butyrate were recovered from culture at the end of 48 h 

and co-cultured for 4 days with the CD4+ CD25 CD44 CD62L Hi T cells from OT-11 

transgenic mice at DC:T cell ratio 1:2 in the complete medium. The culture medium was 

supplemented with 0.5 IJ.g/ml Ovalbumin peptide (ISQVHAAHAEINEA), 10 ng/ml IL-12, 

10 IJ.g/ml anti-IL4, and 5 ng/ml lnterlukin-2. On day 4 of co-culture, cells were recovered 

and cultured further in presence of 5 ng/ml lnterlukin-2 for 48 h, after which, the cells 

were stimulated with phorbol myristate acetate plus ionomycin in the presence of 

GolgiStop and Golgiplug for 5 h. Finally, cells were fixed with FoxP3/Transcription Factor 

Fixation/ Permeabilization kit (eBioscience, San Diego, CA) and stained with antibodies 

against CD4, CD25, lnterferon-v and analyzed on LSR II flow cytometer (BD Bioscience, 

Franklin Lakes, NJ). 

In-vivo lnterferon-y• CD4+ T Cell Suppression Assay 

OVA-specific CD4+ CD25-CD44- CD62LH'CD90.1+ (Thy1.1) T cells from OT-2 donor mice 

were injected (i.v.) into recipient WT or Slc5a8 1 (Thy1.2) mice 1 d before immunization. 

Mice were then immunized with a mixture of ovalbumin dissolved in PBS and complete 

Freud's adjuvant (CFA) at 1:1 ratio (s.c.). 2 weeks later, animals were sacrificed to obtain 

cells from spleen. These cells were then stimulated with phorbol myristate acetate plus 

ionomycin in the presence of GolgiStop and Golgiplug for 5 h. Finally, cells were fixed 

with FoxP3/Transcription Factor Fixation/ Permeabilization kit (eBioscience, San Diego, 

CA) and stained with antibodies against CD4, CD25, lnterferon-v and analyzed on LSR II 

flow cytometer (BD Bioscience, Franklin Lakes, NJ). 
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Analysis of STAT3 Acetylation 

DC2.4 cells were cultured in presence or absence of 0.5 mM butyrate in complete 

medium for 16 h. Cells were then lysed in RIPA buffer supplemented with protease and 

phosphatase inhibitor cocktail (Cell Signaling, Danvers, MA) and 10 mM nicotinamide. 

Total STAT3 was immune-precipitated from cell lysates using an antibody specific for 

STAT3. The immune-precipitates were then used for western blotting and probed with 

an antibody specific for acetyl-lysine and also with the antibody specific for STAT3. 

Immunofluorescence 

Mouse tissues were washed with PBS and fixed in 10% formaldehyde in PBS (v/v) for 24 

h before incubation with 70% ethanol in water (v/v). Tissues were then embedded into 

paraffin and sectioned into 8-j..lm thick slices on clear glass slides and stained with H&E 

or Alcian blue, periodic acid schiff (AB & PAS) at GRU histology core facility. The 

unstained slides were used for immunofluorosent staining of proteins. Sections were 

first deparaffinized by washing with xylene for 5 min (repeated 3X), followed by 

rehydration using a series of ethanol dilutions (100%, 95%, 70% and 30%, diluted with 

water (v/v); 5 min each). Initially, tissues were washed with pure diH20 for 10 min to 

remove traces of ethanol. For lysozyme staining, the slides were incubated with 20 

j.lg/ml proteinase K solution in Tris-EDTA buffer (pH 8.0) for 10 min at 37 oc in a 

humidified chamber. Excess proteinase K was washed with PBS containing 0.1% Tween-

20 (v/v; PBS-T). Slides were then blocked with 10% normal goat serum in PBS-T (v/v) for 

1 h at room temperature (RT) in a humidified chamber and probed with anti-lysozyme 

antibody (1:200 dilution; Dako, Carpinteria, CA) overnight at 4 oc. Excess primary 

antibody was washed with PBS-T. Slides were then probed with secondary anti-rabbit 

Alexafluor 568 antibody (1:1000 dilution; Invitrogen, Camarillo, CA) incubated at RT for 

1 h in a dark humidified chamber. Slides were kept in dark, humidified environment 
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from this step onwards. Slides were washed and mounted with Fluoroshield mounting 

medium (Sigma Aldrich, St Louis, MO), which also counterstains the slide with DAPI. 

Slides were then kept at 4 oc in dark humidified chamber. 

To stain for IDO protein, colon tissues from WT or Slc5a8 I· mice were harvested and 

snap-frozen by immersing in liquid nitrogen and embedded in optimal cutting 

temperature medium (OCT) before storing at -80 oc. 5-~m frozen sections of the tissues 

were cut and fixed in methanol at -20 oc. The sections were then washed in diH20 and 

blocked with PBS containing 1% nonfat milk (Bio-rad, Hercules, CA). Sections were 

probed with 4 ~g/mL polyclonal rabbit anti-mouse IDO antibody (provided kindly by Dr. 

D. H. Munn) in PBS containing 1% nonfat milk for 1 h at RT. Slides were then washed 

with PBS-T and probed with a 1:1000 dilution of CY3-Iabeled goat anti-rabbit lgG 

(Jackson lmmunoresearch, West Grove, PA). Slides were kept in dark, humidified 

environment from this step onwards. Slides were washed and mounted with 

Fluoroshield mounting medium (Sigma Aldrich, St Louis, MO), which also counterstains 

the slide with DAPI. Slides were then kept at 4 oc in dark humidified chamber. 

Animal Diets 

To address the role of dietary fibers, mice were fed stock animal diet containing dietary 

fibers (Fiber-containing diet; FC diet) or diet formulated without dietary fibers (Fiber

free diet; FF diet) containing Lactalbumin 20.5%, DL-Methionine 0.22%, Dextrose 

monohydrate 52.839%, Maltodextrin 15%, Soyabeal Oil 5%, Mineral Mix AIN-93G 3.5%, 

Vitamin Mix AIN-93 1.5%, Potassium phosphate monobasic 0.84%, Calcium carbonate 

0.3%, Choline bitartarate 0.3% and TBHQ antioxidant 0.001%. This diet was custom

manufactured by Harlan Laboratories (Indianapolis, IN). The diets were autoclaved and 

vacuum packed by the manufacturer and kept at 4 oc until used to feed the animals. The 
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diets were provided to the animals ad libitum. We observed no significant difference 

between consumption of FC or FF diets by the animals. 

lamina Propria Immune Cell Isolation 

To isolate immune cells from colonic lamina propria, we followed a method described 

earlier [92]. Briefly, intestinal tissues harvested from mice were cleaned by opening 

longitudinally and then by gentle shaking in HBSS. Tissues were then cut into 

approximately 0.5-cm long pieces and immersed in HBSS containing 5% fetal bovine 

serum (v/v) and 5 mM EDTA. Tissues were incubated at 37 oc with continuous agitation 

for 40 min. The epithelial cell thus separated were removed by filtering and the tissues 

pieces were further incubated with 1 mg/ml Collagenase D and 1 mg/ml DNase I (Roche, 

Nutley, NJ) in RPMI1640 supplemented with 5% fetal bovine serum (v/v), with 

continuous agitation for 20 min. Resultant supernatant was filtered through 70 llm 

nylon mesh, and washed with complete medium to dilute collagenase and DNase. After 

preparation of single cell suspensions from lamina propria, cells were cultured in 

presence of phorbol myristate acetate plus ionomycin in the presence of GolgiStop and 

Golgiplug for 5 h. Cells were fixed with FoxP3/Transcription Factor Fixation 

/Permeabi lization kit (eBioscience, San Diego, CA) and stained with antibodies against 

CD45, CD90.2, CD4, CD25, lnterferon-y and analyzed on LSR II flow cytometer (BD 

Bioscience, Franklin lakes, NJ). 

Development of Acute and Chronic Intestinal Inflammation and Colorectal 

Carcinogenesis in Mice 
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For development of acute inflammation, WT and Slc5as·l- mice were kept on prescribed 

diets beginning 4 weeks prior to the onset of experiment until the end. Acute intestinal 

inflammation was induced by feeding animals 2% (w/v) Dextran sulfate sodium salt, 

m.w. 36KDa- 50KDa, (DSS, MP Biomedicals, Santa Ana, CA) in drinking water ad libitum. 

Acute intestinal colitis developed 4 to 6 days since beginning of DSS administration. 

Animals were monitored for morbidity and disease progression. For histological 

analyses, animals were sacrificed at day 5 to obtain tissues. 

Chronic intestinal inflammation and inflammation-associated colorectal carcinogenesis 

were induced by AOM-DSS model. Briefly, WT and Slc5as·l - mice were kept on 

prescribed diets beginning 4 weeks prior to the onset of experiment until the end. On 

day 0, animals were injected intraperitonially with 10 mg/kg Azoxymethane (AOM; 

Sigma Aldrich, St. Louis, MO), followed by cyclic administration of 1% (w/v) Dextran 

sulfate sodium salt, m.w. 36KDa - 50KDa, (DSS, MP Biomedicals, Santa Ana, CA) in 

drinking water ad libitum. The chronic intestinal colitis progression was monitored and 

scored daily as follows. Weight loss was measured by weighing animals and recording 

percent weight relative to weight of animals on day 0. Rectal bleeding was scored as 0 -

no bleeding, 2- occult bleeding marked by reddish pink spots in stool; 4- obvious fresh 

blood observed around anus. Diarrhea was scored as 0 - no diarrhea, 1 - soft, but well 

formed stool pellet; 2 -soft stool that sticks to surface of cage or bedding; 3 - diarrhea 

with stool sticking to the fur or tail; 4- continuous streak of watery diarrhea mixed with 

blood. To monitor inflammation-associated intestinal polyps, animals were sacrificed on 

day 70 and colons isolated for assessment of the numbers of polyps by visual inspection 

under a microscope. 

Measurement of Intestinal Permeability 

Mice were given fluorescein isothiocyanate (FITC)-dextran by oral gavage at a dose of 

0.5 mg/g of body weight. Four hours later, mice were bled and FITC-dextran was 

quantified in the serum via a fluorescence spectrophotometer. 
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Statistical Analysis 

Experiments were repeated 3-5 times, and the data are presented as means ± S. E. 

Statistical significance was determined by Student's t test. A p <0.05 was considered 

significant. 
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Results 

I. Investigate the in vitro effects of SCFAs on the expression of IDO and AldhlA 

in dendritic cells and their relevance to the tolerogenic phenotype of these 

cells, and assess the role of the SCFA transporter SicS aS in this process. 

100 expression in colon correlates with bacterial colonization 

Bacterial colonization in the gut has profound effects on function of intestinal tissue, 

epithelial barrier and immune cell repertoire in the intestine. These effects of 

bacteriome on the host are mediated via a multitude of molecular mechanisms. We 

have previously reported that expression of Slc5a8 and GPR109a in colon and ileum are 

significantly higher in mice maintained at conventional conditions for normal bacterial 

colonization in the gut [84]. Further, colonization of germ-free mice exposed to 

conventional housing and dietary conditions resulted in upregulation of these genes 

within 4 weeks [84]. 

100 is a potent immunosuppressive enzyme that regulates several aspects of adaptive 

immune response. Role of 100 in colon is well known for induction of immune tolerance 

and suppression of inflammation under experimental conditions [105]. Several studies 

have reported that 100-mediated immune tolerance protects animals during OSS- and 

TNBS-induced intestinal inflammation, and blocking 100 with specific inhibitors of the 

enzyme negate the protective role of 100 on experimental colitis [105, 106]. ALOH1A 

family of aldehyde dehydrogenase has been studied extensively for their role as potent 

immune suppressors. ALOH1A enzyme catalyzes the rate-limiting dehydrogenation step 

to convert retinaldehyde to retinoic acid. Retinoic acid thus generated plays a key role in 



Figure 2. Induction of IDO and Aldh1A2 by colonic bacterial colonization in mice 

(A, B) Total RNA isolated from colon tissues from conventional (Conv) or germ-free 

(GF) mice was used for real-time PCR to monitor the expression of 100 and 

Aldh1A2. (C) Colon tissues obtained from 4-day-old WT mouse pups were cut into 

pieces and cultured in presence or absence of all-trans retinoic acid (RA) for 16 h. At 

the end of treatment, tissues were recovered and total RNA isolated from them used 

for real-time PCR to monitor the expression of 100. Data were normalized to 

expression of HPRT1 as an internal control.***, p < 0.001 compared to control. 
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potentiating conversion of na"ive T cells to Tregs, thus generating tolerogenic immune 

response [8]. Molecular mechanisms that induce Aldhla enzymes in APCs are therefore 

crucial in generating tolerogenic immune response in a retinoic acid-dependent 

mechanism. Further, it has also been reported that intestinal dendritic cells do express 

both IDO as well as ALDH1A2, both contributing to the tolerogenic phenotype of the DCs 

[107]. To identify the role of bacterial colonization in contributing towards tolerogenic 

immune response in the intestinal tissue, we examined the expression levels of IDO and 

AldhlA in the colon tissues derived from germ-free and conventionally maintained mice. 

We found that mice maintained under conventional conditions had higher expression of 

100 and Aldhla2 (Fig. 2 A, B). Next we determined whether retinoic acid thus produced 

in colon further influences IDO expression in the organ. To identify the effects of RA on 

colon tissue independent of colonic bacteriome, we cultured colon tissues from 

neonatal mice with retinoic acid. Under these experimental conditions, we found 

significantly higher IDO expression in the colon tissue treated with RA (Fig. 2C). 

Commensal bacteria provide a plethora of biological signals to the intestinal tissue. For 

example, intestinal bacteria stimulate the epithelial as well as underlying lamina propria 

immune cells via activating microbe-associated molecular pattern (MAMP) recognition 

receptors, such as TLR and NOD. Recent studies have identified far-reaching roles of 

intestinal bacterial derived metabolites in host biology and prevention of complex 

conditions such as lBO, atherosclerosis, diabetes mellitus, obesity etc. [62] 

To identify the role of bacterial metabolites in providing immune tolerance in the 

intestinal tissue, we investigated effects of SCFAs, an important class of intestinal 

bacterial metabolites, on immune cells. To corroborate the role of these bacterial 

metabolites in IDO induction, we cultured splenic COlle• DCs in presence of butyrate at 

a range of concentrations. We found that butyrate at 0.5 mM concentration could 

maximally upregulate 100 (Fig. 3A). Strikingly, this property of butyrate was shared by 

another SCFA, propionate, but not by acetate (Fig. 3B). We then examined the effects of 



Figure 3. Induction of 100 and Aldh1A2 by colonic bacterial fermentation products in 

colon and DCs 

(A, C) COlle+ dendritic cells obtained from WT mouse spleen (conventional mice) 

were cultured in the presence or absence of butyrate at indicated concentrations for 

48 h. At the end of treatment, total RNA was isolated from the cells and used for 

analysis of IDO and Aldh1A2 expression respectively by real-time PCR. (B, D) 

COlle+ dendritic cells obtained from WT mouse spleen (conventional mice) were 

cultured in the presence or absence of 0.5 mM of butyrate (But), propionate (Pro) or 

acetate (Ace) for 48 h. At the end of treatment, total RNA was isolated trom the cells 

and used for analysis of 100 and Aldh1A2 expression respectively by real-time PCR. 

Data were normalized to expression of HPRTl as an internal control. ***, p < 0.001; 

**, p < 0.01 compared to control. 
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SCFAs on expression of AlDHlA in DCs. When splenic DCs were cultured in presence or 

absence of butyrate, we found that butyrate could significantly upregulate Aldhla2 

(Fig. 3C) at 0.5 mM. Further, when compared among SCFAs, butyrate and propionate, 

but not acetate, could induce Aldh1A2 in splenic DCs (Fig. 30) 

Butyrate and Propionate Induce IDO via HDAC Inhibition 

As mentioned in the introduction section, SCFAs are biologically versatile molecules. 

They undergo metabolism to provide energy for the cells, act as ligands for several cell

surface receptors such as GPR41, GPR43, GPR109a etc. One of the most widely 

recognized roles of SCFAs is that butyrate and propionate act as HDAC inhibitors [85]. 

Acetate does not share this property. Unlike the actions of SCFAs on cell-surface 

receptors, in order for SCFAs to act as HDAC inhibitors they must be transported into 

cells via one of the transport mechanisms. We have previously described the role of 

Slca58 as a high-affinity sodium-coupled transport mechanism for several 

monocarboxylic acids including SCFAs such as butyrate, propionate and acetate [108]. 

We have also reported that Slc5a8-mediated transport of butyrate and propionate is 

obligatory for subsequent HDAC inhibition in intestinal epithelial cell lines (77]. 

Thus, to identify the molecular determinant behind butyrate- and propionate-mediated 

100 and Aldhla2 induction, we cultured COlle• DCs obtained from WT or Slc5a8-null 

mice in the presence or absence of SCFAs. We observed that butyrate and propionate 

could induce 100 as well as Aldhla2 in DCs obtained from WT animals, but not from 

Slc5a8-null animals (Fig. 4 A, B). Acetate, which is not an HDAC inhibitor, failed to induce 

100 and Aldhla2 in both WT as well as Slc5a8-null DCs (Fig. 4 A, B). Further, our data 

suggest that at same concentration butyrate is more effective than propionate in 

upregulating IDO and Aldhla2 in DCs. This effect could be related to the previous 



Figure 4. IDO and Aldhla2 expression in response to SCFAs is dependent on Slc5a8 

(A, B) CDllc+ DCs obtained from either wild type or Slc5a8·/· mice were cultured in 

the presence or absence of butyrate (But), propionate (Pro) or acetate (Ace) (0.5 

mM each) for 48 h. At the end of the treatment, total RNA was isolated from the cells 

and used for real-time PCR to analyze IDO and Aldhla2 expression. Data were 

normalized to expression of HPRT1 as an internal control. (C) Colons from WT and 

SicS aS·/· mice were divided into proximal and distal halves. Total RNA was isolated 

from these tissues and used for real-time PCR to analyze IDO expression. Data were 

normalized to expression of HPRT1 as an internal control. Filled bars represent WT 

and empty bars represent Slc5a8·/·. ***• p < 0.001 compared to the corresponding 

WT tissues. (D) Tissue sections from the colons from WT and Slc5a8·/-mice were 

used for analysis of IDO protein by immunofluorescence. 
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reports that demonstrate higher efficiency of butyrate than propionate to inhibit HDACs 

[86]. 

IDO induction in colon tissue via TLR9 stimulation is known to protect colon against 

experimental colitis. Under healthy conditions colon tissue expresses high levels of IDO 

[109]. However, endogenous molecular mechanisms that lead to IDO induction under 

steady-state levels in vivo are poorly understood. To identify the role of colonic luminal 

SCFA and their Slc5a8-mediated transport in this process, we analyzed IDO expression in 

colons from WT and 5/cSaB-null mice. We found that compared to WT, IDO expression 

in 5/cSaB-nu ll animals is significantly diminished in colon (Fig. 4 C, D). These data provide 

evidence for a crucial role of Slc5a8 in IDO induction in colon tissues under physiological 

conditions. 

Molecular Mechanisms Behind Butyrate-Mediated 100 Induction 

Acetylation is one of the well-studied post-translational protein modifications (PTM). 

Acetylation of lysine residues on histones and their role in chromatin regulation have 

been extensively studied for their effects on gene expression, regulation of response to 

extracellular functions and cancer. Proteins other than histones are also regulated via 

acetylation and deacetylation. Signal transducer and activator of transcription 3 

responds to various extracellular stimuli and has profound effects on gene expression in 

a cell. In dendritic cells, STATs are known to act as regulators of DC differentiation into 

various functional lineages and expression of various cytokines [110]. STAT3 is known as 

a suppressor of TLR-mediated inflammatory cytokine production in DCs. STAT3 also 

plays a key role in generation of tolerogenic DCs. STAT3 is regulated via multiple post

translational modifications, including phosphorylation, methylation, acetylation etc. One 

of the recent reports demonstrates that in response to various stimuli, STAT3 is 

acetylated at lys685 residue by P300 histone acetyltransferases, and deacetylated by type 

I HDACs [111]. Further, acetylated STAT3 acts as a transcription factor on IDO promoter 



Figure 5. Butyrate-induced 100 expression involves acetyi-STAT3 

(A) Mouse DC cell line DC2.4 was cul tured in the presence or absence of 0.5 mM 

butyrate for 16 h. Total STAT3 was immuno-precipitated from the celllysates using 

an antibody specific for STAT3 and then used for immunoblotting with an antibody 

specific for acetyl-lysine. The same blot was then probed with the STAT3-specific 

antibody to determine the levels of total STAT3. (B) DCs isolated from WT mouse 

spleen were cultured in the presence or absence of 0.5 mM butyrate with and 

without the STAT3 signaling inhibitor J$1124 (1 ~M). After 48 h treatment, total 

RNA was isolated from the cells and used to analyze IDO expression by real-time 

PCR. Data were normalized to expression of HPRT1 as an internal control. **, p < 

0.01 compared to butyrate treatment in the absence of J$1124. 
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thereby increasing 100 gene expression [40]. This effect of acetylated STAT3 can be 

abrogated by mutating STAT3 at lys685 residue or by treatment with J$1124, a synthetic 

inhibitor of acetyi-STAT3. Since butyrate acts as an HOAC inhibitor, we tested whether 

butyrate-induced HOAC inhibition in OCs underlies 100 expression. We found that 

butyrate treatment increased accumulation of acetylated-STAT3 in OC2.4 cells (Fig. SA). 

Further, pharmacologic inhibition of STAT3 signaling using JSI-124 completely abolished 

butyrate-mediated 100 induction in splenic OCs (Fig. 58). These results indicate a direct 

role for acetyi-STAT3 in butyrate-mediated 100 induction in OCs with the involvement of 

butyrate-dependent inhibition of HOACs. 

Slc5a8 in DCs Plays a Crucial Role in Butyrate-Mediated Induction of a Tolerogenic 

Phenotype 

Tolerogenic immune response is characterized by immune surveillance of the organ or 

tissue without pathological inflammatory response. Several aspects of a typical immune 

response contribute towards overall immune tolerance. OCs act as master regulators of 

tolerogenic immune response by virtue of their ability to generate either pro

inflammatory or anti-inflammatory immune response. Interferon gamma-producing 

C04+ T cells are one of the most potent regulators of pro-inflammatory Th1 type 

immune response. On the other hand, conversion of na'ive C04+ T cells to Foxp3+Tregs is 

one of the hallmarks of tolerogenic immune response. Thus tolerogenic OCs are 

effectively able to suppress conversion of na'ive T cells to lfn-y producing Th1 cells and 

promote conversion of na'ive T cells to Foxp3+ Tregs· Molecular mechanisms involved in 

orchestrating these two seemingly distinct processes are an area of intense research. 

We first determined whether SCFAs induce tolerogenic phenotype in OCs by measuring 

the ability of splenic OCs cultured in presence or absence of butyrate to convert na"ive T 

C04+ cells to Foxp3+ Tregs in presence of cognate antigen. We observed that OCs pre-



Figure 6. Influence of butyrate on the ability of dendritic cells to enhance conversion 

of na·ive CD4+ T cells to Foxp3+ CD4+ T cells 

(A) Splenic COlle+ DCs obtained from WT or Slc5a8·/· mice were cultured in the 

presence or absence of butyrate (0.5 mM) for 48 h. At the end of the treatment, DCs 

were recovered from the culture, washed with culture medium to remove the 

remaining butyrate, and then cultured in the presence of CD4+CD25- T cells from 

OT-11 transgenic mice for 5 days. The culture was supplemented with 5 ngjml IL-2, 1 

mgjml ovalbumin peptide and 0.4 ngjml TGF~. At the end of the culture, T cells 

were recovered and stained with anti-C04 and anti-Foxp3 antibodies and analyzed 

on flow cytometer. (B) Quantification of Foxp3+ C04+ cells. Data are from three 

independent experiments.***, p < 0.01. 
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Figure 7. Influence of butyrate on the ability of dendritic cells to suppress conversion 

of na·ive CD4+T cells to interferon- y• co4• T cells In vivo 

(A) Splenic COlle• DCs obtained from wild type mice were cultured in the presence 

or absence of butyrate (0.5 mM) for 48 h. At the end of the treatment, DCs were 

recovered from the culture, washed with culture medium to remove the remaining 

butyrate, and then cultured in the presence of CD4•CD2S-CD44-CD62LH1 T cells from 

OT-11 transgenic mice as described in the Methods section. At the end of the culture, 

T cells were stimulated with PMA-lonomycin in presence of Golgiplug and GolgiStop 

for 5 h and stained with anti-CD4 and anti-lfn-y antibodies and analyzed on flow 

cytometer. Data are from a representative animal in each genotype. (8) 

Quantification of lfn-y• CD4• T cells. Data are from three independent experiments. 

***, p < 0.01. 
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Figure 8. Influence of Slc5a8 on the interferon- v• CD4+ T cell suppression in vivo 

(A) 2x106 CD90.1 •CD4•CD25-CD44·CD62LH1 T cells from OT-11 transgenic mice 

(Thyl.l) were injected intravenously into either WT or SicS aS·/- mice (Thy1.2). After 

2 days, animals received subcutaneous immunization with OVA. 2 weeks following 

the immunization, splenic T cells were isolated and stimulated with PMA-Ionomycin 

in presence of Golgiplug and GolgiStop for 5 h and stained with anti-CD4, anti-lfn-y 

and anti-CD90.1 antibodies and analyzed on flow cytometer. Events gated on CD4• 

CD90.1 + cells. (B) Quantification of Ifn-y+ CD4+ CD90.1 + T cells. Data are from three 

independent experiments.***, p < 0.01. 
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treated with butyrate could significantly enhance conversion of na·ive CD4+ T cells to 

Foxp3+ CD4+ Tregs (Fig. 6 A, B). When DCs obtained from Slc5a8-null mice were used as 

antigen-presenting cells, we observed a significant decrease in the ability of butyrate 

treated DCs to convert naive CD4+ T cells to Foxp3+ CD4+ Tress· 

To further determine the influence of SCFA-treated DCs on their ability to modulate 

overall T cell response, we cultured na"ive T cells in presence of DCs, which were pre

treated with or without butyrate. We found that butyrate-treated DCs could successfully 

suppress the conversion of na·ive T cells into interferon-y producing CD4+ T cells to a 

significant extent (Fig. 7 A, B). Further, we also observed that butyrate-treated DCs that 

lacked Slc5a8 had significantly impaired ability to suppress conversion of na·ive T cells 

into lnterferon-y producing CD4+T cells (Fig. 7 A, B). To further corroborate our findings, 

we performed an in vivo T cell conversion assay, where we introduced 

CD90.1 .. CD4+CD25 CD44-CD62LHi T cells from OT2 transgenic mice (Thyl.l) into either 

WT or Slc5a8·/· recipient mice (Thy1.2) intravenously. Animals were then immunized 

with OVA. 2 weeks later, antigen-specific conversion of na·ive T cells into interferon-y+ 

CD4+ OT2 T (Thyl.l) cells was measured in spleen by flow cytometry. Consistent with 

our in vitro findings, we observed that compared to WT mice, SlcSas·l- mice had 

significantly higher interferon-l CD4+ Thy1.2 OT2 T cells (Fig. 8 A, B). Together, these 

data provide critical evidence for an essential role of Slc5a8 in butyrate-mediated 

induction of tolerogenic phenotype in DCs. 
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11. Demonstrate in vivo that Slc5a8 is obligatory for the generation of 

tolerogenic dendritic cells and the induction of Tress in colon under low-fiber 

dietary conditions in mice. 

Slc5a8 Influences T Cell Repertoire In Vivo 

Intestinal lamina propria immune cells are important orchestrators of intestinal immune 

response. Similar to immune cells found elsewhere, the LP immune cells are in a 

dynamic equilibrium with the systemic immune cells repertoire. Recent reports suggest 

a bilateral immune cell trafficking between intestinal tissue, gut-associated lymphoid 

tissue (GALT), mesenteric lymph node and secondary lymphoid tissues such as spleen 

and lymph nodes [112]. It is therefore important to identify the immune cell repertoire 

at the intestinal lamina propria under steady-state condit ions to understand the overall 

immune response in the organ. SCFAs generated in the colonic lumen are transported 

via various mechanisms into the intestinal tissue and blood stream. However, due to 

rapid metabolism of SCFAs, butyrate in particular, t heir concentration drops greatly 

when measured away f rom the lumen. We have previously reported that butyrate and 

propionate block in vitro DC development in an Slc5a8-dependent manner [85]. To 

understand the physiological consequence of Slc5a8 expression in t he colon tissue and 

immune cells on immune cell repertoire, we analyzed steady-state T cell phenotype in 

the colonic lamina propria as well as spleen from WT and Slcsas+ mice. We observed no 

significant difference among CD4+ Foxp3+ immune cells in either colons or spleens 

between WT and Slcsas·l- animals (Fig. 9 A, B). But, we observed that both colon as well 

as spleen had significantly higher proportion of interferon-l CD4+ T cells, when 

stimulated with PMA and ionomycin in presence of monensin and BFA (Fig. 9 C, D). 

These results indicate a crucial role of Slc5a8 in suppression of interferon-l CD4+ T cell 

repertoire under steady-state conditions. 



Figure 9. Influence of Slc5a8 on interferon- v• co4• T cell repertoire in vivo 

(A) Immune cells isolated from spleen or colonic LP of WT and Slc5a8·/· mice 

stained with anti-CD4, anti-Foxp3 and anti-CD90.2 antibodies and analyzed on flow 

cytometer. (B) Quantification of Foxp3• CD4• cells from colonic LP and spleen of WT 

and Slc5a8-1- mice. Data are from three independent experiments. (C) Immune cells 

isolated from spleen or colonic LP of WT and Slc5a8-l- mice were stimulated with 

PMA-Ionomycin in presence of Golgiplug and GolgiStop for 5 h and stained with 

anti-CD4, anti-lfn-y and anti-CD90.2 antibodies and analyzed on flow cytometer. 

Data are from a representative animal in each genotype. (D) Quantification of lfn-y+ 

CD4• T cells. 

Filled bars represent WT animals and empty bars represent Slc5a8-1- animals. Data 

are from three independent experiments.***, p < 0.001; **, p < 0.01. 
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Slc5a8 Suppresses Interferon-y• CD4+ T Cell Repertoire Independent of 

Dietary Fiber Consumption 

61 

Dietary fiber consumption is one of the critical determinants of luminal SCFA 

generation. Consequently, consumption of diet lacking fibers leads to depletion of 

luminal SCFA levels in colon, cecum as well as ileum [102]. Other critical determinant of 

biological actions of SCFAs is their efficient transport across epithelial layer. Further, 

certain biological functions such as HDAC inhibition, beta-oxidation of SCFAs etc. require 

transport of SCFAs into cells. Slc5a8 being a high-affinity transporter for SCFAs, we 

determined the role of Slc5a8 on lamina propria immune cells and its relevance to 

luminal SCFAs by feeding animals with (fiber-containing diet or FC diet) or without 

(fiber-free diet or FF diet) fiber. Consistent with our earlier results, we observed no 

difference between Foxp3+ CD4+ T cells among WT and Slc5a8 1 mice fed with fiber

containing diet (FC diet, Fig. lOA). However, when the animals were maintained on FF 

diet, we observed a slight increase in the frequency of Foxp3+ CD4+ T cells in colonic LP 

of Slc5a8 1 mice compared to their WT counterparts (Fig. lOA). Similarly, compared to 

their respective WT counterparts, we observed a higher frequency of lfn-y• CD4+ T cells 

in colonic LP of SlcSas-l - animals maintained on FC diet (Fig. lOB). The difference of lfn-l 

CD4+ T cell proportion in colonic LP between WT and SlcSas-l - animals increased further 

in magnitude when the animals were fed FF diet (Fig. lOB). Further, when we measured 

IL-17+ CD4+ T cells in colonic LP, we observed a similar trend where SlcSas-l- mice had 

significantly higher IL-17 producing cells than WT mice under both FC as well as FF 

dietary conditions (Fig. lOC). Taken together, these data strongly suggest a crucial role 

for Slc5a8 in suppression of lfn-l CD4+ T cells in colonic LP regardless of optimal or sub

optimal SCFA synthesis in the intestinal lumen. We observed no significant differences in 

numbers of cells recovered from the colonic LP of either WT or SlcSas-l- mice 

maintained on FC or FF diets. 



Figure 10. Influence of Slc5a8 on CD4+ T cell repertoire under FC and FF dietary 

conditions 

WT and Slc5a8 mice were maintained on FC or FF diet for 4 weeks prior to the 

experiment. Animals were sacrificed to isolate colon and spleen tissues. (A) Immune 

cells isolated from spleen or colome LP stained with anti-CD4, anti-Foxp3 and anti

CD90.2 antibodies and analyzed on flow cytometer. Quantification of Foxp3• C04• 

cells from colonic LP and spleen of WT and Slc5a8·/ animals fed with FC or FF diet 

(8) Immune cells isolated from spleen or colonic LP were stimulated with PMA

Ionomycin in presence of Golgiplug and GolgiStop for 5 h and stained with anti-CD4 

and anti-lfn-y antibodies and analyzed on flow cytometer. Quantification of lfn-y• 

C04• T cells from colonic LP and spleen of WT and Slc5a8·/· animals fed with FC or 

FF diet. (C) Immune cells isolated from spleen or colonic LP were stimulated with 

PMA-Ionomycin in presence of Golgiplug and GolgiStop for 5 h and stained with 

anti-CD4 and anti-IL-17a antibodies and analyzed on flow cytometer. Quantification 

of anti IL-17a• C04• T cells from colonic LP and spleen of WT and Slc5a8-l- animals 

fed with FC or FF diet. 

Filled bars represent WT animals and empty bars represent Slc5a8·/· animals. Data 

are from three independent experiments.*, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Slc5a8 Acts as a Critical Determinant in Intestinal Epithelial Barrier Function 

During SCF A Depletion 

Intestinal SCFA generation occurs most abundantly in the terminal ileum, cecum and 

colon. Throughout the course of these organs SCFAs are transported across the 

epithelial barrier via several transport mechanisms. Transport mechanisms such as 

SCFA/HC03 exchanger and MCTl have relatively low affinity for SCFAs, which allow 

them to function at maximal efficiency, without reaching saturation during optimal 

generation of SCFAs in intestinal lumen. Slc5a8 on the other hand is the high-affinity 

transport mechanism, which operates at maximal efficiency even when luminal SCFA 

concentration drops to sub-millimolar range where other transport mechanisms are 

inefficient or inactive. We have previously reported that Slc5a8 acts as the critical 

determinant behind HDAC inhibition in intestinal epithelial cell lines and that Slc5a8-

mediated entry of butyrate in the intestinal epithelial cancer cell lines leads to their 

apoptosis [87]. However, role of Slc5a8 on the intestinal epithelial barrier function 

remained undetermined. 

To ascertain whether Slc5a8 mediated transport is critical in SCFA delivery in the colon 

for subsequent HDAC inhibition, we measured HDAC activity in the colon tissue. We 

found no significant difference between the HDAC activity in colon tissue obtained from 

WT and Slc5a8 1 animals fed with FC diet. However, compared to their WT counterparts, 

HDAC activity was significantly higher in colons of Slc5a8 1 animals fed with FF diet {Fig. 

11A). Similarly, compared to WT, we observed lower histone H4 acetylation in colon 

tissues obtained from Slcsas·l· animals fed with FF diet (Fig. 11B). 

Gut barrier permeability is a highly complex and regulated phenomenon. A recent 

report demonstrates that intestinal epithelium-specific HDAC3-null mice exhibit higher 

intestinal epithelial permeability, deregulation of Paneth cell population, and intestinal 

microbial dysbiosis [113]. To assess role of Slc5a8 in maintaining intestinal barrier 
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function during depletion of SCFA generation, we fed the mice with either FC or FF diet 

and then monitored the intestinal barrier integrity. We observed no difference between 

gut barrier permeability to FITC-Iabeled dextran between WT and SlcSas·l· mice fed with 

FC diet. However, when the mice were fed with FF diet, we observed significantly higher 

gut permeability in SlcSas·l· mice than in WT mice (Fig. llC). These data suggest a 

critical role of Slc5a8 in entry of SCFAs into the colon tissue leading to HDAC-inhibition 

and subsequent preservation of the intestinal barrier function. But this function is 

obvious only under low-fiber dietary conditions when the luminal concentrations of 

SCFAs are very low. The transporter seems dispensable when the dietary fiber intake is 

normal with high concentrations of SCFAs in the colonic lumen. 

Histone deacetylases regulate a wide range of biological functions including gene 

expression, cellular signaling, proliferation, apoptosis etc. Intestinal epithelium is 

constantly proliferating, differentiating and undergoing apoptosis in a highly regulated 

manner such that the overall function of gut barrier remains unchanged during these 

processes. Paneth cells are one of the principal cell types in the small intestine and have 

recently gained attention as key regulators of anti-microbial defense system. Paneth 

cells produce anti-microbial peptides, which are secreted into the mucus layer adjacent 

to the intestinal epithelium. Lysozymes expressed in Paneth cells act as an additional 

layer of defense at the epithelial barrier, limiting growth and migration of certain 

microorganisms across epithelium. HDACs are known to regulate proliferation and 

maturation of Paneth cells and lysozyme synthesis [113]. Thus, to identify the role of 

Slc5a8-mediated SCFA transport in Paneth cells and lysozyme synthesis, we stained the 

ileum of WT and Slc5a8I mice fed either FC or FF diet with AB/PAS or lysozyme 

immunostaining. We observed no significant differences in Paneth cell population in 

ileum of WT or Slc5a8 1 mice fed FC diet (Fig. 12A). However, when the mice were fed FF 



Figure 11. Slc5a8 acts as critical determinant in intestinal epithelial barrier function 

during SCFA depletion 

WT and Slc5a8·/· mice were fed FC or FF diets for 4 weeks prior to the experiment. 

Animals were sacrificed to obtain colon tissue. (A) HDAC activity in colon tissue 

lysate was measured by flourimetric assay. (B) Western blot analysis performed 

with colon tissue lysate from WT or Slc5a8·/· animals fed with FF diets 

demonstrating acetylated-histone H4 and ~-actin. The experiment was repeated 

twice independently with two different sets of mice. (C) Animals were fed FITC

dextran by oral gavage. 4h later, blood drawn from the animals was used to measure 

FITC-dextran fluorescence. 

Filled bars represent WT animals and empty bars represent Slc5a8·/· animals. Data 

are representative of two independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 

0.001. 
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diet, we observed significant reduction in numbers of Paneth cells as well as lysozyme• 

cells in the ileum of Slc5a8-1- animals compared with their WT counterparts (Fig. 12 B, C). 

Taken together, these data provide direct evidence of a critical role of Slc5a8 as an 

obligatory regulator of HDAC-inhibition secondary to SCFA transport into the intestinal 

tissue, gut barrier function and intestinal epithelial anti-microbial defense mechanisms, 

but only during depletion of SCFAs when the animals were fed with FF diet. The 

transporter is not obligatory for these functions of SCFAs when the dietary fiber intake is 

optimal with resultant high concentrations of SCFAs in the intestine. 



Figure 12. Slc5a8 acts as critical determinant In lysozyme producing Paneth cell 

population in ileum during SCFA depletion 

WT and Slc5a8·/· mice were fed FC or FF diets for 4 weeks prior to the experiment. 

Animals were sacrificed to obtain ileum tissue. (A) Representative ileum tissue 

sections stained with Alcian Blue and PAS to reveal Paneth cell population in the 

ileum (indicated by arrowheads). (B) Representative ileum tissue sections stained 

for lysozyme. (C) Quantification of lysozyme stained cells. N=3 in each group.***, p 

< 0.01. 
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Figure 12 (continued) 
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III. Demonstrate the anti-inflammatory and tumor-suppressive functions of 

Slc5a8 by assessing the development/progression of cancer in wild type and 

SlcSaB·I· mice with a low-fiber diet using azoxymethane (AOM) + DSS and 

Apc;mln/+ models of colon cancer. 

Role of Slc5a8 in Protection Against DSS-Induced Acute Colitis 

Epidemiological studies have long identified a negative correlation between 

consumption of dietary fibers and increased incidence of intestinal inflammatory 

conditions (64]. Gut microbiome analyses have shown a decrease in butyrate-producing 

bacteria in the colon of patients with ulcerative colitis and colon cancer (114]. Further, 

local irrigation with butyrate suppresses inflammation during ulcerative colitis, although 

the molecular mechanisms behind the phenomenon are not completely understood 

[68]. Colonic epithelium expresses high levels of Slc5a8. Our earlier data suggest a 

critical role for Slc5a8 in regulating intestinal epithelial barrier and anti-microbial 

defense. To assess the role of Slc5a8 in providing protection against colitis, we 

maintained WT or Slc5as·1 mice either on FC or FF diet, and then challenged them with 

2% DSS. We observed no significant difference between WT and SlcSas·/· mice in terms 

of survival, rectal bleeding and diarrhea when the animals were fed with FC diet. In 

contrast, when the animals were fed FF diet, SlcSas·l· mice, but not WT mice, 

demonstrated acute morbidity at around day 5 (Fig. 13A). These animals developed 

anemia due to severe intestinal bleeding (Fig. 13 B, C, D). Microscopically, we observed 

mild inflammation with infiltration of immune cells in colonic LP in WT and SlcSas·l 

animals fed with FC diet, which was slightly higher in case of WT animals fed with FF diet 

{Fig. 13E). However, we observed severe tissue destruction with heavy infiltration of 

immune cells throughout the colonic mucosal layer in case of Sla5a8 1 animals fed with 

FF diet (Fig. 13E). 



Figure 13. Protective role of Slc5a8 against DSS-induced acute colitis 

WT and Slc5a8·/· mice were fed FC or FF diets beginning 4 weeks prior to the 

experiment until the end of experiment 2% DSS (wfv) was administered to the 

animals through drinking water for four days. (A) Animal survival. (B) 

Representative colon tissues from WT and Slc5a8·/· mice fed with FF diet, sacrificed 

on day 5 after administering DSS. (C) Diarrhea score for WT and Slc5a8·/· mice fed 

with FF diet. (D) Hematocrit from WT and Slc5a8·/· mice fed with FF diet, sacrificed 

on day 5 after administering DSS. (E) Representative sections of colon tissue 

harvested from WT and Slc5a8·/· mice fed with FC or FF diets, sacrificed on day 5 

and stained with H&E. 

Filled symbols represent WT animals; empty symbols represent Slc5a8·/· animals. 

Data are representative of two independent experiments with 5 mice in each 

experiment. 
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Role of SlcSa8 in Protection Against AOM/DSS-Induced Chronic Colit is and 

Inflammation-Associated Colorectal Carcinogenesis 

71 

Human colorectal cancers were first reported as a complication of ulcerative colitis 

[115]. History of ulcerative colitis over a period of 30 years has 18% risk of developing 

CRC. These studies have underlined the effects of chronic and episodic inflammatory 

processes on CRC progression. Further, colorecta l carcinogenesis is known to be 

associated with lower dietary fiber consumption and a decrease in colonic butyrate 

formation [67]. To assess the role of Slc5a8 in mediat ing protective action of dietary 

fibers against DSS-induced chronic colitis and inflammation-associated CRC, we 

maintained WT or SlcSas·l- mice on FC or FF diets, and subjected them to AOM followed 

by cyclic administration of DSS (Fig. 14A). We observed no difference between 

susceptibility of WT and SlcSas·l- animals to DSS-induced colitis measured by decrease in 

body weight, diarrhea and rectal bleeding, when the animals were fed FC diet (Fig. 14 B, 

C, D). However, when the animals were fed FF diet, we observed that SlcSas·l- animals 

developed a more severe colitis than their WT counterparts, measured by an 

exaggerated weight loss, diarrhea and rectal bleeding (Fig. 14 B, C, D). Further, we 

observed that, FF diet fed WT animals exhibited improvement in the disease score 

indices and body weight gain upon ceasing DSS administration; however, SlcSas·l· 

animals fed with FF diet demonstrated a significant delay in such improvement. 

We have previously reported that Slc5a8 is silenced in co lorectal tumors. Re-expression 

of Slc5a8 in colorectal cancer cell lines leads to their apoptosis. These studies, along 

with others, have established a role for Slc5a8 as a tumor suppressor. Dietary fiber 

consumption is known to be associated with decreased risk of developing CRC, although 

the mechanisms behind protective effects of dietary fibers, and thus SCFAs remain 

elusive. To assess the role of Slc5a8 in mediating protective effects of SCFAs against 
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Figure 14. Slc5a8 protects against AOM/DSS-induced chronic colitis and inflammation

associated colorectal carcinogenesis 

WT and Slc5a8·/- mice were fed FC or FF diets beginning 4 weeks prior to the 

experiment until the end of experiment. (A) Experimental design describing 

administration of AOM (10 mg/kg) followed by cyclic administration of 1% DSS. (B) 

Weight loss (C) Diarrhea (D) Rectal bleeding scores. (E) Colonic polyps quantified 

by visual inspection of colon tissue on day 70. 

Filled symbols represent WT animals; empty symbols represent Slc5a8-/- animals. 

Data are from two independent experiments with 5 mice in each experiment #, P < 

0.05 compared with WT FC diet; **, P < 0.01; ***, P < 0.001. 
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colorectal carcinogenesis, we euthanized the animals at the end of AOM-DSS regime 

(Fig. 14A), and observed for colonic polyps. When WT and Slc5a8 I· animals were fed FC 

diet, we did not observe any significant differences in numbers of colonic polyps 

between them. These findings were consistent with earlier report by Frank et al, who 

used AOM alone to induce CRC in WT and SlcSas-l - mice [75]. When these animals were 

fed with FF diet, we observed significantly higher numbers of polyps in WT animals than 

WT or Slc5a8 -1 animals fed with FC diet. Further, consistent with the inflammation, we 

observed higher number of colonic polyps in SlcSas-l - animals fed with FF diet compared 

to their WT counterparts (Fig. 14E). 

Taken together, these data demonstrate a critical role for Slc5a8 in protection against 

AOM/DSS-induced chronic colitis and inflammation-associated colorectal carcinogenesis 

when the dietary fiber intake is low. Further, these data corroborate human 

epidemiological findings of consumption of lower amounts of dietary fibers linked to 

higher susceptibility to intestinal inflammation and colorectal carcinogenesis. 

Protective Role of Slc5a8 Against Intestinal Polyposis in APCmln/+ Mice 

Mutations in the APC gene have been identified as contributors to inherited human 

colorectal carcinogenesis [116]. Studies involving APCmin/+ animal models have been 

highly valuable in understanding the roles of various intracellular signaling pathways and 

environmental effects on colorectal carcinogenesis. Intestinal inflammation caused by 

either DSS or by Bacteroides fragilis toxin (BFT) increases carcinogenesis in APCmin/+ mice 

[117]. Further, abrogation of inflammation by either depleting microbiota via antibiotic 

administration, or by abrogating TLR signaling suppresses intestinal polyposis in APCmin/+ 

animals [118]. These studies have presented compelling evidence for a role of 

inflammation in colorectal carcinogenesis in presence of APC gene mutations. To 

understand the role of Slc5a8 in protection against colorectal carcinogenesis, we 
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generated Slc5as·I-/Apcmin/• mice and compared the number of intestinal polyps in these 

mice with that in Slc5as•I•/Apcmin/+ mice. We observed that, when compared to 

Slc5as•l• I APCmm/+ mice, Slc5as·1·/ APC min/+ mice developed significantly higher numbers 

of small intestinal polyps (Fig. 15A). However, we did not observe significant differences 

in the numbers of colonic polyps between Slc5as•I•/APCmin/• mice and Slc5a8·/-/APCmin/+ 

mice (Fig. 15B). It is noteworthy here that the Slc5a8I /Apcmin/• animals developed 

intestinal polyps at an accelerated rate and became moribund at a much younger age 

compared to Slc5as•1•/APCmin/+ animals (Fig. 15C). These results are in contrast with 

earlier report by Frank et al, who observed no significant difference in development of 

polyps either in small intestine or colon between Slc5as•I•/APCmin/• animals and 51c5a8-1-

/APC min/+ animals [75] . The data reported in Fig. 15 were generated with mice fed FC 

diet similar to the studies by Frank et al [75] . 



Figure 15. Protective role of Slc5a8 against intestinal polyposis in APCmln/+ mice. 

Age-matched WT-APCmin/+ (SicSas•I+/APCmln/+) and SlcSas-I-/APCmin/+ mice were sacrificed 

when they became moribund to assess polyp numbers in (A) small intest ine and (B) 

colon. N= 9 for SlcSas-/-/APCmin/+ and N= 4 for SlcSas•I+/APCmln/+ sacrificed at age similar 

to moribund for SlcSas·I-/APCmin/+ animals. (C) SlcSas•I+/APCmin/+ and SlcSas-1-/APCmin/+ 

mice were monitored for survival as measured until the animals became moribund or 

died of intestinal polyposis. N= 9 for SlcSas-1-/APCmin/+ and N= 10 for SlcSaa•t+/APCmin/+. 

+ represents SlcSaa•t•/APCmin/+ animals and 0 represents and SlcSaa·t-/APCmin/+ 

animals. • • • , P < 0.001; ns = not significant. 



Figure 15 

A 

150 

VI 
~tOO 

8. 
0 
0 50 z 

• 
• 

• 

• 

-±-o,..:a.--;.:··=-----

c 

100 

(6 
> ·:;; 
'-
::J 
C/'J ... 50 c 
C.l 
(J 
'-
Q) 

0.. 

0 
0 50 100 150 

Days 

76 

B 

5 NS 

4 •••• 

~3 

f 8. -0 2 .. 
0 

-f-z 
1 •• 

o~-----. . ~ 

gl' ':)# 
• ':i • 

200 250 



77 

Discussion 

Association between microorganisms and human health is known for over a few 

centuries. Impact of microorganisms on human health is like a double-edge sword; while 

some microbes are clearly harmful to human health and are chief etiological factors for 

numerous infectious pathologies, certain microbes such as lactic acid bacilli (LAB) are 

directly involved in maintaining or aiding human health. This relationship between 

microorganisms and humans have got more complicated in recent decades due to the 

identification of a large population of microorganisms that are found dwelling on 

mucosal surfaces and skin under healthy conditions. The discovery of human 

microbiome has sprung a critical debate over the decades, concerning the relationship 

between microbiota and human health. In the past, the relationship between humans 

and the microbiome has been described as commensalism; hence the bacteria are often 

referred to as 'commensal bacteria'. Commensalism is the term describing a 

relationship between two organisms where one organism benefits from the 

coexistence, without affecting the other. Human microbiota is referred as commensal 

due to earlier notion that the bacteria are benefited from human hosts who provides 

them shelter and nutrients. However, mounting scientific evidence points to a much 

complex relationship among the bacteria and humans, with each partner benefitting 

from the other. In a typical human, the number of bacterial cells outnumber human cells 

by 10 to 1, and 99% of functional genes in the body are microbial [88]. Bacteria in colon 

elicit a plethora of beneficial effects on the host, including protection against 

enteropathogenic bacteria, supply of many water-soluble and fat-soluble vitamins, 

supply of energy substrates for colonic epithelial cells, intestinal maturation, and 

modulation of the mucosal immune system and the epigenetic landscape in the gut 

[119, 120]. Thus, the term "mutualism" is more appropriate than "commensalism" to 

describe the relationship between gut bacteria and the host. 
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Apart from providing energy and essential micronutrients, diet has always been 

suspected to be responsible for either promoting or protecting against certain 

pathologies. Epidemiological studies have recognized for several decades that dietary 

fiber protects against colonic inflammation and colon cancer (67]. However, molecular 

mechanisms behind beneficial effects of dietary fibers were yet to be discovered. 

Studies conducted over the past few decades point to the fact that higher consumption 

of dietary fibers correlates with lesser intestinal inflammation and colorectal 

carcinogenesis [64, 67]. Among the bacterial populations dwelling on various mucosal 

surfaces, large intestinal microbiome is the largest and most diverse. Unfortunately, 

most of these large intestinal microbes exist exclusively in the large intestinal 

environment and we have not been able to culture them using conventional bacterial 

cu lture techniques. Nonetheless, the beneficial effects of bacterial colonization of gut 

have been known for a long time. Bacterial cu ltures, genome analyses and chemical 

analyses of intestinal fluids have demonstrated that the anaerobic environment of large 

intestine confers certain bacteria the ability to ferment the dietary fibers into short 

chain fatty acids (SCFAs). SCFAs have gained center stage in recent years in mediating 

beneficial effects of dietary fibers and intestinal microbiota. Consequently, any changes 

in the dietary fiber constituents or gut microbiome would lead to alteration in intestinal 

SCFA generation. There is a general consensus that these bacterial fermentation 

products play a significant role as one of the mediators of the beneficial effects of 

colonic bacteria on the host [121]. Clausen et al demonstrated that lower intake of 

dietary fibers as well as lower formation of butyrate were observed in patients with 

colon cancer and adenomas compared to healthy controls [67]. Therefore, the use of 

dietary fiber by colonic bacteria as substrates for fermentation resulting in the 

generation of SCFAs provides a molecular link between dietary fiber/colonic bacteria 

and colonic health. However, the molecular mechanisms by which the SCFAs contribute 

to the maintenance of colonic health in the host remain poorly understood. 
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In recent years, several molecular mechanisms have been discovered that act as 

mediators of SCFAs. For the purpose of discussion for current study, these mediators 

can be broadly grouped into either membrane transporters (e.g. Slc5a8, Slc16al etc.), 

which enable efficient delivery of SCFAs to the cells, or cell-surface receptors (e.g. 

Gpr109A, Gpr43, Gpr41 etc.), which mediate intracellular signaling in response to SCFAs. 

We have recently demonstrated a crucial role for GPR109A expressed on intestinal 

epithelium as well as antigen-presenting cells in colonic lamina propria in mediating 

protective effects of butyrate against colitis and colon carcinogenesis (92]. Others have 

also demonstrated similar roles of GPR43 and GPR41 in mediating protective effects of 

their respective ligand SCFAs against intestinal inflammation [56]. It is therefore crucial 

to understand that (a) SCFAs act via multiple mechanisms, which operate 

simultaneously to exert their biological effects, and (b) to achieve these biological 

effects, SCFAs must be present at the local microenvironment of the target cell at 

concentrations sufficiently high to activate respective mechanisms. These observations 

have laid the foundations to our current study where we examined the role of Slc5a8, 

one of the highest affinity SCFA transport mechanisms, in protection against colitis and 

colon carcinogenesis. 

In t he current study, we have investigated the role of Slc5a8 in protecting colon against 

inflammation and carcinogenesis. Studies from our laboratory showed for the first time 

that SLCSA8 is a Na•-coupled transporter for a variety of SCFAs, including butyrate, 

propionate and acetate [108]. We have also reported that butyrate and propionate act 

as class I and Ill HDAC-inhibitors. Our earlier findings have demonstrated that Slc5a8 

plays an essential role in transport of butyrate in hematopoietic precursors of DCs [85]. 

Further, Slc5a8-mediated transport of butyrate leads to HDAC inhibition and subsequent 

inhibition of maturation of DCs in vitro. These findings paved a way to evaluate the role 

of Slc5a8-mediated transport of SCFAs on mature DCs and their role in intestinal 

immune regulation. In the present study we demonstrate that butyrate and propionate 

induce tolerogenic properties to DCs, marked by induction of potent 
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immunosuppressive enzymes 100 and Aldh1A2. Further, we have demonstrated that 

Slc5a8-mediated transport of butyrate and propionate is essential for induction of 100 

and Aldh1A2. Published literatures have identified both 100 as well as Aldh1A2 as 

independent and coexistent mechanisms by which the antigen-presenting cells mediate 

tolerogenic immune response [122]. HOAC inhibitors have differential effect on 100 

expression depending on whether the induction involves STAT1 or STAT3. lnterferon-y 

induces 100 in cancer cell lines through STAT1 signaling; HOAC inhibitors, including 

butyrate, suppress interferon-y-dependent induction of 100 [123, 124]. In contrast, our 

data show that HOAC inhibition in OCs induces 100 and that the process involves STAT3 

signaling. These findings are in agreement with published reports from other 

laboratories (40, 125-127]. However, none of the reports in the literature used SCFAs as 

HOAC inhibitors; instead, compounds such as suberoylanilide hydroxamic acid and 

Trichostatin A, which are pan-HOAC inhibitors, were used to demonstrate the 

involvement of HOAC inhibition in the induction of 100 in OCs. In contrast to pan-HOAC 

inhibitors, the SCFAs butyrate and propionate inhibit only HOAC1 and HOAC3 [85]. The 

use of synthetic pan-HOAC inhibitors does not reveal anything about the role of the 

endogenous HOAC inhibitors in the process. Furthermore, synthetic pan-HOAC inhibitors 

demonstrate some degree of toxicity, which could be one of the concerns in their use as 

therapeutic agents [128]. SCFAs, which are endogenous compounds in the intestinal 

tract, provide molecular and cellular target specificity in their actions and also exhibit 

lower toxicity compared to pan-HOAC inhibitors. Our data demonstrating the ability of 

these SCFAs to induce 100 in OCs indicate participation of specific HOAC isoforms and 

non-histone protein STAT3 in this process. These findings are directly relevant to the 

function of the immune system in the gut where, butyrate and propionate, as the 

products of bacterial fermentation of dietary fiber by colonic bacteria, serve as the 

molecular messengers between gut bacteria and the host immune system. 100 

promotes T-cell-mediated tolerance and antimicrobial effects, and is an important 

component of the mucosal immune system in health and disease [129]. 
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Immune tolerance in the gut has ben recognized for over a decade and has puzzled the 

scientific community due to its complex regulation of antigen presentation, immune 

surveillance and ability to control gut microbiome. Several studies have pointed to the 

critical role of intestinal APCs in modulating tolerogenic immune response in the 

intestinal tissues. Environmental factors are postulated to be the key regulators involved 

in generation of tolerogenic DCs. Our data demonstrate for the first time that Slc5a8 

acts as the determinant behind IDO expression in colon under physiological conditions. 

!DO-expressing APCs have been demonstrated to act as potent regulators of T cell 

mediated immune response. !DO-mediated depletion of tryptophan in the 

microenvironment of an !DO-expressing APC, leads to arrest of proliferation and 

apoptosis of interferon-y producing CD4+ T cells, thereby suppressing pro-inflammatory 

immune response. !DO-expressing DCs are also known to convert na'ive T cells to Foxp3+ 

Tregs. In concert with the published literature, we observed that butyrate could convert 

na'ive CD4+ T cells to Foxp3+ Tregs; however, this process was independent of action of 

Slc5a8. We have recently reported that butyrate acting via Gpr109A is able to induce 

tolerogenic properties to APCs, which convert na'ive CD4+ T cells to Foxp3+ Tregs [92]. 

Consequently, we observed less frequency of Tregs in the Gpr109a-null mice, compared 

to WT. In current study, we report that butyrate acting on DCs is able to suppress 

conversion of na'ive T cells to interferon-y producing CD4+ T cells. Similar findings have 

been reported previously, although the mechanisms of action of butyrate remained 

elusive [130] . Slc5a8 is a high-affinity transporter with Michaelis constant for butyrate 

and propionate at micromolar range of concentrations [108]. It is also an active 

transporter capable of concentrating butyrate and propionate inside the cells against a 

concentration gradient because of the coupling of its transport process to a 

transmembrane electrochemical Na+ gradient [108]. Unlike the epithelial cells, immune 

cells in LP are exposed to a much lower concentrations of SCFAs. Thus, the role of a 

high-affinity transport mechanism like Slc5a8 becomes crucial in delivering SCFAs into 

these cells for their biological effects. In support of this argument, we have found, for 

the first time, that Slc5a8-mediated transport of butyrate plays an essential role in 
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enabling DCs to suppress conversion of na'ive T cells to interferon-v producing CD4+ T 

cells, both in vitro as well as in vivo. Consequently, we have observed a higher frequency 

of interferon-l CD4+ T cells in Slc5a8·/· mice compared to WT mice. 

SLCSA8 is expressed on the apical membrane of colonocytes, thus having access to 

butyrate produced in the lumen. Our in vitro data indicate that Slc5a8 acts as an anti

tumor protein by facilitating entry of butyrate into the cells leading to HDAC inhibition 

and subsequent apoptosis in the tumor cells (87]. SLCSA8/butyrate-induced apoptosis in 

cancer cells is associated with upregulation of various pro-apoptotic proteins, including 

components of TRAIL pathway, and downregulation of various anti- apoptotic proteins 

[88] . We have also reported a novel role of SLCSA8 that is independent of its transport 

functions. In the plasma membrane, SLCSA8 binds the anti-apoptotic protein survivin 

resulting in depletion of nuclear survivin and also decreases cellular levels of survivin 

through inhibition of transcription. These SLCSA8-induced changes in the location and 

levels of survivin cause cell-cycle arrest, disruption of the chromosome passenger 

complex involved in mitosis, induction of apoptosis and enhancement in 

chemosensitivity [131]. These studies have put forward compelling evidences for the 

tumor suppressor role of Slc5a8. However, earlier reports demonstrated that treatment 

of Slc5a8-/ animals with intestinal chemical carcinogen azoxymethane (AOM) did not 

result in significantly higher intestinal polyps compared to WT animals. Also, Slc5a8 

deletion in APCmin/+ animals did not demonstrate significantly higher intestinal polyposis 

in colon as well as small intestine [75]. Our current study attempts to resolve the debate 

between these two seemingly contradictory observations. 

It is important to note here that under physiological conditions where animals are fed 

diet containing optimal quantity and quality of dietary fibers, SCFAs are generated in the 

intestine at high concentrations. At these concentrations, multiple mechanisms play a 

role in transporting SCFAs across the intestinal epithelium. However, due to high rate of 

metabolism in the intestinal tissue, SCFA concentration drops dramatically once they are 
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absorbed from the lumen [82, 83]. Since biological effects of SCFAs require optimal 

activation of the effector mechanisms, it is crucial for SCFA concentration to be high 

enough in the microenvironment of the target cell. Intestinal lamina propria resident 

cells, most notably immune cells, are located across the epithelial barrier. Further, LP 

immune cells are migratory cells, which are therefore exposed to variable 

concentrations of SCFAs in the tissue. Our data suggest that Slc5a8 being a high-affinity 

transporter for SCFAs, plays a crucial and indispensable role in maintaining tolerogenic 

immune response even when the dietary fiber intake and intestinal SCFA generation are 

optimal. On the other hand, intestinal epithelium is exposed to maximal concentration 

of SCFAs generated in the intestinal lumen. Thus, during optimal dietary fiber intake, as 

mimicked in the FC dietary conditions in our studies, intestinal luminal SCFA 

concentration is high enough to make the contribution of Slc5a8 dispensable. Congruent 

with this rationale, we did not observe any significant differences between WT and 

Slc5a8 1· animals in terms of intestinal epithelial barrier function. We had hypothesized 

that the role of Slc5a8 would become obligatory and indispensible to intestinal SCFA 

transport only when the luminal SCFA concentration is low enough to render other 

transport mechanisms ineffective, leaving Slc5a8 as the only functional transport 

mechanism. In support of our hypothesis, we observed a 'leaky' intestinal epithelial 

barrier only in absence of Slc5a8 when the animals were fed with diet lacking fibers. We 

had earlier reported an obligatory role of Slc5a8 in butyrate-mediated HDAC-inhibition 

in intestinal epithelial cancer cell lines. We have now established an obligatory role of 

Slc5a8 as a determinant of colonic histone acetylation status in vivo, when the animals 

are fed with a diet lacking fibers. 

Anti-microbial defense mechanisms in the small intestine and colon have recently 

gained research interest as endogenous regulators of intestinal microbiota and its 

growth. lysozyme is one of the enzymes found in cytoplasmic granules of certain 

immune cells including PMNs, and specialized small intestinal epithelial cells called 

Paneth cells [2]. lysozymes keep bacterial growth in check by damaging bacterial cell 
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membrane. Oysregulation of lysozyme production or Paneth cell population has been 

reported to correlate with increased susceptibility to intestinal inflammation. Recently it 

has been shown that Paneth cell populations as well as lysozyme-producing cell 

numbers were reduced in mice lacking HOAC3 in the intestinal epithelium [113]. Also, 

these animals were found to have defective intestinal epithelial barrier and were more 

susceptible to DSS-mediated intestinal inflammation. We observed that Paneth cell and 

lysozyme-producing cell populations in ileum were reduced in SlcSa8-/- mice fed a fiber

free diet. This supports the claim that endogenous anti-microbial defense mechanisms 

are influenced by HOAC/HAT regulation in the small intestinal epithelium via SCFAs, an 

important class of bacterial metabolites. This phenomenon is directly related to the 

dietary fiber content because without the fiber in the diet colonic bacteria cannot 

generate these metabolites. 

Intestinal epithelium expresses high levels of cell-surface receptors such as GPR109A, 

GPR41 and GPR43 etc. Under physiological conditions when SCFA concentrations are 

high enough, their respective ligand SCFAs optimally activate these receptors, thus 

providing protective effects against intestinal inflammation and carcinogenesis [88]. 

Animal diets formulated without any dietary fibers have been used in scientific studies 

to deplete intestinal SCFA generation [102]. These studies have demonstrated effects of 

depletion of dietary fibers resultmg in higher susceptibility of the animals to intestinal 

inflammation. Our data show that the WT animals exhibit higher susceptibility to DSS

mediated colitis as well as AOM/DSS-mediated colon carcinogenesis when fed the FF 

diet. This effect could be due to lack or sub-optimal activation of the cell-surface 

receptors in absence of dietary fiber intake. Further, we observed a delayed but definite 

recovery from intestinal inflammation in WT animals fed with FF diet. When we 

assessed the role of Slc5a8-mediated SCFA transport in protection against colitis and 

colon carcinogenesis, we observed no difference between WT and Slc5a8-/- animals fed 

with FC diet. These results are in agreement with earlier studies and with our hypothesis 

that under such conditions, the intestinal SCFA concentrations are high enough to make 
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the role of Slc5a8 non-essential. Further, our data demonstrate for the first time an 

obligatory role for Slc5a8 in limiting the progression of intestinal inflammation and 

carcinogenesis but only when animals were fed FF diet. 

Classical view of environmental differences among developed and developing parts of 

the world has considered diet as one of the most important factors. Since mid-201
h 

century, various epidemiological studies have pointed to a drastic difference between 

the amounts and nature of unrefined carbohydrates consumed around the world. These 

observations helped to coin the term 'Western diet' which contains higher amounts of 

meat and refined sugars compared to the diet in developing parts of world such as 

Africa. Interestingly, Western dietary pattern, which emerged along with 

industrialization of the developed nations, correlates with higher incidence of complex 

diseases including obesity, cardiovascular diseases, intestinal inflammatory conditions, 

colorectal cancers etc. With increased urbanization and industrial development of the 

developing world in the past few decades, epidemiological studies are reporting a 

similar increase in intestinal inflammatory conditions in countries like China, South 

Korea, Puerto Rico etc., [103]. Our studies provide critical evidence that dietary fibers 

protect against colitis and colon carcinogenesis by influencing intestinal epithelial 

barrier function and intestinal immune cells. Further, our studies identify Slc5a8, a 

plasma membrane transporter for SCFAs, as a critical molecular determinant in 

providing protection against intestinal inflammation and carcinogenesis especially when 

intestinal SCFA production is compromised by sub-optimal intake of dietary fibers. 

In conclusion, our data provide critical evidence to prove our hypothesis that Slc5a8 

mediates beneficial effects of dietary fiber-derived SCFAs in protection against intestinal 

inflammation and colorectal carcinogenesis. Our observations provide evidence of 

indispensable role of Slc5a8 in influencing immune cell repertoire in vitro as well as in 

vivo under physiological conditions. Our data also demonstrate the role of Slc5a8 as a 

molecular determinant in maintaining gut epithelial barrier integrity under low-fiber 
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dietary conditions. Our results demonstrate Slc5a8 as a key component in maintaining 

intestinal epithelial barrier integrity, Paneth cell population and lysozyme production in 

gut, when dietary fiber intake is restricted. These findings warrant additional studies to 

determine the role of Slc5a8 in influencing intestinal epithelial gene expression as well 

as intestinal microbiome. Several studies in recent years have demonstrated 

overlapping roles of cell-surface receptors like Gpr109A and Gpr43 in the mediation of 

SCFA-dependent protection against intestinal inflammation and carcinogenesis. In this 

study, we have demonstrated for the first time that Slc5a8 acts as a single molecular 

determinant that protects against acute and chronic intestinal inflammation, when 

intestinal SCFA concentration is low enough to render other signaling mechanisms 

inefficient. Further, earlier studies have demonstrated that Sla5a8 is silenced in colon 

tumors. However, significance of Slc5a8 during intestinal inflammation and events 

leading up to the colorectal carcinogenesis have not been studied. Data presented in 

current study complement our in vi tro studies demonstrating the tumor-suppressive 

role of Slc5a8 by providing crucial in vivo evidence under low fiber dietary conditions, 

but not during optimal intake of dietary fibers. We believe that data presented in 

current study will expand our current knowledge of dietary fiber-derived short chain 

fatty acids in regulating intestinal homeostasis by reinforcing intestinal barrier function 

and inducing tolerogenic immune response in the gut. 
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Summary 

Dietary fiber consumption has long been known to be beneficial in providing protection 

against intestinal inflammation and colorectal carcinogenesis. Epidemiological studies 

have identified a close relationship between consumption of higher proportion of 

dietary fibers and lower incidence of developing inflammatory bowel disease (lBO} and 

colorectal carcinoma (CRC}. Dietary fibers, although indigestible by mammals, are 

fermented in colon by commensal microbiota to generate short chain fatty acids 

(SCFAs). Collective concentration of SCFAs ranges from 70 to 120 mM, with acetate, 

propionate and butyrate being most abundant SCFAs. Among their diverse biological 

roles, SCFAs act as energy source in the intestinal epithelium, as ligands to GPCRs like 

GPR109a, GPR41 and GPR43 etc., and as HDAC inhibitors. To exert most of their 

biological roles, SCFAs must first be transported from intestinal lumen into the tissue. 

Among several molecular mechanisms involved in this process, sodium-coupled 

monocarboxylate transporter 1 (SMCT-1; Slc5a8} is the highest affinity transport 

mechanism that remains fully functional even when SCFA concentration in the lumen 

drops below millimolar range. Our earlier data demonstrated a critical role of Slc5a8 in 

delivering butyrate and propionate into the cells, leading to subsequent HDAC inhibition 

by these SCFAs. We have recently reported that Slc5a8 mediated transport of butyrate 

in hematopoietic precursor cells leads to HDAC-dependent suppression of dendritic cell 

development from hematopoietic precursor cells. Role of butyrate and Slc5a8 on 

mature immune cells remained to be determined. We have also demonstrated that 

butyrate acting as an HDAC inhibitor leads to upregulation of pro-apoptotic genes and 

down-regulation of anti-apoptotic genes, and Slc5a8 acts as a critical molecular 



determinant facilitating entry of butyrate in colon cancer cell lines. Further, Slc5a8 is 

silenced in colon cancer cells and re-expression of Slc5a8 leads to apoptosis in these 

cells. These findings have established an anti-tumor effect of Slc5a8. However, a recent 

study using Slc5a8-null animals failed to support any protective role of Slc5a8 against 

intestinal carcinogenesis. Since under physiological conditions when dietary fiber intake 

is optimal, SCFAs are generated at high concentrations to make the role of Slc5a8 

superfluous for SCFA transport, we hypothesized that even though SLCSA8 is 

dispensable for the beneficial effects of butyrate and propionate under high-fiber 

dietary conditions, the transporter is obligatory for their entry into colonic epithelial and 

immune cells and subsequent HDAC inhibition, and consequently for the prevention of 

inflammation and cancer in the colon under the conditions of suboptimal dietary fiber 

intake. 

In support of our hypothesis, we found that butyrate and propionate transported via 

Slc5a8 could induce potent anti-inflammatory enzymes 100 and Aldhla2 in dendritic 

cells. Further, butyrate could induce tolerogenic phenotype to DCs in Slc5a8 dependent 

manner that would enable DCs to suppress conversion of na·ive CD4+ T cells to 

interferon-y producing CD4+ T cells. Consequently we observed that SlcSas-l- mice 

harbor significantly higher interferon-y producing CD4+ T cells than their WT 

counterparts. SCFAs are generated in intestinal lumen and are transported across the 

intestinal epithelium into the tissue. SCFAs, especially butyrate, act as preferred energy 

source for the colonic epithelium. Due to its high rate of metabolism, butyrate 

concentration drops dramatically once it is absorbed from lumen. Since the intracellular 

effects such as HDAC inhibition require certain concentration of butyrate inside cells, we 

hypothesize that role of Slc5a8 on the immune cells would be indispensable even when 

luminal SCFA generation is at optimal levels. 

We and others have demonstrated that intestinal epithelium expresses high levels of 

Slc5a8. Unlike immune cells, which are exposed to low levels of butyrate, colonic 
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epithelium is continuously exposed to high concentrations of SCFAs. Thus, the role of 

Slc5a8 in such case could become dispensable. Accordingly, we did not observe any 

difference between WT and Slc5as·1 animals in terms of intestinal barrier integrity and 

susceptibility to DSS-mediated acute and chronic intestinal inflammation. Similarly, we 

did not observe significant difference between WT and Slc5a8-/ animals in terms of 

AOM/DSS mediated colon carcinogenesis, which is in agreement with a previous report. 

Since SCFA production requires dietary fibers as a substrate for fermentation, feeding 

the animals with a fiber-free diet leads to depletion of intestinal SCFA production. 

Biological effects of SCFAs are exerted by multiple mechanisms, including cell surface 

receptors. Earlier reports have shown that loss of these signals leads to a higher 

susceptibility of animals to intestinal inflammation. WT animals that were fed fiber-free 

diet could demonstrate a recovery from the intestinal inflammation. When the animals 

were fed the diet lacking fibers, the intestinal SCFA concentration drops critically low to 

render other transport mechanisms ineffective, leaving Slc5a8 as the only fully 

functional transporter for SCFA. Consequently, we observed that when challenged with 

OSS, SlcSas·l animals that were fed with diet lacking fibers developed significantly 

higher intestinal inflammation, diarrhea, rectal bleeding and morbidity compared to 

their WT counterparts. Further, under fiber-free dietary conditions, significantly higher 

incidence of AOM/DSS-induced colonic polyps was observed in SlcSas·l- mice than in 

their WT counterparts. These data demonstrate a critical role for Slc5a8 in providing 

protection against intestinal inflammation and colorectal carcinogenesis during sub

optimal intake of dietary fibers. 
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