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INTRODUCTION 

Overview of the Gastrointestinal Tract 

The gastrointestinal (GI) tract consists of both the series of hollow organs 

stretching from the mouth to the anus and the several accessory glands and 

organs that add secretions to these hollow organs (Figure 1 A). Each of these 

hollow organs, separated from each other at key locations by sphincters, -serve 

specialized functions (Young et al, 2006). The mouth and oropharynx are 

responsible for chopping food into small pieces, lubricating it, initiating 

carbohydrate and fat digestion, and propelling the food into the esophagus. The 

esophagus acts as a conduit to the stomach. The stomach temporarily stores 

food and also initiates digestion by churning and by secreting proteases and 

acid. The small intestine continues the work of digestion and is the ,primary site 

for the absorption of nutrients. The large intestine reabsorbs fluids and 

electrolytes, ferments undigested dietary components and sloughed proteins, 

and also stores the fecal matter before expulsion from the body. 

The GI tract is lined by a mucous membrane that exhibits regional 

variations reflecting the changing functions of the system from mouth to anus. In 

different locations of the GI tract it is protective, secretory, absorptive or a 

1 



Figure 1. Overview of the gastrointestinal tract. 

A.) Organs of the gastrointestinal tract. Accessed at: 

2 

http://upload. wikimedia. orq/wikipedia/commonslthumblc/c5/Digestive system di 

agram en.svq/595px Digestive system diagram en.svg.png 

B.) The GI tract microbiota. Accessed at: www.oley.org/lifelinelimages 
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combination. Muscle gives strength to the wall of the GI tract as well as propels 

food along it by means of peristalsis .. Since the GI tract is in contact with the 

external environment and thus a potential portal for pathogenic org_anisms, it has 

several defense mechanisms including aggregations of lymphoid tissue known 

as gut-associated lym_phoid tissue (GALT). The GI tract comprises 

approximately eighty percent of the human body's immunoglobulin producing 

cells. The GI tract also contains billions of bacteria (Figure 1 B), predominantly 

anaerobic bacteria, that increase in number in the distal regions, with the majority 

found in the distal small intestine (108
/ ml) and colon (1011

- 1012/ml). The normal 

gut microbiota plays a crucial role in homeostasis of the_ GI tract (Hooper et al, 

2003). 

. The GI tract has four distinct concentric functional layers: mucosa, 

submucosa, muscularis externae, and serosa (Figure 2A). The mucosa is made 

up of three components: the epithelium, lamina propria, and muscularis mucosae 

(Young et al, 2006). At four points along the length of the GI tract, the mucosa 

undergoes an abrupt transition from one form to the other. These locations are 

the gastroesophageal junction, gastroduodenal junction, ileocecal junction, and 

the recto-anal junction. The epithelial layer is in direct contact with the internal 

lumen of the intestine. The epithelial cells ·are polarized and have two distinct 

membranes, apical and basolateral membranes, which are separated by tight 

junctions. If dissected and spread out, the surface area of the adult human 

intestinal tract is approximately 200 m2
• Amplification of the surface area is 



5 

accomplished by several mechanisms (Figure 28). Firstly, most of the epithelial 

cells have microvilli on the. apical surface, often termed the brush border 

membrane. The layers of the epithelial cells can also be evaginated to form villi 

or invaginated to form crypts. Lastly, the mucosa is organized into large folds, 

termed folds of Kerckring {Young et al, 2006). The lamina propria lies right 

below the epithelial layer (Young et al, 2006). It consists of loose connective 

tissue with a diffuse population of neurons, capillaries, lymphatic vessels and 

immune cells. The muscularis mucosae lies below the lamina propria and 

consists of several layers of slliooth1-:muscle fibers (Young et al, 2006). The 

activity of the muscularis mucosae ·keeps the mucosal surface and glands in a 

constant state of gentle agitation which serves to expel secretions from the deep 

crypts and prevent clogging. The submucosa lies below the mucosa (Young et 

al, 2006). It consists of loose connective tissue and larger blood vessels and 

lymphatics and nerves which supply the mucosa. The muscularis externae is the 

muscle layer below the submucosa and is the layer responsible for the peristaltic 

movement of the GI tract (Young e.t al, 2006). It consists of an outer longitudinal 

muscle layer, which increases propulsions when it contracts, and an inner 

circular muscle layer, which allows for constriction or relaxation of the GI tract. 

Enteric neurons are present between these two muscle layers. The serosa is an 

enveloping outer layer of the Gi tract that consists of connective tissue and is 

covered with squamous epithelia!-.cells (Young et al, 2006). 



Figure 2. Microscopic view of the gastrointestinal tract. 

A.) Layers of the intestinal tract. 

B.) Amplification of the GI tract swtace area. 

C.) Features of intestinal epithelial villus and crypt cells. 

D.) Epithelium cell types. 

6 

Courtesy of Kelly Tappenden, PhD, RD, Professor of Nutrition and GI 

Physiology, University of Illinois at Urbana-Champaign, IL. 
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The intestinal villi are lin~d with simple columnar epithelial cells (Figure 

2C). The epithelium includes a variety of cell types with specific functions (Figure 

2D) (Young et al, 2006). The enterocyte is the most numerous and it consists of 

tall columnar cells with surface microvilli seen as brush border. It is the main 

absorptive cell. The goblet cells are scattered among the enterocytes a,nd they 

produce mucin for lubrication and protection of the epithelium. Paneth cells have 

a defensive function and are found at the base of the crypts where they are 

distinguished by their prominent eosinophilic apical granules. lntraepithelial 

lymphocytes consist mostly of T-cells and provide defense against invasive 

organisms. Neuroendrocrine cells produce locally acting hormones that regulate 

GI motility and secretion. Stem cells are found at the 
1

base of the crypts and they 

divide continuously to replenish all cell types. They differentiate and move up the 

crypt to the villi. The intestinal mucosa is a very dynamic organ with cells 

undergoing continuous proliferation and migration; cells are regenerated and 

replenished approximately every 3 to 5 days. There are regional differences in 

cell types and features in the GI epithelium (Table 1 ). For example, the colon 

only contains crypts and surface epithelial cells; it does not contain microvilli 

(Figure 3). The surface epithelial cells are involved with electrolyte absorption 

and the colonic crypts mediate. ion secretion. In the small intestine, the villi are 

longest in the duodenum becoming shorter towards the ileum. Lymphoid tissue 

(e.g., Peyer's patches) are more prominent in the ileum and the distal GI tract 

epithelium is noteworthy for an increase in goblet cells. 
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Table 1: Comparison of structure of parts of the gastrointestinal tract 

Section of the Type of Main Cell Types Other Distinctive 
GI tract Epithelium of Epithelium Features 

Esophagus Stratified • Squamous cells Submucosal 
squamous glands 

Body/Fundus of Glandular - • Surface mucus Sparse lymphoid 
Stomach Straight tubular cells cells 

• Neck mucus cells No lymphoid 
• Parietal cells aggregates 

• Chief peptic cells 
Pylorus/cardia of Glandular - • Mucus cells Sparse lymphoid 
stomach coiled, branched •Maybe cells 

· tubular occasional No lymphoid 
parietal cells aggregates 

Duodenum Glandulat with villi ! Enterocytes with Brunner's glands 
and crypts of - ,- microvilli Plicae circulares 

· Lieberkiihn • Goblet cells (distal duodenum) 
• Paneth cells 

Jejunum/ileum Glandular with villi Enterocytes with Peyer's patches 
and crypts of microvilli become more 
Lieberkiihn • Goblet cells prominent distally 

• Paneth cells Plicae circulares 
Colon/rectum Glandu·lar - • Goblet cells Teniae coli 

straight crypts • Absorptive cells 
Anus Stratified • Squamous cells Columns of 

squamous Morgagni 
The regional differences in cell types and features in the GI epithelium. (Young 
G, Lowe J, Stevens A, Heath J. Gastrointestinal tract, pg. 28. In: Wheater's 
Functional Histology, 5th edition. Churchill, Livingstone Elsevier, Philade~phia, 
PA, 2006). 



Figure 3. Microscopic view of the colon. 

A.) Layers of the colon. 

B.) Magnification of colon lining. 
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Courtesy of Kelly Tappenden, PhD, RD, Professor of Nutrition and GI 

Physiology, University of Illinois at Urbana-Champaign, IL. 
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Gastrointestinal Tract Absorption and Secretion 
12 

Absorption as well as secretion of electrolytes and fluid constitutes one of the 

primary physiologic functions of the small and large intestine. The normal fluid 

load to the intestinal tract is approximately 8.5 liters per day, of which 6.5 liters 

are absorbed in the small intestine. The remaining 2 liters are presented to the 

large intestine which absorbs approximately 1.9 liters, leaving about 100-200 ml 

to be lost in the feces (Thiagarajah et al, 2006). The small intestine absorbs net 

amounts of water, Na+, er, and K+ and secretes Heo3-. In contrast, the large 

intestine absorbs net amounts of water, Na+, and er and secretes both K+ and 

Heo3-_ The absorption and secretion of ions by the small and large intestine 

involve both carrier-mediated and non-mediated mechanisms. Water movement, 

however, is closely coupled to ion and/or solute movement. The sodium

dependent glucose co-transporter, SGL T1, is involved with sodium and glucose 

absorption in the small intestine with a 2Na+:1 Glucose symport ratio (Wright et al, 

2006). The transporter that is responsible for Na+ absorption in the proximal part 

of the small intestine (e.g., duodenum a·nd jejunum) is the electroneutral Na+/H+ 

exchanger (Kiela et al, 2006). Two different isoforms of this exchanger, identified 

at the molecular level as NHE2 and NHE3 and located in the lumen-facing brush 

border membrane of the intestinal epithelial cells, mediate this electroneutral Na+ 

absorption. A functionally coupled Na+/H+ exchanger (NHE2/NHE3) and er 

/Heo3- exchanger (also known as ORA, an acronym for Down-Regulated in 

Adenoma) function in the distal part of the small intestine (e.g., ileum) and in the 
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crypts and surface epithelia of the· proximal and distal colon (Dudeja and 

Ramaswamy, 2006). Co-ordination between these two exchangers at the 

functional level brings about a net absorption of Na+ and er, and a net secretion 

of HCO3-. Epithelial Na+ channels (ENaC) are the principal mediators of 

electrogenic Na+ absorption in the distal part of the large intestine (Barrett and 

Keely, 2006). er is absorbed passively via the voltage-dependent diffusion 

coupled to electrogenic Na+ absorption in the small intestine as well as in the 

large intestine. In addition, the coordinated function between NHE2/NHE3 and 

ORA contributes to er absorption in the ileum and the proximal part of the large 

intestine. Secretion of er occurs primarily in the crypt cells of the small intestine 

and large intestine via an electrogenic process mediated by a er channel which 

is identical at the molecular level to cystic fibrosis transmembrane conductance 

regulator (CFTR), the protein affected in cystic fibrosis (Barrett and Keeley, 

2006). Collectively, three transport proteins are principally responsible for the 

handling of Na+ and er, the predominant ions in the intestinal lumen, and these 

are the Na+/H+ exchanger, Cr/HCO3- exchanger, and the er channel. A 

schematic representation of these three transporters is given in Figure 4. Note: 

for the sake of clarity, even though the Na+/H+ exchanger is expressed in 

differentiated epithelial cells throughout the small intestine and the proximal 

colon, cr/HCO3- exchanger is expressed only in the differentiated epithelial cells 

of the ileum and the proximal colon, and er channel is expressed mostly in the 

undifferentiated crypt cells throughout the intestinal tract, all three transporters 

are depicted in the figure as if they are all expressed in a single cell. 
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Figure 4. Intestinal absorption and secretion of electrolytes. 

Note: for the sake of clarity, even though the Na+/H+ exchanger is expressed in 

differentiated epithelial cells throughout the small intestine and the proximal 

colon, er /Heo3- exchanger is expressed only in the differentiated epithelial cells 

of the ileum and the proximal colon: and er channel is expressed mostly in the 

undifferentiated crypt cells throughout the intestinal tract, all three transporters 

are depicted in the figure as if they are all expressed in a single cell. 

NHE2/NHE3 (Na+IH+ exchanger); ORA (Down regulated in adenoma); 

eFTR (cystic fibrosis transmembrane conductance regulator) 
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G-Protein Coupled Receptors 

G-protein coupled receptors (GPCRs) -are found in all eukaryotic cells from 

yeast to man and are involved in a variety of physiological processes. These 

processes include the sense of smell and sight, the regulation of mood and 

behavior, transmission of the autonomic nervous system, and regulation of the 

immune system activity and inflammation (Lodish et al, 2004). All GPCRs 

contain seven membrane-spanning domains with their N-terminal segment on 

the exoplasmic face and the C-terminal segment on the cytosolic face of the 

plasma membrane (Figure 5A). The ligands that bind and activate these 

receptors include light-sensitive compounds, odors, hormones, and 

neurotransmitters, and vary in size from small molecules to peptides to large 

proteins. The signal-transducing G proteins contain three subunits designated a, 

~' and y (Lodish et al, 2004). During intracellular signaling the ~ and y subunits 

remain bound together and are usually referred to as the G~v subunit. The Ga 

subunit is a GTPase switch protein that alternates between and active state with 

bound guanosine triphosphate (GTP) and an inactive state with bound guanosine 

diphosphate (GDP). Binding to the active state of a GPCR activates the trimeric 

G protein and initiates the exchange of GDP to GTP within the Ga subunit (Figure 

5B). This process is followed by conformational changes at the interface of Ga 

and G~ and result in dissociation of Ga, G~v and the GPCR. Ga, G~v now regulate 

downstream signaling by modulating the activity of the effector protein. The 
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intrinsic hydrolytic function of the G subunit hydrolyzes GTP to GDP and 

phosphate (Pi), leading to the formation of an inactive G~ -protein and the re

assembly of Ga and G~v into the trimeric G protein. 

The Ga subunit is separated into four main families: Ga12113, Gaq, Gas, Gai

Trimeric G proteins are known to affect several intracellular target proteins 

(Lodish et al, 2004). Many of them generate second messengers which activate, 

modulate, or inhibit various other proteins. These signaling cascades result in 

very fast acceleration of the whole signaling process and to a rapid cellular 

response. Depending on the proteins involved different second messenger

producing molecules are targeted. Proteins of the Gas are stimulators of cAMP 

production by binding and activating adenylyl cyclase. The primary function of 

cAMP is the activation of protein kinase A' (PKA). Phosphorylation of other 

proteins by PKA can lead to many effects such as relaxation of blood vessels, 

gene regulation and modulation of ion channels. In contrast, Gai acts as a 

negative modulator of Gas -induced signaling. Gai decreases the level of cAMP by 

inhibiting adenylyl cyclase .. Gai regulates ion channels. There are several .types 

of the G protein alpha inhibiting activity polypeptide 1-3. (Gai1, Gai2, Gai3)-



Figure 5. Overview of a G-protein coupled receptor (GPCR). 

A.) Structure of a GPCR. Accessed at: http://swift.cmbi.nun.nl 

B.) Ligand activation of a GPCR containing a Gas subunit. 

Accessed at: http://tainano.com 
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Alterations in Absorption 

Numerous chemical mediators (e.g., acetylcholine, serotonin, histamine, 

vasoactive intestinal polypeptide) regulate intestinal and colonic electrolyte 

absorption/secretion (Montrose et al, 2003). These agents affect electrolyte 

absorption/secretion in intestinal and colonic epithelial cells by acting through 

one of the following three second messenger systems: cAMP, cyclic guanosine 

monophosphate (cGMP), and calcium (ea2+). Since all of these chemical agents 

inhibit the absorption of Na+ and er and enhance the secretion of er, they are 

known as secretagogues. The underlying mechanism involves activation of 

protein kinases (protein kinase A by cAMP, protein kinase G by cGMP, and eaM 

kinase by ea2+), phosphorylation of the transport proteins or their interacting 

proteins, and the resultant inhibition of the two exchangers and activation of the 

er channel (Figure 6). When the intestinal tract is exposed to excess of any of 

these agents, there is increased loss of electrolytes and water in the feces, 

resulting in diarrhea. A clinically relevant example of such a condition is VI Poma, 

a· pancreatic tumor which produces massive amounts of vasoactive intestinal 

polypeptide. This condition is associated with severe diarrhea because 

vasoactive intestinal polypeptide increases cAM P levels in the intestinal and 

colonic epithelial cells, causing inhibition of Na+ and er absorption and 

stimulation of er and fluid secretion. 
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Figure 6. Inhibition of DRA and NHE2/NHE3 and activation of CFTR by 

second messengers cAMP, cGMP and calcium. 

NHE2/NHE3 (Na+/H+ exchanger); ORA (Down regulated in adenoma); 

CFTR (cystic fibrosis transmembrane .conductance regulator). 
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Diarrheal Diseases 

Diarrheal diseases such as cholera and Traveler's diarrhea are caused by 

the actions of bacterial toxins on intestinal and colonic epithelial cells which 

elevate cAMP levels within the cells (Ganguly and Kaur, 1996; Field and Semrad, 

1993). Cholera toxin and Escherichia coli heat-labile enterotoxin activate adenylyl 

cyclase in these cells and generate cAMP. The result is the activation of PKA, 

inhibition of Na+/H+ exchanger and CrtHCO3- exchanger and activation of er 

channel, and consequent diarrhea. Diarrheal diseases affect developed countries 

such as the United States differently than they do developing countries such as 

those in South East Asia and South America. In developed countries, diarrheal 

diseases are mostly of economic significance; but these diseases are the leading 

cause of death and morbidity in developing countries. There are 3 to 4 million 

deaths per year, mostly infants, due to cholera and other bacteria-induced 

diarrheal diseases worldwide. The primary cause of death is massive loss of 

electrolytes and water which results in dehydration and volume depletion. Oral 

rehydration solution, which contains varying concentrations of glucose, Na+, er, 

K+, and HCO3-, is used effectively for the treatment of cholera and other diarrheal 

diseases (Guerrant, 2003). Since the activity of Na+-coupled glucose transporter 

(SGLT1) in the small intestine is intact in these disease conditions, administration' 

of gl'ucose into intestinal lumen enhances Na+ absorption via this transporter, 

with consequent increase in er and water absorption. This prevents dehydration. 

Even though the oral rehydration solution (ORS) is effective, improvements in 
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efficacy of this solution are definitively desirable (Guerrant, 2003). Recent studies 

have shown that addition of zinc to the ORS substantially improves the 

therapeutic efficacy (Alam and Ashraf, 2003). 

Short-Chain Fatty Acids 

Short-chain fatty acids (SCFA) such as acetate, propionate, and butyrate 

are produced at high concentrations in the colonic lumen by bacterial 

fermentation of dietary fiber. The concentrations of these fatty acids in the lumen 

are in the range of 70-130.mM (Mortensen and Clausen, 1996). Dietary intake of 

fiber is known to be beneficial for colonic health. One of the mechanisms by 

which high fiber intake promotes colonic health is by providing the substrates for 

bacterial fermentation in the colonic lumen to generate SCFAs. These bacterial 

metabolites are believed to be the primary nutrients for colonocytes and 

promoters of cell differentiation (Mortensen and Clausen, 1996). Of these 

SCFAs, butyrate is notable for its function as an inhibitor of histone deacetylases 

(Marks et al, 2001 ). Butyrate induces differentiation of colonocytes and promotes 

Na+, er, and water absorption in the colon. At the same time, butyrate is also 

able to induce apoptosis in colonic tumor cells. The ability of butyrate to induce 

apoptosis in tumor cells is related to its ability to inhibit histone deacetylases and 

thereby influence gene expression. A high dietary intake of fiber is known to be 

protective against colon cancer. To produce these afore-mentioned effects, 

butyrate has to first enter the colonic epithelial cells. Recently a Na+-coupled 
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transporter for butyrate and other SCFAs has been identified (Miyauchi, 2005). 

This transporter is known as SLC5A8 (i.e., member 8 in the solute-linked carrier 

gene family 5): or SMCT1 · (i.e., sodium-coupled monocarboxylate transporter 1 ), 

and is expressed predominantly in the colon. We believe that the primary 

function of this transporter is to deliver butyrate and other SCFAs from the lumen 

into the colonic epithelial cells. The expression and function of this transporter in 

the colon make it possible for butyrate to produce its biological effects inside the 

colonic epithelial cells that are beneficial to colonic health (Ganapathy et al, 

2005; Gupta et al, 2006). 

The management of acute diarrheal disease has dramatically changed 

with the provision of ORS, but efforts are continuing to improve efficacy of the 

ORS. Since the diarrheal diseases such as cholera and Traveler's diarrhea are 

caused by bacterial exotoxins that increase cAMP levels within the intestinal and 

colonic epithelial cells, agents which might antagonize the cAMP-elevating 

effects of these bacterial toxins would be clinically valuable to improve the 

therapeutic efficacy of the ORS. Stool volume induced by cholera has been 

shown to be reduced by 30-40% with a cereal based ORS compared to the 

World Health Organization ORS (Molla et al, 1989; Alam et al, 1992). Recently 

the addition of partially hydrolyzed guar gum, a water soluble and highly 

fermentable fiber, added to ORS has been shown to be beneficial in moderately 

purging adult cholera (Alam et al~ 2008). However, patients suffering from 

bacteria-induced diarrheal diseases are likely to have a decreased intake of 
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fermentable fiber containing foods and to have lost most of their normal 

commensal microbiota and hence are not likely to generate butyrate by 

fermentation. Therefore, agents that might antagonize the cAMP-elevating 

effects of these bacterial toxins would be clipically valuable. Short chain fatty 

acids have been shown to inhibit cAMP-mediated chloride secretion in the colon 

(Res_ta-Lenert et al, 2001 ). 

Identification of HM74/HM74A/PUMA-G (GPR109A) as a Receptor for Niacin 

PUMA-G is an acronym for Qrotein yp-regulated in macrophages by IFN

gamma, whi_ch was first identified as a novel member of the seven 

transmembrane-spanning receptor superfamily that is induced by interferon-y in 

macrophages (Schaub et al, 2001 ). The human ortholog is HM74. While there is 

only one gene coding for PUMA-G, there are two distinct genes in humans which 

code for highly homologous proteins, known as HM74 and HM74A, which exhibit 

96% identity in amino acid sequence (Wise et al, 2003; Taggert et al, 2005). All 

three are single-exon genes and the protein product is a G-protein coupled 

receptor. According to the HUGO (Human Genome Organization) nomenclature, 

the human genes HM74 and HM74A are identified as GPR109B and GPR109A. 

Both human genes are located at chromosome 12q24.31. These genes are 

expressed not only on macrophages but also on adipocytes. Three independent 

groups of investigators, whiie searching for the _molecular mechanism underlying 

the lipid-lowering effects of niacin, discovered that niacin activates GPR109A in 
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adipocytes and this process mediates its anti-lipolytic effect (Soga et al, 2003; 

Wise et al, 2003; Tunaru et al, 2003) (Figure 7). The activation of the receptor is 

associated with a decrease in the generation of cAMP through Gi-protein

mediated inhibition of adenylyl cyclase. Despite the 96% identity in amino acid 

sequence, HM74A exhibits several-fold higher affinity for niacin than HM74. The 

affinity of PUMA-G for niacin is comparable to that of HM74A. Thus, PUMA-G 

and HM74A represent functional orthologs. The interaction of niacin with PUMA

G and HM74A is demonstrable in heterologous expression systems by direct 

binding studies as well as by functional assays involving either stimulation of 

GTPyS binding or inhibition _of forskolin-induced cAMP generation. The effective 

concentrations of niacin necessary for half-maximal activation of the receptor are 

about 1 µM for HM74A and about 3 µM for PUMA-G. The corresponding value is 

~1000-fold higher for HM7 4. Two other drugs, acifran and acipimox, which also 

have anti-lipolytic effects similar to niacin, show significant affinity towards 

HM74A/PUMA_-G, indicating that the therapeutic effects of these drugs also 

involve the activation of this receptor. One of the major side effects of the 

therapeutic use of niacin is a strong flushing response. This side effect results in 

redness of the skin and is often accompanied by itching or a mild burning 

sensation. Though harmless, this side effect compromises patient compliance. 

A recent study has demonstrated that this flushing response is also mediated by 

the niacin-induced activation of HM74A/PUMA-G in immune cells of the skin and 

consequent release of prostaglandins E2 and D (Figure 7) (Benyo et al, 2005). 
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Figure 7. Known mechanism of GPR109A. Activation of the G protein coupled 

receptor GPR109A (HM74A in humans; PUMA-G in mice) can produce 

differential responses depending on the location of the receptor. It has been 

proposed that, when nicotinic acid activates GPR109A on adipocytes, the 

resultant antilipolytic effects contribute to the highly desirable normalization of 

lipoprotein profiles. However, when ·nicotinic acid activates GPR109A on dermal 

dendritic cells or dermal macrophages, the subsequent mobilization of 

arachidonic .acid and its conversion to vasodilatory prostaglandins (PGD2 and 

PGE2) results in the characteristic flushing response. As GPR109A expression 

extends beyond adipose and immune cells located in the ~kin (e.g., spleen, 

lymphoid .cells, and lung), it is · likely that activation of GPR109A in these 

cells/tissues may also contribute to. the clinical efficacy of nicotinic acid. PLA2, 

phospholipase A2; TG, triglyceride. 

Accessed at: www.jci.org/cgi/content/full/115/12/3400 
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Identification of 13-D-hydroxybutyrate as a Physiologic Ligand for GPR109A 

The circulating levels of niacin under normal physiologic conditions are 

about 200 n M whereas the effective concentrations necessary for half-maximal 

activation of the receptor are 5 to 15 times higher. These findings suggest that 

even though the interaction of niacin with HM7 4A can explain the therapeutic 

actions of this compound, niacin is not likely to be the physiologic ligand for the 

receptor. Very recently, Taggart et al (2005) have identified (3-D-hydroxybutyrate 

as one of the physiologic ligands for GPR 109A. The ECso values necessary for 

half-maximal activation of PUMA-G and HM74A in a ligand-induced GTPyS 

binding assay in heterologous expression systems are in the range of 400-800 

µM. Under identical conditions, HM74 is totally inactive in terms of interaction 

with (3-O-hydroxybutyrate. In humans, the serum concentrations of (3-O

hydroxybutyrate are ~bout 50 µM, but the levels rise to about 400 µM following 

an overnight fast and to about 2 mM after 2-3 days fasting (Laffel, 1999). 

Prolonged starvation increases the levels even higher. Therefore, the ECso 

values for the activation of GPR 109A by (3-D-hydroxybutyrate are physiologically 

) 

relevant. 
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Interaction of Short-Chain Fatty Acids with HM74/HM74A/PUMA-G 

In the same study, Taggart et al (2005) also examined the interaction of 

various fatty acids (short-:-chain, medium-chain, and long-chain) with HM74A, its 

isoform HM74, and PUMA-G. The short-chain fatty acids acetate and propionate 

showed no effect on any of these receptors whereas the SCFA butyrate 

displayed significant interaction with HM7 4A (ECso, 1.6 mM) as well as with 

PUMA-G (EC5o, 0.7 mM). Again, HM74 was inactive with butyrate. Long-chain 

fatty acids such as oleic acid, linole·ic, acid, linolenic acid, and arachidonic acid 

showed no effect on any of the three receptors. Interestingly, even though HM74 

showed no interaction with ~-(D)-hydroxybutyrate and SCFAs, medium-chain 

fatty acids showed preferential activity towards this isoform. Heptanoate and 

octanoate interacted with H.M74 with ECso values of ~120 and ~75 µM while the 

corresponding values for HM74A and PUMA-G were at least 4 to 15-fold higher. 

These studies indicated that HM7 4 is not a totally inactive receptor and that it 

does have specific ligands. 

Identification of GPR109A Expression in the GI tract 

GPR109A or HM74A/PUMA-G is a Gi-coupled receptor and activation of this 

receptor leads to inhibition of the cellular effects of cAMP-elevating agents such 

as forskolin. The ligand to this receptor that is directly relevant to the intestinal 

tract is butyrate (Taggert et al, 2005). Butyrate has been shown to have anti-
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diarrheagenic effects; these effects involve inhibition of adenylyl cyclase and 

decreased accumulation of cAMP in intestinal cells (Canani et al, 2004; Resta

Lenert, 2001 ). After reading the paper by Taggart et al (2005) which showed 

butyrate-induced activation of HM74A/PUMA-G, a Gi-protein-coupled receptor, 

we wondered if this receptor is expressed in the intestinal tract. Since butyrate is 

present at high concentrations in the colonic lumen under normal physiologic 

conditions, if the receptor is expressed in the intestinal and colonic epithelial 

cells, it would provide a molecular mechanism for the butyrate-induced inhibition 

of adenylyl cyclase in these cells. With this rationale in mind, we investigated the 

expression of PUMA-Gin the mouse intestinal tract. We performed RT-PCR with 

PUMA-G-specific primers using RNA isolated from various regions of the mouse 

intestinal tract (duodenum, jejunum·, ileum, and colon). These studies showed 

that PUMA-G mRNA is expressed in these tissues '(Figure BA: HPRT1 was used 

as an internal control). We subcloned the RT-PCR product and sequenced it to 

confirm the molecular identity of the product. We then investigated the 

expression of the receptor protein in the mouse intestinal tract using a 

commercially available antibody. We found unequivocal evidence for the 

expression of the receptor in the mouse jejunum, ileum, and colon Figure BC). 

Even more importantly, these studies showed that the expression is restricted to 

the lumen-facing brush border membrane of the epithelial cells of the intestinal 

tract. 
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We also investigated the expression of the two isoforms of HM74 in 

human colon by RT-PCR using isoform-specific primers for mRNA expression 

and by immunohistochemistry for protein expression (Figure 88 and Figure 9). 

The expression of HM74A in the colon would be of relevance to the luminal 

actions of butyrate. We believe that the expression of HM74 in the intestinal tract 

would also be of importance because medium-chain fatty acids, which are known 

to activate this particular isoform, arise from the diet and are found in the 

intestinal tract. For example, milk contains high levels of triglycerides consisting 

of medium-chain fatty acids. These diet-derived ligands might be the physiologic 

activators of HM74, inhibiting adenylyl cyclase. 

We believe butyrate present in the colonic lumen can directly activate 

GPR 109A because the brush border membrane is in direct contact with the 

luminal contents. Activation of the receptor will then result in decreased cAMP · 

levels inside the cells which will promote the absorption of ~lectrolytes and water 

in the intestinal tract (Figure 10). It will also antagonize the diarrheagenic effects 

of bacterial enterotoxins. We hypothesize that the normal microbiota present in 

the colon may have an active role as a regulator of the intestinal. handling of 

electrolytes and water by generating butyrate as an endogenous ligand for the 

GPR109A. Thus, the transporter SLC5A8 is essential for the intracellular effects 

of butyrate whereas GPR 109A may be involved in mediating the extracellular 

effects of butyrate. Thus, SLC5A8 and GPR109A may complement each other in 

promoting the beneficial actions of butyrate in the intestinal and colonic epithelial 
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Figure 8. Expression of GPR109A in colon. A.) RT-PCR was performed to 

identify the expression of GPR109A mRNA in mouse intestinal tract. 

B.) RT-PCR was performed to identify the expression of expression of GPR109A 

and GPR1098 mRNA in human colon and in human colon cell lines. 

C.) lmmunolocalization of GPR109A protein in mouse intestinal tract (red, 

GPR109A; blue, nuclei). 
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lmmuno/ocalization of GPR109A and GPR109B protein 

expression in human colon. 

A.) lmmunolocalization of GPR109A protein in NCM460 cells (normal human 

colon cells; red, GPR109A; blue, nuclei). 

B.) lmmuloca/ization of GPR109A and GPR109B protein in human colon 

biopsies (red, GPR109A and GPR109B; blue, nuclei). 
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Figure 10. Proposed mechanism of GPR109A in the colon. 

Activation of GPR 109A by butyrate will decrease cAMP levels within intestinal 

epithelial cells. 
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cells. Therefore, the transporter and the receptor serve as direct links between 

bacterial flora and .intestinal/colonic health. Prebiotics (the undigestible food 

ingredients that constitute dietary fiber and have beneficial effects on the 

intestinal/colonic health in the host), probiotics (live bacteria taken either in the 

diet or as a dietary supplement, which improve microbial balance in the colon, 

promote fermentation of dietary fiber, and elicit beneficial effects in the host) as 

well as synbiotics (a combination of both) have a broad spectrum of beneficial 

effects on the intestinal and colonic health (Chen and Walker, 2005; Bengmark 

and Martindale, 2005). We believe that at least some of these effects are due to 

the generation of butyrate, promoted by prebiotics, probiotics, and synbiotics, 

which then activates GPR109A on the luminal side and consequently promotes 

electrolyte and water absorption and also antagonizes the diarrheagenic actions 

of enterotoxins, which might be produced by enteropathogenic bacterial strains. 
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HYPOTHESIS: 

The bacterial fermentation product butyrate, produced from undigested 

dietary polysaccharides by the normal colonic microbiota, is a ligand for 

GPR109A and plays an active role in epithelial biology and function in the 

intestinal tract. According to this hypothesis, the normal colonic microbiota 

promote intestinal and colonic health, and GPR109A provides a link between the 

gut flora and colonic/intestinal health. 

SPECIFIC AIMS OF PROJECT: 

Aim 1: Study the expression and subcellular localization of GPR109A in 

intestinal epithelial cells in mice and humans. 

Butyrate is present at high concentrations in the colonic lumen under 

normal physiologic conditions. If GPR109A is expressed in the apical 

membrane of the intestinal and colonic epithelial cells, it would support a 

molecular mechanism for the butyrate-induced inhibition of adenylyl 

cyclase in these cells. 

Aim 1 Hypothesis 

GPR 109A will be expressed in the apical membrane of mouse and 

human intestinal epithelial cells with greater expression distally due to 

greater commensal bacteria 
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Aim 2: Compare the expres~ion of GPR109A in th~ intestinal tract between 

control mice and germ-free mice. 

Butyrate is produced by the bacterial fermentation of undigested dietary 

polysaccharides and sloughed proteins in the colon. If the commensal 

microbiota pattern is absent or disrupted, this would then logically lead to 

altered butyrate production and perhaps expression of genes and 

proteins in which butyrate is a ligand or substrate, such as GPR109A 

and SLC5A8. 

Aim 2 Hypothesis 

Expression of GPR109A will be silenced in germ-free mice. Expression 

will return to normal upon colonization of the germ free intestine and 

colon. 

Aim 3: Investigate the physiologic functions of GPR109A in intestinaJ and 

colonic epithelial cells. 

Butyrate is known to have many physiological roles. Determining if 

GPR 109A is involved with inflammation and apoptosis signaling could 

lead to novel therapies involving butyrate provision. 
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Aim 3 Hypothesis 

GPR109A and its lig'ands nicotinic acid and butyrate will elicit anti

inflammatory effects, cell death and altered cAMP levels in intestinal 

cells via a mechanism independent of HDAC inhibition. 



MATERIALS 

Animals 

MATERIALS AND METHODS 

Age-matched (7 week old, male) conventional and germ-free mice (Swiss 

Webster strain) were obtained from commercial sources (Taconic Farms, Inc., 

Petersburgh, NY). Transgenic mice carrying the NF-KB-luciferase transgene 

under the control of ~-actin promoter were from Jackson Laboratories, Bar 

Harbor, ME. 

Human Colonic Tissue 

Human colonic biopsies were obtained during surveillance colonoscopy after 

obtaining patients' informed consent and approval from the MCG Institutional 

Review Board. 

Cell Lines 

Non-malignant colonic epithelial cell lines CCD841 and malignant colonic 

epithelial cell lines SW480, SW620, HT29, HCT116, Colo201, Colo205 and 

Ls174T were purchased from A.T.C.C. (Manassas, VA, U.S.A.) and used with 

passages 10-25 and cultured in RPMI medium containing 10% (v/v) fetal bovine 

serum and 1 % streptomycin/penicillin. The non-malignant colonic epithelial cell 

44 



45 

line NCM460 was purchased from INCELL CORP. (San Antonio, TX) and 

cultured in vendor specified medium. Malignant colonic epithelial cell lines 

KM12C and KM12L4 were cultured in RPMI medium containing 10% (v/v) fetal 

bovine serum (Originally obtained from Dr. I.J. Fidler, University of Texas, 

Houston, TX, USA); HEK 293 cells were provided generously by Nevin Lambert, 

PhD, Medical College of Georgia. These cells were cultured in RPMI medium 

containing 10% (v/v) fetal bovine serum. 

Cell Culture 

Cell culture reagents were obtained from the following sources: RPMI media, 

penicillin/streptomycin, 0.05% trypsin with 0.53 mM EDTA (lnvitrogen-Gibco

BRL, Carlsbad, CA); Fetal bovine serum (Atlanta biologicals, Norcross, GA); 75 

and 150 cm2 flasks, 24-well plates, 10 cm2 plates, pipettes (Fisher Scientific, 

Fairlawn, NJ) 

lmmunohistochemical reagents and antibodies 

lmmunohistochemical · reagents and antibodies were purchased from the 

following suppliers: Antibodies for GPR109A, GPR1098 and SLC5A8 were 

generated in rabbits at the Medical College of Georgia. Obtained from 

commercial sources were the polyclonal antibody specific for SGL T1 (Chemicon, 

Temecula, CA); the monoclonal antibody specific for AQP4 (Santa Cruz 

Biotechnology, Santa Cruz, CA); mouse anti-CD98 polyclonal antibody (Santa 

Cruz Biotechnology, Santa Cruz, GA); goat-anti rabbit lgG coupled to Alexa Fluor 
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568 and goat anti-rabbit lgG coupled to Alexa Fluor 488, lmage-iT FX (lnvitrogen 

Molecular Probes, Carlsbad, CA); Vectishield· H~rdset Mounting Media (Vector 

Laboratories, Burlingame, CA); OCT embedding compound (Tissue Tek; VWR 

Scientific, Houston, TX); Hoechst 33342 (lnvitrogen Molecular Probes, Carlsbad, 

CA); paraformaldehyde (EMS, Hatfield, PA); 

Other reagents 

Other reagents were obtained from the following sources: RNA extraction 

reagent (TRlzol; lnvitrogen-Gibco Cprp., Carlsbad, CA); GeneAmp RT PCR kit 

(Applied Biosystems, Inc., Foster City, CA); Taq polymerase kit (TaKaRa, Tokyo, 

Japan); PowerBlock (Biogenex, San Ramon, CA); Antibodies used were 

obtained from the following sources: histone H3, acetylated_ histone H3, histone 

H4, acetylated H4 (Upstate Biotechnology, Inc); acetylated H4-Lys (Santa Cruz, 

Biotechnology, Inc.); acetylated H4 Lys (Abeam, Inc.); ~-actin (Sigma-Aldrich, St. 

Louis, MO); Cleaved Caspase-3 antibody from R & O System (Cat. # MAB8350); 

Cleaved Caspase-8 antibody from Cell Signaling (Cat. # 9748S); Cleaved 

Caspase-9 antibody from BO Pharmingen (Cat. 551246); PARP antibody from 

BO Pharmingen (Cat. #556494); pCONA3.1 vector and Lipofectin transfection 

reagent (lnvitrogen, Carlsbad; CA); FuGene ™6 (Roche Applied Science, 

Indianapolis, lN); Linear polyethyieneimines - PEI- transfection reagent 

(Polysciences; Warrington, PA); Benzyl-Coelenterazine (Nanolight Technologies, 

Pinetop, AZ); sodium butyrate, nicotinate, lipopolysaccharide and all other 

chemicals were purchased from (Sigma-Aldrich Chemical Co., St. Louis, MO); 



47 

Fairplay microarray labeling kit (Stratagene, La Jolla, CA); mouse Cot-1 DNA 

(lnvitrogen, Carlsbad, C_A); Cy3 and Cy5 monofunctional reactive dye 

(Amersham Biosciences, Piscataway, NJ); NF-KB luciferase reporter assay 

(Promega, Madison, WI); Direct cAMP enzyme immunoassay kit (Assay Designs, 

Ann Arbor, Ml). Gia1, Gia2, Gia3, G~, Gy and GRKct cDNA plasmids were a 

generous gift fro.m Dr. Nevin Lambert (MCG, Augusta, GA). 

Software 

The following software packages were utilized in calculations and analysis of 

data: Adobe Photoshop Version 9.0 (Adobe Systems, Inc., San Jose, CA); 

Microsoft Excel 2003 (Microsoft Corp., Redmond, WA); Sigma Plot 2002 for 

Windows Version 8.02 (SPSS Inc., Chicago, IL); Graph Pad Prism version 5.0, 

2007 (La Jolla, CA); AxioVision LE .software program. 



48 
METHODS 

Animals 

Age-matched conventional and germ-free mice (Swiss Webster strain) 

were obtained from commercial sources (Taconic Farms, Inc., Petersburgh, NY) 

and used for experiments on the same day when they arrived at the Medical 

College of Georgia. The Medical College of Georgia does not have a germ-free 

facility and therefore the animals could not be acclimatized prior to the 

experiments. However, since the conventional mice as well as the germ-free 

mice were treated the same way, it was presumed that the lack of acclimatization 

of the animals would not be a confounding factor in the interpretation of the 

results. For studies involving colonization of germ-free mice with bacteria, age

matched conventional and germ-free mice were kept at the Medical Gollege of 

Georgia animal facility under conventional conditions for varying time periods (0-

4 weeks). During this time, the animals had access ad libitum to tap water and 

unsterilized food mouse chow. Mice were killed by cervical dislocation under 

isofluorane anesthesia. The terminal ileum (~3 cm) and the proximal colon (~3 

cm) attached to the cecum were removed for preparation of RNA and tissue 

sections. Each experimental group consisted of four mice. Use of animals in 

these studies adhered to the "Principles of Laboratory Animal Care" (NIH 

publication #85-23, revised in 1985) and was approved by the institutional 

Committee for Animal Use in Research and Education. 
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Histo/ogic Processing 

Mice were killed by cervical dislocation under isofluorane anesthesia. The 

GI tract of adult mice was dissected and sections of the duodenum, jejunum, 

ileum and proximal _colon were removed. Sections were flushed with 1X PBS 

and· oriented in OCT embedding compound, frozen in a dry ice-ethanol bath and 

then stored at -B0°C. 1 O µm thick cryosections were prepared and mounted on 

DEPC-treated superfrost slides, which have a positive charge to facilitate 

adhesion. For morphometric analysis, cryosections were stained with 

hematoxylin and eosin. Slides were stored at -B0°C. Human colonic biopsy 

samples were immediately processed in the same manner as the mouse 

sections following harvesting during colonoscopy. 

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

RNA prepared from the GI tract of wild-type mice, conv~ntional, germ-free, 

and re-colonized mouse ileum and colon, as well as confluent cell lines were 

used for RT-PCR. The PCR primers for gene-specific products were designed 

based on the nucleotide sequences available in GenBank (see Table 2). The 

PCR method, which involved varying number of cycles and annealing 

temperatures (see table for details of each primer) consisted of denaturing at 

94°C, 3 minutes; at 94°C, 1 minute; annealing for 1 minute; extension at 72°C, 1 

minute, and a final extension at 72°C for 10 minutes in a Biorad® thermocycler 
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Table 2: List of Primers· Used in this Proposal 

Gene Primer Sequence Position Product PCR Settings 
Genbank Size (bp) Annealing 

Accession Temperature 
Number and Cycles 

GPR109A Sense: 325-347 646 60°C 
NM_177551 5'-CGAGGTGGCTGAGGCTGGAA TTGGGT-3' 30 cycles 

Antisense: 950-970' 
5'-ATTTGCAGGGCCA TTCTGGAT-3" 

SLC5A8 Sense: 371-392 351 60°C 
NM_145423 5'-GGGTGGTCTGCACATTCTACT-3' 30 cycles 

Antisense: 700-721 
5'-GCCCACAAGGTTGACATAGAG-3' 

SGLT1 Sense: 389-411 540 58°C 
NM_019810 5'-AGTATCTGCGGAAGCGGTTTGG-3' 30 cycles 

Antisense: 904-928 
5'-GTGAGACATGTTCTTGGCCGAGAG-3' 

FIAF Sense: 383-406 669 58°C 
AF _278699 5' -CCCAGCAGCAGAGAT ACCTATCA-3' 30 cycles 

Antisense: 1027-1051 
5'-AGAGAGGCTCTTGGCACAGTT AAG-3' 

AQP4 Sense: 517-547 423 61°C 
NM_009700 5'-ACTATTTTTGCCAGCTGTGATTCCAAACGA-3' 24 cycles 

Antisense: 912-939 
5'-TTCCCCTTCTTCTCTTCTCCACGGTCA-3' 

ORA Sense: 734-764 607 61°C 
NM_021353 5' -CACAAA TTCAGAAGACGAACATCGCAGACC-3' 24 cycles 

Antisense: 1310-1340 
5'-GCATCAGCATTCCCTTT AAGTTTCCGAGTG-3' 

NHE3 Sense: 979-999 557 60°C 
5'-GCCACCACTGTGCGCTACAC-3' 24 cycles 
Antisense: 1515-1535 
5'-TGCTGAGGAACTTCCGGTCA-3' 

CFTR Sense: 2408-2438 608 59°c 
5' -ATTCAAGGAGATTATCGCAAGATAGCACAC-3' 2986-3015 25 cycles 
Antisense: 
5'-GCCGAGACGACTATTATAGCTCCAA TCAC-3' 

HPRT1 Sense: 166-189 · 157 58°C - 60°C 
NM_013556 5'-GCGTCGTGATTAGCGATGATGAAC-3' 30 cycles 

Antisense: 298-322 
5'-CCTCCCATCTCCTTCATGACATCT-3' 

GAPDH Sense: 567-589 122 61°C 
NM_008084 5'-CTCTGGAAAGCTGTGGCGTGAT-3' 24 cycles 

Antisense: 664-688 
5'-CATGCCAGTGAGCTTCCCGTTCAG-3' 
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using rTaq polymerase. The levels of hypoxanthine phosphoribosyl transferase 1 

(HPRT1) mRNA or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

mRNA were used as the interna·I control in RT-PCR as well as to normalize the 

band intensity of each PCR product. PCR products were size-fractionated on 

agarose gels. Bands were visualized by ethidium bromide, and the intensities of 

the bands were measured by densitometry using a Spectralmager 5000 Imaging 

system and AlphaEase 32-bit software (Alpha lnnotech, San Leandro, CA, USA). 

RT-PCR was carried out with three or four biological replicates, and PCR was 

repeated at least twice with each RNA sample. 

Northern Blot Analysis 

RNA, prepared from normal mouse and germ-free mouse ileum and colon, 

was used with [a-32P] dCTP cDNA probe to detect GPR109A mRNA expression. 

RNA was size-fractionated on a denaturing formaldehyde-agarose gel and 

transferred to a nylon membrane. Following overnight prehybridization, 

hybridizations were initiated with a [a-32P]-labeled GPR109A cDNA probe. The 

expression pattern of GPR 109A mRNA in different regions of the mouse 

intestinal tract was analyzed by Northern hybridization under high stringency 

conditions using the isoform-specific probe. Hybridization was carried out in 

ExpressHyb hybridization solution (Clontech) for 2 h at 68°C. The blots were 

washed three times (10 min each) at room temperature in a solution containing 

2x SSC (saline-sodium citrate buffer; 0.15 M NaCl and 15 mM sodium citrate, pH 

7) and 0.05 % SOS (sodium dodecyl sulphate) and twice (15 min each) at 50 °C 
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in a solution containing 0.1 x SSC and 0.1 % SOS. Following washing, the blot 

was exposed to autoradiographic film. Hybridization signals were quantified using 

the STORM Phosphorlmaging System (Molecular Dynamics). 1 BS cDNA probe 

was used as an internal control to evaluate the relative levels of expression of 

GPR 109A mRNAs in different regions of the mouse intestinal tract. 

lmmunofluorescence Analysis 

To examine the protein expression for GPR109A, GPR1098, CD98, 

SLC5A8, SGL T1, and AQP4 in wild~type GI tract, conventional, germ-free, and 

re-colonized mouse ileum and colon, human colonic tissue, as well as colon cell 

lines, immunofluorescence methods were used. Polyclonal antibodies against 

GPR109A, GPR1098 and SLC5A8 were generated in rabbits. The specificity of 

these antibodies had already been established in previous publications (Gopal et 

al, 2007; Thangaraju et al, 2009; Martin et al, 2009). The polyclonal antibody 

specific for SGL T1 and the monoclonal antibody specific for AQP4 and CD98 

were obtained from commercial sources. Cryosections of mouse and/or human 

intestine and colon were fixed on ice in 4% paraformaldehyde for 1 O min. For 

immunocytochemistry experiments, cells seeded on coverslips· were fixed in ice 

cold methanol for 5 minutes. Following fixing, slides and coverslips were washed 

with phosphate-buffered saline 1 and blocked with 1X Power Block for 60 min at 

room temperature. Sections and cells were then incubated overnight at 4°C with 

1: 100 rabbit polyclonal anti-GPR 109A, 1: 100 rabbit polyclonal anti-GPR 1098, 

1: 100 mouse monoclonal anti-CD98, 1 :250 rabbit polyclonal anti-SLC5A8, 1 :500 
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rabbit polyclonal anti-SGL T1, or 1 :250 mouse monoclonal anti-AQP4 antibody. 

Negative control sections were treated identically except that primary antibody 

was substituted with phosphate-buffered saline for overnight incubation. 

Sections were rinsed with phosphate-buffered saline and incubated for 30 min at 

room temperature with secondary antibodies. For. detection of GPR 109A, 

GPR1098, SLC5A8, SGL T1, and AQP4 labeling, sections were incubated with 

1: 1500 goat anti-rabbit Alexa Fluor 568. Sections were also incubated with 

1: 1500 goat anti-rabbit Alexa Fluor 488 for SLC5A8 and for double-labeling 

detection of CD98 (also known as 4F2hc), a marker for the basolateral 

membrane. Nuclei were counterstained with 1: 10,000 Hoechst 33342 for five 

minutes at room temperature; and then slides were coverslipped using 

Vectashield Hardset mounting medium. For peptide blocking experiments, 

sections were fixed and washed as described above, but were incubated 

overnight at 4°C, with the primary polyclonal antibody against GPR109A at a 

concentration of 1: 100. The antibody was neutralized with an excess of the 

antigenic peptide and used as the negative control. Sections were rinsed and 

incubated for 1 hour with goat anti-rabbit lgG coupled to Alexa Fluor 568 at a 

dilution of 1 :1500. Coverslips were mounted and sections were examined as 

previously described. The immune-positive signals were detected by 

epifluorescence using Zeiss Axioplan-2 microscope equipped with an Apotome 

(for optical sectioning), the axiovision program, and an HRM camera. 
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Nicotinate Binding Assay 

Membranes prepared from CCD841 cells were used for [3H] nicotinate 

binding assays with a rapid filtration method. The interaction of butyrate with the 

receptor was evaluated by its ability to compete with nicotinate for binding. 200 

µg . of membrane from CCD841 colonic cells, cells which express PUMA

G/HM74a/HM74 receptors, in a total volume of 250 µL binding buffer (50 mM 

Tris-HCI (pH 7.4), 2 mM MgCl2) were used to determine [3H]-nicotinic acid 

binding. Following a 4 hour incubation at 25°C, unbound and membrane bound 

radioactivity were separated by filtration of the sample through 0.45 micron filters, 

followed by 2 washing steps with 5 ml ice-cold binding buffer. Nonspecific 

binding was determined in the presence of 1 mM unlabeled nicotinate and 10 

mM of unlabeled sodium-butyrate. Competitive bindin.g analysis was done in the 

presence of 50 nM [3H]-nicotinic acid. Saturation binding of dose respon·se for 

3H-labeled nicotinic acid using 200 µg of membrane from CCD841 colonic cells 

was performed. Doses of 3H-labeled nicotinic acid (25, 50, 100, 250, 500 nM) 

with or without 1 mM unlabeled nicotinic acid was incubated for 4 hours at 25°C. 

Unbound and membrane bound radioactivity was separated by filtration of the 

sample through 0.45 micron filters, followed by 2 washing steps with 5 ml ice

cold binding buffer. 
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G-protein-coupled inwardly rectifying potassium (GIRK) channels 

Activation of GPR 109A with its ligands was examined using the activity of 

GIRK channels as the readout. HEK293 cells were transfected with a human 

GPR109A expression vector and used for experiments 48 hours later. Activation 

of GIRK channels by adenosine receptor A1 R was used as a positive control. A 

cytololic GFP expression vector was cotransfected with A 1 R or GPR 109A 

expres_sion vectors to identify transfected cells. When indicated, cells were 

pretreated overnight with pertussis toxin (100 ng/ml).- GIRK channel activity was 

monitored as described previously (Digby et al, 2008). 

DNA Microarray Analysis of Gene Expression 

Total RNA was prepared from tissue samples obtained from conventional, 

germ-free, and re-colonized mouse ileum and colon using RNA Trizol reagent 

and used for cDNA probe preparation. cDNA probes were synthesized using the 

FairPlay microarray labeling kit. Two samples were pooled together for 

each experiment. The cDNA probes were then labeled with Cy3 or Cy5 

monofunctional reactive dye. The appropriate Cy3- and Cy5-labeled probes were 

combined along with 1 0 µg mouse Cot-1 DNA and 4 µg yeast tRNA in a final 

volume of 15 µL and incubated at 98°C for 1 min. The denatured probes were 

mixed with 15 µL of 2X hybridization buffer (50% formaldehyde, 1 OX SSC, 0.1 % 

SOS). The hybridization solution and cDNA probe mixtures were added to the 

processed National Cancer Institute mouse oligomicroarray slides, which were 

then placed in hybridization chambers and incubated at 43°C for 16 h. The slides 
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were then washed for 5 min in 2X SSC and 0.1 % SOS, for 5 min in 1 X SSC, and 

for 5 min in 0.2X SSC and then dried. Fluorescence images were captured using 

a Genepix 4000 (Axon Instruments, Union City, _CA). Both image and signal 

intensity data were loaded into a database supported by the Center for 

Information Technology of NIH. Cy3/Cy5 intensity ratios from each gene were 

calculated and ·subsequently normalized to ratios of overall signal intensity from 

the corresponding channel in each hybridization. The normalized data were then 

extracted from the database as text files and analyzed using computer software 

JMP (SAS Institute, Cary, NC) to. compare the gene expression profiles 

quantitatively. For clustering analysis, Cluster and TreeView programs (Eisen et 

al, 1998) were used to analyze the gene expression patterns in a one

dimensional hierarchical clustering to generate gene dendrograms based on the 

pair-wise calculation of the Pearson coefficient of normalized fluorescence ratios 

as measurements of similarity and linkage clustering. A 2-fold change was 

considered a significant difference. The clustered data were loaded into 

TreeView program and displayed by the graded color scheme as described 

previously (Liu et al, 2005). The gene expression profiles were compared 

between conventional mice and germ-free mice to determine the changes that 

occur in colonic gene expression due to absence of gut bacteria. The gene 

expression profiles between germ-free mice and re-colonized germ-free mice 

were also compared to determine the changes that occur in colonic gene 

expression due to colonization of a previously germ-free intestinal tract. These 
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experiments were carried out with two independent RNA samples from 

conventional mice, germ-free mice, and recolonized germ-free mice. 

Bio/uminescence resonance energy transfer (BRET) Assay 

The dissociation of the G-protein heterotrimers using bioluminescence 

resonance energy transfer (BRET) as the readout was performed as previously 

described (Hollins B et al, 2009). The N-termini of G~1 and Gy2 were fused to 

complementary fragments of the yellow fluorescent protein venus (V). Co

expression of these proteins produces functional G~y dimers labeled with venus 

(G~y-V) to serve as BRET acceptors. The C-terminal pleckstrin homology 

domain of GRK3 (the final 141 amino acids) was fused to a Renilla luciferase 

mutant (Rluc8) to serve as the BRET donor. These GRK constructs were 

targeted to the plasma membrane by adding N-terminal peptides directing 

myristoylation (mas: e.g. masGRK3ct-C). 

HEK293 cells were seeded at density of 9x105 cells/well in a 6 well plate. 

When cells reached 90% confluency, they were transfected with or without 

unlabeled GPR 109A receptor and Gai1, Gai2, or Gai3 wild-type pertussis toxin 

sensitive subunits along with venus-G~1, venus-Gy2, and masGRKc-Rluc8 

pcDNA. When indicated, cells were pretreated overnight with pertussis toxin 

(100 ng/ml). Following overnight transfection, cells were detached from plate 

with 1 X PBS containing 5 mM EDT A. Cells were harvested in PBS and 100 ul 

cell suspension was transferred to opaque 96-well plate which contained 100 ul 

· of increasing doses of GPR109A ligands: sodium butyrate (0.1-100 mM), 
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nicotinate (0.01-1000 µM), and acifran (0.1-1000 µM). Following the addition of 

the cell suspension, 100 ul of 5 µM benzyl-coelenterazine was added 

immediately to each well, in the dark. BRET measurements were made using a 

photon-counting multimode plate reader (Mithras LB940; Berthold Technologies 

GmbH, Bad Wildbad, Germany). The raw BRET signal (em535/480) was 

calculated as the emission intensity at 520-545 nm divided by emission intensity 

at 475-495 nm. Steady state BRET measurements were made within 15 minutes 

of adding the ligands. The results were plotted on a semi-log scald with the 

BRET ratio versus the concentration 9f the receptor ligand. The curve was fit 

using a 4-parameter Hill equation and the ECso value was determined. The 

assay was performed in triplicate and repeated at least three times. 

cAMP measurement 

CCD841 cells seeded at 2 x 105 cells/well of 24 well plate for 24 hours and 

then were pretreated with nicotinate (1 mM) and sodium butyrate (5 mM) before 

or after treatment with forskolin (10 µM). The cells were lysed with 0.1 M HCI. 

The cell lysate was used to measure the cellular levels of cArviP by a competitive 

immunoassay for the quantitative determination of cAMP using Assay Designs 

Correlate™ EIA Direct cyclic AMP kit (Ann Arbor, Ml) according to the 

manufacturer's directions. The kit uses a polyclonal antibody to cAMP to bind, in 

a competitive manner, the cAMP in the standard or sample and an alkaline 

phosphatase molecule whicb. h?s cAMP covalently attached to it. After a 

simultaneous incubation at room temperature the excess regents were washed 
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away and alkaline phosphatase substrate was added. Following a 1 hour 

incubation time, the enzyme reaction was stopped and the yellow color 

generated was read on a microplate reader at 405 nm. The intensity of the 

yellow color is inversely proportional to the concentration of cAMP in the samples 

and standards. The measured optical density was used to calculate the 

concentration of cAMP in the samples. The data were plotted on a semi-log 

scale with optical density versus concentration of cAMP. Experiments were 

performed in duplicate and repeated at least three times. 

Ectopic expression human GPR109A 

Cells (CCD841, a human normal colon cell line, and KM12L4, a human 

colon cancer cell line) were transfected with pcDNA or human GPR109A cDNA. 

pEGFP-N1 was used for cotransfection to determine transfection efficiency. 

After 24 hours, cells were treated with or without butyrate (5 mM) or nicotinate (1 

mM) for 24 hours; RNA and protein were prepared. For fluorescence-activated 

cell sorting (FAGS) analysis, cells were fixed in 50% ethanol; treated with 0.1 % 

sodium citrate, 1 mg/ml RNase, and 50 µg/ml propidium iodide; and subjected 

to FACS. 

NF-KB-luciferase reporter assay with cultured cells and colon tissue 

CCD841, KM 12L4, and HCT116-DNMT1 +I+ and HCT116-DNMT1 _,_ 'cells 

were transfected with a nuclear factor-KB (NF-KB)-luciferase reporter construct 

alone or with GPR109A cDNA. Twenty-four hours later, cells were pretreated 
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with or without the GPR109A ligands (sodium butyrate: 5 mmol/L; nicotinate: 1 

mmol/L; acifran: 0.25 mmol/L) for 4 hours and then treated with 

lipopolysaccharide (LPS; 100 ng/ml). Then the co-treatments with LPS and 

± GPR 109A ligands continued for an additional 4 hours. Cells were then lysed 

and the lysate was used for luciferase activity. LPS-induced activation of NK-KB 

was monitored by measuring the activity of luciferase as a reporter. NK-KB 

luciferase reporter assay was also done with colon tissues obtained from 

transgenic mice carrying the NK-KB-luciferase transgene under the control of 

~-actin promoter. Mice were euthanized by CO2, and colons were removed and 

everted. Tissue slices ( ~10 mg wet weight) were with or without pretreatment 

with GPR109A ligands (sodium butyrate: 5 mM; nicotinate: 250 µM) for 4 hours 

and then exposed to LPS (100 ng/ml) for 4 hours. Butyrate and nicotinate were 

present also during LPS treatment. Tissues were then homogenized, and the 

lysates used for measurement of luciferase activity. 

Measurement of HOAG Activity 

A commercially available kit (Biovision) was used to determine HDAC 

activity in a cell-free system. CCD841 cells were transfected with either vector 

alone or GPR 109A cDNA. Twenty-four hours later, the cells were treated with or 

without nicotinate (1 mM) for an additional 24 hours. Cell lysates were then used 

for measurement of HDAC activity. KM12L4 (a colon cancer cell line) was 

transfected with either vector alone or GPR109A cDNA. Twenty four hours later, 

the cells were treated with or without nicotinate (1 mM) for an additional 24 
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hours. Cell lysates were used for measurement of HOAG activity. Cell lysates 

from both these experiments .were used for Western blot to monitor the 

acetylation status of histone H3, histone H4, histone H4-Lys 12 and histone H4-

Lys 16 using specific antibodies. F9r Western blot analysis, 50 ug of protein were 

fractionated by SOS-PAGE, and the fractionated proteins were-transferred onto a 

nitrocellulose membrane. Membranes were blocked with bovine serum albumin 

and then exposed to respective primary antibodies at 4°C overnight, followed by 

treatment with appropriate secondary ap.tjbodies. . Proteins were visualized by 

ECL SuperSignal Western System (G'E Healthcare). 

Statistical Analysis 

Experiments were repeated at least three times and the data is presented 

as means ± standard error of the mean (SEM). Wherever appropriate, statistical 

analysis uses one-way ANOVA with a . Bonferroni post-test for multiple 

comparisons. Otherwise, -statistical analysis uses student's unpaired t-test. 

A p value <0.05 was considered statistically significant. Stati_stical analysis was 

performed using Graph Pad Prism version 5.0, 2007 software. 



RESULTS 

Aim 1: Study the expression and subcellular localization of GPR109A in 

intestinal epithelial cells in mice and humans. 

Expression of GPR109A in mouse and human colon. 

In our preliminary studies, we_investigated the expression of GPR109A in 

mouse intestinal tract and human colon. GPR109A mRNA was detected all 

through the intestinal tract in mouse (Figure BA). The expression was lowest in 

the proximal intestrnal tract and highest in the distal region. Human colon 

expressed both isoforms, GPR109A and GPR109B. Two human normal colon 

cell lines, NCM460 and CCDB41, also expressed GPR109A and GPR109B. 

Using respective antibodies for GPR109A and GPR109B, protein expression was 

analyzed by immunohistochemistry in mouse intestine and colon. GPR 109A 

protein expression was evident in small intestine Uejunum and ileum) as well as 

in large intestine. in mouse (Figure BC). The expression was restricted to the 

lumen facing apical membrane of intestinal and colonic epithelial cells. The 

immunopositive signals were not detected when antigen-neutralized primary 

antibody was used. Protein expression of GPR1098 was not found in mouse 

colonic tissue (Figure BC). GPR109A was also expressed in the human colon cell 

line, NCM460 (Figure 9A) with the expression restricted to the plasma 
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membrane. Human colonic biopsies of normal tissue were examined for 

expression of GPR 109A and GPR 1098 using antibodies specific for these 

isoforms (Figure 98). Human colon expressed both isoforms of GPR109. The 

expression of GPR 109A as well as of GPR 1098 in human colon was restricted to 

the apical membrane. Even though these data are convincing in terms of the 

polarized localization of the receptor, we wanted to confirm these findings by 

comparing localization to a basolateral membrane marker. 

lmmunohistochemistry experiments were performed using CD98, a basolateral 

membrane marker, and GPR109A in normal mouse colon (Figure 11). Mouse 

colon expressed both GPR109A and CD98. GPR109A expression is restricted 

to the lumen facing colonic brush border membrane and does not co-localize with 

CD98. 

Butyrate as a ligand for GPR109A. 

CCD841 cells were used to study nicotinate binding and interaction of 

butyrate with GPR 109A. Specific binding of nicotinate was detected with 

membranes prepared from these cells. Normal colon cells expressed the 

receptor, as evident from the high-affinity binding of nicotinate (KD, 245 ± 32 nM) 

to membranes prepared from these cells (Figure 128). The binding was inhibited 

by butyrate (10 mM; Figure 12A). 

The function of butyrate as a GPR109A agonist was inv~stigated using a 

heterologous expression system in which the coupling of pertussis toxin-sensitive 

Gi proteins to the receptor was monitored with the activity of inwardly rectifying 



64 

Figure 11. /mmunolocalization of GPR109A and CD98, a baso/atera/ 

membrane marker, protein expression in mouse colon. 

(red: GPR109A; green: CD98) 
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Mouse Colon 

Figure 11 
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Figure 12. Butyrate serves as a ligand for GPR109A. 

A.) Binding of [3H] nicotinate (50 nM) to CCDB41 cell membranes in the presence 

and absence of butyrate (1 O mM). Non-specific binding was assessed in the 

presence of 1 mM unlabeled nicotinate. BJ. Scatchard analysis was done by 

measuring binding at increasing concentrations of nicotinate. C.) Activation of 

GPR109A with butyrate in a heterologous expression system using the activity of 

GIRK channels as a read-out. GIRK channel activity was monitored following 

exposure to nicotinate or butyrate. Adenosine receptor A 1 R was used as a 

positive control. To evaluate the effect of pertussis toxin, cells were treated with 

the toxin overnight. D.) Quantitative analysis of GIRK channel currents from four 

independent experiments. The data represent the mean ± SEM. 
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potassium (GIRK) channels as the readout. GIRK channels open in response to 

activation of pertussis toxin-sensitive G proteins (e.g., Gi and G0 ; Logothetis et al, 

1987). We used as a positive control the ability of ectopically expressed 

adenosine receptor A1 R to activate GIRK channels in the presence of 

adenosine. Expression of GPR109A in HEK293 cells allowed activation of GIRK 

channels in the presence of nicotinate and butyrate (Figure 12C and D). In cells 

transfected with vector alone, nicotinate did not activate the channel. The 

involvement of GPR 109A in the process was further confirmed by the effective 

blockade of nictotinate-induced activation of the channel by pertussis toxin. 

These results show that butyrate functions as an agonist for GPR 109A. 

Aim 2: Compare the expression of GPR109A in the intestinal tract between 

control mice and germ-free mice. 

Expression of the butyrate transporter SLC5AB and the butyrate receptor 

GPR109A in conventional, germ-free, and re-colonized mouse colon and ileum. 

Whether the presence of gut bacteria influences the expression of the 

butyrate transporter SLC5A8 and the butyrate receptor GPR 109A in the intestinal 

tract was investigated. The levels of SLCSAB and GPR109A mRNA in colon and 

ileum were reduced markedly in g.erm-free mice compared to conventional mice 

(Figure 13A). The results for GPR109A mRNA levels were confirmed by 

Northern-Blot analysis (Figure 14)'. For the butyrate tra'nsporter, the decrease in 
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germ-free mice compared to conventional mouse was 75% in the colon 

(p < 0.0001) and 85% in the ileum (p < 0.0001 ). The corresponding values for the 

butyrate receptor were 65% and 90% (p < 0.0001 ). As a positive control, the 

expression of SGL T1 (Sodium-coupled glucose transporter 1) and FIAF (Fasting

induced adipocyte factor) in these mice was measured. It has been documented 

that the steady-state levels of SGL T1 mRNA in ileum are reduced whereas the 

steady-state levels of FIAF mRNA in ileum are increased in germ-free mice 

compared to conventional mice (Hooper et al, 2001; Hooper et al, 2003). These 

studies confirmed these earlier findings in the ileum (Figure 13). Interestingly, the 

expression of these two genes was also found in the colon where their 

expression was altered in germ-free mice in a manner similar to changes that 

have been reported 1n the ileum. The steady-state levels of SGL T1 mRNA were 

reduced in germ-free mice compared to conventional mice by 65% in the colon (p 

< 0.0001) and 75% in the ileum (p < 0.0001 ). In contrast, the steady-state level~ 

of FIAF were higher in germ-free mice compared to conventional mice by 5-fold 

in the colon (p < 0.0001) and by 3-fold in the ileum (p < 0.0001 ). Next, the effect 

of re-colonization of the intestinal tract in germ-free. mice on the expression of 

GPR109A, SLC5A8, SGLT1, and FIAF was explored. Germ-free mice were 

maintained in the Medical College of Georgia animal facility under conventional 

conditions for different time periods, and then the expression of these genes was 

evaluated. The changes observed in germ-free mice in terms of expression of the 

four genes were completely reversed when these mice were maintained under 

conventional conditions for 3-4 weeks (Figure 13 A, B). The.re was no difference 
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Figure 13. RT-PCR analysis for levels of mRNA for SLC5AB, GPR109A, 

SGLT1, and FIAF in the colon and ileum of conventional (control) mice, 

germ-free mice, and germ-free mice whose intestinal tract was colonized by 

maintenance of the mice under conventional conditions (re-colonization). 

For recolonization of germ-free mice with. bacteria, age-matched conventional 

and germ-free mice were kept at the Medical College of Georgia animal facility 

under conventional conditions for. varying time periods (0-4 weeks). During this 

time, the animals had access ad libitum to tap water and regular unsterilized 

food. A.) Representative RT-PCR data. B.) Quantification of RT-PCR products. 

The data represent the mean ± SEM. Statistical analysis: One-way-ANO VA: 

a) p < 0.0001 for control versus germ-free; b) not significant (p > 0.05) for control 

versus re-colonized for 2-4 weeks; c) p < 0.0001 for germ-free versus 
\ 

re-colonized for 2-4 days. 
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Figure 14. Northern Blot Analysis. RNA prepared from normal mouse and 

germ-free mouse ileum and colon was used with [a-32PJ dCTP cDNA probe to 

detect GPR109A mRNA expression. 
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in mRNA levels for all four genes between conventional mice and germ-free mice 

that had been kept under conventional conditions for 2-4 weeks to colonize the 

intestinal tract (p > 0.05). The reversal of the changes was evident within as early 

as 3-4 days of conventionalization of the germ-free mice. 

The protein levels for GPR109A, SLC5A8, and SGL T1 in conventional, 

germ-free, and re-colonized mouse intestinal tract (Figure 15) was also 

monitored. All three proteins were expressed· predominantly on the lumen-facing 

apical membrane of the ilea! and colonic epithelial cells in conventional mice. The 

expression levels were drastically reduced in germ-free mice. These changes 

induced by the absence of gut bacteria were reversed when the intestinal tract of 

germfree mice was re-colonized. The reversal of the changes was clearly evident 

within one week of conventionalization of the germ-free mice. Even though 

immunohistochemical analysis is·' hbla suitable for absolute quantification of the 

protein levels, using identical camera settings to obtain the images,· the signal 

intensities for SLC5A8 and GPR 109A in Figure 13 seem to indicate that re

colonization of_ the intestinal tract. increases the expression of these two proteins 

in germ-free mice to levels comparable to those found in conventional mice. 

These data show that the presence of bacteria in the intestinal tract controls the 

levels of GPR109A and SLC5A8 mRNA and protein not only in the colon but also 

in the ileum. 

We also compared the intestinal tracts of conventional and germ-free mice 

evaluating their gross appearance (Figure 16). It is known that germ-free mice 

have striking abnormalities in ·their gut microbiota that interfere with normal 
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Figure 15. Levels of SLC5AB, GPR109A, and SGLT1 proteins and their 

localization in the colon and ileum of conventional mice, germ-free mice, 

and germ-free mice whose intestinal tract was colonized by maintenance of 

the mice under conventional conditions (re-colonization). Hoechst 33342 

was used as a nuclear stain. The same animals described in Figure 13 were 

used here ·as the source of tissue sections for immunohistochemical analysis. 



Green: SLC5A8 
Red: GPR109A 
Blue: Nuclei 

Red: SGLT1 
Blue: Nuclei 

76 

Recolonization of Germ Free Mice (RC) 
1.0 wk 2.0 wk 3.0 wk 4.0 wk 

Colon 

Ileum 

Colon 

Ileum 

Control Germ Free 4.0 wk (RC) 

Colon 

Ileum 

Figure 15 



77 

Figure 16. Photograph of the intestinal tract of conventional, germ-free, 

and re-colonized germ-free mice. Intestinal tract was dissected from 

conventional, germ-free, and re-colonized germ-free mice and ~ photograph was 

taken for macroscopic comparison. 
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histologic development of the intestinal epithelium and which bring about a gross 

enlargement of the cecum (Schaedler et al, 1965). These abnormalities are 

rapidly corrected when germ-free animals are associated with some components 

of the normal GI flora. Here one can see by gross appearance that the cecum of 

the germ-free mice is markedly enlarged when compared to the conventional 

(Figure 16A). And as reported in the literature, the cecum size returns to that of 

the conventional mice when germ-free mice are colonized with conventional 

bacteria (Figure 168). 

It is known already that the expression of genes in the ileum is altered 

markedly in , germ-free mice compared to mice raised under conventional 

conditions (Hooper et al, 2001; Hooper et al, 2003). To determine whether this is 

also true in the colon, the gene expression pattern in the colon· of conventional 

mice, germ-free mice, and germ-free mice that were maintained under· 

conventional conditions for 4 weeks to promote bacterial colonization of the 

previously germ-free intestinal tract was analyzed. DNA microarray analysis 

indicated that ~ 700 genes were affected (increased or decreased) by more than 

2-fold in colon from germ-free mice compared to colon from conventional mice 

(Figure 17). These changes were reversed when the colon was re-colonized. 

Included among the genes that were upregulated in germ-free mouse colon 

compared to conventional mouse colon were those associated with cell cycle 

regulation and oncogenic signaling (e.g., cyclin D1, Cdk4, protein arginine N

methyltransferase 1, hepatoma-derived growth factor, guanine nucleotide 

exchange factor 2, eukaryotic translation initiation factor 4E binding protein 1, 
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Figure 17. DNA microarray analysis of gene expression in the colon and 

ileum from age-matched conventional mice, germ-free mice (GF), germ-free 

mice whose intestinal tract was colonized by maintaining the mice for 

4 weeks under conventional conditions (re-colonization, RC). The data are 

from two independent microarray experiments with two separate animals in each 

group. Expression levels of genes in germ-free mice were compared with those 

in conventional mice whereas expression levels of genes in re-colonized mice 

were compared with those in germ-free mice. Green signal means 

downregulation of gene expression and red signal means upregulation of gene 

expression. 
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Table 3: Up-regulation of Select Genes with known Function in Germ Free Mice Colon 
and Intestine 

Accession Gene Name Gene Function Fold Fold 
Number ~hange Change 

Colon Intestine 
Cell Growth 
Maintenance and 
Oncogenic 
Signaling 
NM_013749 Tumor necrosis factor Cell growth and/or 15 30 

receptor superfamily, maintenance 
member 12a 
(Tnfrsf 12a) 

NM_007631 Cyclin D1 (Ccnd1) G1 to S transition and 9 5 
mRNA oncogenic signaling 

NM_007918 Eukaryotic translation mTOR Signaling 8 7 
initiation factor 4E pathway 
binding protein 1 
(Eif4ebp1) 

NM_024213 Anaphase promoting Cell cycle progression. 7 6 
complex subunit 4 
(Anapc4) 

NM_008722 Nucleophosmin 1 Oncogenic signaling/ c- 7 5 
(Npm1), mRNA myc target 

NM_019830 Protein arginine N- Cell cycle regulation by 7 4 
methyltransferase 1 methyltransferases 
(Prmt1) 

NM_009465 AXL receptor tyrosine Oncogene and cell 5 11 
kinase (Axl) growth maintenance 

NM_009870 Cyclin dependent G 1 to S transition and 5 5 
kinase 4 (Cdk4) oncogenic signaling 

NM_008512 Low density Lipoprotein metabolism 4 3 
lipoprotein receptor- and oncogenic 
related protein signaling 
protein 1 (Lrp1) 

NM_027295 RAB28, member Oncogene and cell 4 2 
RAS oncogene family growth maintenance 
(Rab28), mRNA 

NM_008231 Hepatoma-derived Oncogenic signaling 2 4 
growth factor (Hdgf), 
mRNA 

Transporters 
NM_011404 Solute carrier family Transport system for 6 7 

7, member 5 (Slc7a5) arginine 
NM_008577 Solute carrier family 3 Cell spreading, 3 N.S. 

member 2 (Slc3a2) migration and 
proliferation 
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Accession Gene Name Gene Function Fold Fold 
Number Change Change 

Colon Intestine 
Metabolism, 
Development and 
Transcriptional 
Regulation 
NM_008630 Metallothionein 2 Protection against . 9 12 

(Mt2) oxidative damaQe 
NM_008495 ' Lectin, galactose Sugar binding protein 7 15 

binding, soluble 1 
(Lgals1) 

NM_010699 Lactate catalyzes final step of 7 N.S. 
dehydrogenase A anaerobic glycolysis 
(LDHA) 

NM_011653 Tubulin, alpha 1A Microtubule formation 5 7 
(Tuba 1a) 

Signal 
Transduction 
NM_011158 Protein kinase, cAMP Role in mitosis and 4 5 

dependent chromosome dynamics 
regulatory, type II 
beta (Prkar2b) 

NM_011898 Sprouty homolog 4 Jak-STAT signaling 3 3 
(Spry4) pathway 

NM_008913 Protein phosphatase BCR signaling pathway 3 3 
3, catalytic subunit, 
alpha isoform 
(Poo3ca) 

N.S. = not significant 
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Table 4 Down-regulation of Select Genes with known Function in Germ Free Mice 
Colon and Intestine 

Accession Gene Name Gene Function Fold Fold 
Number Change Change 

Colon Intestine 
Transporters 
NM_017474 Chloride channel Prevention of 17 11 

calcium activated intestinal mucosa 
(Clca3) based lesions 

NM_177296 Transportin 3 Protein transport 8 31 
(Tnpo3) 

NM_009700 Aquaporin 4 (Aqp4) Membrane water 7 2 
transport and water 
homeostasis 

NM_021353 Solute carrier family Transporter and 3 5 
26, member 3 tumor suppressor 
(Slc26a3) DRA 

NM_145423 Solute carrier family Butyrate and 3 4 
5, member 8 pyruvate transporter 
(Slc5a8) and tumor 

suppressor 
Defense 
Response 
XM_001474025 lmmunoglobulin Immune 84 95 

heavy chain (lgh- development 
VJ558) 

NG_005612 lgVk8-31 (IGKV8-31) lmmunoglobulin 65 112 
reQulation 

NM_152839 lmmunoglobulin 8 cell development 61 95 
ioininQ chain (IQi) 

NG_005612 lmmunoglobulin B cell development 60 142 
kappa chain (lgk-
V23) 

NG_005838 lmmunoglobulin B cell development 60 77 
heavy chain complex 
(IQh-6) 

NM_177544 Angiogenin (Ang4) Endogenous 37 6 
antimicrobial protein 

X89106 lmmunoglobulin Natural killer cell 18 49 
heavy chain complex mediated 
(IQh) cvtotoxicitv 

AY186205 Anti-human Protection against 17 6 
melanoma melanoma 
immunoglobulin light 
chain (HB8760) 

NM_028105 AarF domain Immune 15 29 
containing kinase 1 development 
(Adck1) 

NM_013706 CD52 antigen (cd52) Immune. 8 18 
development 
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Accession Gene Name Gene Function Fold Fold 
Number Change Change 

Colo.n Intestine 
Metabolism, 
Development and 
Transcriptional 
Regulation 
NM_011463 Serine peptidase Endopeptidase 8 7 

inhibitor, Kazal type inhibitor activity 
4 (Spink4) 

NM_001082531 Phospholipase A2_, Alpha-linolenic acid 5 21 
group IIA (Plag2a) and arachidonic 

acid metabolism 
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Rab 28, and LOL-receptor related protein 1 ), amino acid transport (e.g., the 

neutral amino acid transporter LAT1 and its heterodimeric partner 4F2hc), 

development (e.g., galactose-binding lectin, metallothionein 2, and a1A tubulin), 

and signal transduction (e.g., protein phosphatases, PAK1 interacting protein 1, 

cAMP-dependent regulatory protein kinase type 11(3, and Sprouty homolog 4) 

(Table 3). Lactate dehydrogenase A, which is normally upregulated in tumor cells 

(Ganapathy et al, 2009), was also among the genes that were upregulated in 

germ-free mouse colon. Most notable among the genes that were downregulated 

in germ-free mouse colon compared to conventional mouse colon were those 

involved in immune development and antimicrobial defense (Table 4). Some of 

these genes were downregulated more than 20-fold. This included 

immunoglobulins, angiogenin 4 (a Paneth cell protein with bactericidal activity), 

and C052 and the protein kinase Adck1 that are related to the development of 

the immune system. There were also several transporters among the 

downregulated genes including the butyrate transporter SLC5A8, chloride

bicarbonate exchanger SLC26A3 (also known as ORA), calcium-activated 

chloride channel, and aquaporin 4 (AQP4). Similarly, certain metabolic enzymes 

or enzyme modulators were also downregulated (e.g., group IIA phospholipase 

A2 and serine peptidase inhibitor). 

AQP4 is responsible for water reabsorption in the gut, especially in the 

colon. ORA is an anion exchanger. It mediates chloride/bicarbonate exchange 

and plays an important role in electrolyte absorption in the intestinal tract. We 

found it very interesting and clinically relevant that the expression of aquaporin 4 
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and ORA was markedly downregulated in germ-free mouse intestinal tract (ileum 

and colon) compared to conventional mouse intestinal tract. This may suggest 

that the conventional bacteria in the intestinal tract play an active role in the 

control of water and electrolyte absorption. Becaus.e of the physiological and 

clinical significance of these findings, we wanted to confirm the microarray data 

by RT-PCR. These studies showed that the steady-state levels of ORA mRNA 

and AQP4 mRNA were decreased markedly in the colon and ileum in germ-free 

mice compared to conventional mice (Figure 18 A and B). For ORA, the 

decrease in expression. levels in germ-free mice compared to conventional mice 

was 55% in the colon (p < 0.0001 ). The corresponding value for AQP4 was 85% 

in the colon (p < 0.0001 ). These data corroborate the microarray data. The 

changes in the expression of AQP4 were much more pronounced in the colon 

than. in the ileum. The changes in· the expression of ORA and AQP4 were 

however reversed completely, both in the ileum and colon, when· the intestinal 

tract of germ-free mice was re-colonized. The reversal was evident within as 

early as 3-4 days of conventionalization of germ-free mice. There was no 

difference in the mRNA levels of AQP4 and ORA between conventional mice and 

germ-free mice that had been kept under conventional conditions for 2-4 weeks 

to colonize the intestinal tract (p > 0.05). 

The protein expression levels of AQP4 in. conventional mice, germ-free 

mice, and germ-free mice that were re-colonized by maintenance under 

conventional conditions was also monitored (Figure 18C). AQP4 protein was 

expressed in the apical as well as the basolateral membrane of ileal and colonic 
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Figure 18. RT-PCR analysis for levels of mRNA for DRA and AQP4, and 

expression of AQP4 protein in the colon and ileum of conventional mice, 

germ-free mice, and germ-free mice whose intestinal tract was colonized by 

maintenance of the mice under conventional conditions (re-colonization). 

The same animals described in Figure 13 were used here as the source of RNA 

for RT-PCR and tissue sections for immunohistochemical analysis. 

A.) Representative RT-PCR data. B.) Quantification of RT-PCR products . . The 

data represent the mean ± SEM. Statistical analysis: One-way-ANOVA: 

a) p < 0.0001 for control versus germ-free; b) not significant (p > 0.05) for control 

versus re-colonized for 2-4 days; c) p < 0.0001 for germ-free versus re-colonized 

for 2-4 weeks. C.) lmmunofluorescent detection of AQP4 protein. Hoechst 33342 

was used as a nuclear stain. 
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Figure 19. RT-PCR analysis for levels of mRNA for NHE3 and CFTR in the 

ileum and colon of conventional mice, germ-free mice, and germ-free mice 

whose intestinal tract was colonized by maintenance of the mice under 

conventional conditions (re-colonization). The same animals described in 

Figure 13 were used here as the source of RNA for RT-PCR. A.) Representative 

RT-PCR data. B.) Quantification of RT-PCR products. The data represent the 

mean ± SEM. Statistical analysis: One-way-ANOV A: a = control vs. GF; 

b = control vs. RC 2-4 weeks; c = GF vs. RC 2-4 weeks. NHE3 mRNA in Colon, 

a: p=0.004; b: p> 0.05; and c: p = 0.004. NHE3 mRNA in Ileum, a: p<0.0001; 

b: p>0. 05; and c: p=0. 001. CFTR mRNA in Colon, a: p=0. 008; b: p > 0. 05; 

and c: p = 0.056. CFTR mRNA in ileum, a: p = 0.09; b: p > 0.05; c: p= 0.005. 
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epithelial cells in conventional mice. The expression levels decreased in germ

free mice, but the expression reverted back to normal levels in germ-free mice 

that were re-colonized. 

Co-ordination between the two exchangers, ORA and NHE3, at the 

functional level brings about a net intestinal absorption of Na+ and er, and a net 

secretion of HCO3- . Secretion of er occurs primarily in the crypt cells of the 

small intestine and large intestine mediated by a er channel (CFTR). We were 

interested in whether changes in the mRNA expression of NHE3 and CFTR 

occur between conventional and germ-free mice ileum and colon. The same 

animals described in Figure 13 were used here as the source of RNA for RT

PCR. These studies showed that the steady-state levels of NHE3 mRNA were 

decreased markedly in the colon and ileum in germ-free mice compared to 

conventional mice (Figure 19 A and. B). For NHE3, the decrease in expression 

levels in germ-free mice compared to conventional mice was 60% in the colon 

(p=0. 004) and 73% in the ileum (p < 0.0001 ). There was no difference in the 

colon mRNA levels of NHE3 between conventional mice and germ-free mice that 

had been kept under co.nventional conditions for 2-4 weeks to colonize the 

intestinal tract (p > 0.05). The changes in the expression of NHE3 was reversed 

completely, both in the ileum (p·=0.001) and colon (p=0.004), when the intestinal 

tract of germ-frije mice was re-colonized. For CFTR, a 70% decrease in mRNA 

levels in the colon were found between conventional and germ-free mice which 

was statistically significant (p=0.008). However, while there was a decrease in 

CFTR mRNA between conventional and germ-free mouse ileum, it was not 
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significant _{p>0.05). The CFTR mRNA expression in the colon and ileum of 

germ-free mice that were re-colonized was greater than that found in the germ

free mice and this difference was significant in the ileum (p=0.005), but not in the 

colon (p = 0.056). There was no statistically significant difference in the CFTR 

mRNA expression between the conventional and re-colonized germ-free mouse 

colon and ileum (p > 0.05). 

Aim 3: Investigate the physiologic functions of GPR109A in intestinal and 

colonic epithelial cells. 

The role of GPR109A in cell signaling. 

Our recent discovery that GPR109A is expressed in the brush border 

membrane of the small intestine and colon raises the possibility that butyrate also 

has its effects on the intestinal and colonic epithelial cells by acting 
,. 

extracellularly. Butyrate present in the colonic lumen could then directly activate 

GPR 109A because the brush border membrane is in direct contact with the 

luminal contents. To assess whether activation of GPR109A by nicotinic acid or 

butyrate induces Gi-mediated signaling events, we measured the dissociation of 

the G-protein heterotrimers using bioluminescence resonance energy transfer 

(BRET) as the readout as previously described (Hollins B et al, 2009). The G

protein heterotrimer (Ga~v) dissociates into Ga and G~y subunits once the GPCR 

is activated. It has been shown that rapid G protein signaling can occur between 

freely-diffusing G~y dimers and the c- terminus of GPCR kinase 3 (GRK3ct) 
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fusion proteins (Hollins B et al, 2009). Here we measured steady-state agonist 

sensitivity using nicotinate concentrations ranging from 10-3 to 103 µM, butyrate 

concentrations ranging from 10-2 to 102 mM, and acifran concentrations ranging 

from 10-2 to 103 µM in HEK293 cells with ectopic expression of GPR109A. As a 

means of demonst~ating GPR109A involvement of these signals, parallel 

experiments were. performed in HEK293 cells lacking ectopic expression of 

GPR109A, as well as with or without the addition of pertussis toxin (100 ng/ml). 

We also wanted to determine which Gia subunit was associated with GPR 109A; 

so parallel experiments testing Gia1, Gia2, and Gia3 were done. Fitting the 

concentration-response data to the Hill equation derived ECso values of 1.55 µM, 

6.01 mM, and 2.08 µM for nicotinate, butyrate and acifran, respectively (Figure 

20). The signals for all three GPR109A agonists were blocked by antagonist 

pertussis· toxin (PTX). No signal was detected when GPR109A ·was not 

ectopically expressed (Figure 20A). Additionally, signals were only detected in 

the presence of Gia1 subunit (Figure 200). 

The anti-lipolytic effect of a pharmacological dose of niacin has been 

shown to involve the activation of GPR109A by niacin in adipo,cytes (Soga et al, 

2003; Wise et al, 2003; Tunaru et al, 2003). The activation of the receptor is 

associated with a decrease in the generation of cAMP through Gi-protein

mediated inhibition of adenylyl cyclase. Maximal lipid-lowering effects of niacin 

can be seen at plasma concentrations of 4-16 µM (Tunaru et al, 2003). 

Therefore niacin is not likely to be the physiologic ligand of GPR109A due to low 

serum concentrations of 100-400 nM (Tunaru et al, 2003). We wanted to 
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Figure 20. Bioluminescence resonance energy transfer assay (BRET) to 

determine the effect of GPR109A ligand treatment. The BRET ratio was 

measured after the addition of increasing concentrations of GPR109A ligands in 

HEK293 cells expressing .:!: unlabeled GPR109A; .:!: unlabeled Ga;1, Ga;2, or Ga;3 

wild-type pertussis toxin _sen_sitive subunits; venus-G{31, venus-Gy2, and 

masGRKc-Rluc8; and when indicated .:!: pertussis toxin (100 nglmL). The data 

represent the mean ± SEM. Data were analyzed using the Hill four-parametric 

logistic equation (Sigma Plot, 8.0) to determine the EC5o values. 

A.) .:!: GPR109A, .:!: PTX and Ga;1 subunit and nicotinic acid (10-3 to 103 µM; 

EC50= 1.55 µM). B.) GPR109A, ± PTX and Ga;1 subunit and sodium butyrate (10-2 

to 1a2 mM; ECso=6.01 mM). C.) GPR109A,· .:!: PTX and Ga;1 subunit and acifran 

(10-2 to 103 µM; ECso=2. 08 µM). D.) GPR109A and ± Ga;1, Ga;2, or Ga;3 subunits 

and nicotinic acid (10-3 to 103 µM). 
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Figure 21. cAMP levels in CCDB41 cells. CCD841 cells, a normal colon cell 

line, were treated with or without nicotinic acid or sodium butyrate. Forskolin was 

used to induce cAMP levels. Treatments were for 1 hour. GPR109A ligands 

decreased intracellular cAMP levels that were induced by co-treatments with 

forskolin in CCD841 cells. A.) Standard curve. B.) Results of intracellular cAMP 

levels in treatment groups. FSK, forskolin (10 µM); NA, nicotinic acid (1 mM); 

butyrate, sodium butyrate (1 mM). The data represent the mean ± SEM. 

· Statistical analysis: Student t-test: a = control vs. FSK only (p = 0. 002); 

b = control vs. FSK + NA and control + NA vs. FSK + NA (NS, p > 0. 05); 

c = control + NA vs. FSK and control + butyrate vs. FSK (p = . 03); 

d = control vs. FSK + butyrate and control + butyrate vs. FSK + butyrate 

(p= 0.08). 
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determine if GPR 109A in colonic cells could exhibit this same effect since 

butyrate is present in the -colon at levels that should activate the receptor. 

CCD841. cells stably expressing GPR109A were treated with nicotinic acid 

(1 mM), butyrate (1 mM) and forskolin (10 µM) for 1 hour. Cells were then 

harvested and intracellular cAMP was measured using an enzyme immunoassay 

kit. Both nicotinic acid and butyrate inhibited forskolin-stimulated intracellular 

cAMP accumulation in CCD841 cells (Figure 21 ). These data demonstrate that 

GPR109A is an endogenous receptor for nicotinic acid and butyrate involving 

Gai-activation. 

Role of GPR109A in the tumor-suppressive effects of butyrate. 

Previous work in the lab has shown that the expression of the receptor 

GPR109A mRNA is silenced in colon cancer (Thangaraju et al, 2009). This was 

shown in human tissue samples as well as human colonic cell lines (Thangaraju 

et al, 2009). Additionally, GPR109A mRNA expression levels decreased in 

tumor-bearing regions of colon and intestine from ApcMint+ mouse (Thangaraju et 

al, 2009). It was also demonstrated that DNA methylation is involved in the 
\ 

silencing of the gene in cancer cells with DNMT1 mediating the silencing of 

GPR109A in colon cancer cell lines (Thangaraju et al, 2009). 

To determine whether GPR109A has any role in the tumor-suppressive 

actions of butyrate, we selected CCD841 cells and KM 12L4 cells as 

representatives of a normal colon cell line and a colon cancer cell line, 

respectively. CCD841 cells constitutively express the receptor. Exposure of 
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these cells to GPR109A ligands butyrate or nicotinate did not have any effect on 

these cells (Figure 22A). This was true even when the receptor was 

overexpressed by transfection with an expression vector. KM 12L4 cells, being a 

cancer cell line, do not express the receptor. Accordingly, exposure of these 

cells to the receptor ligands butyrate or nicotine did not have any effect (Figure 

22B). However, when the receptor was expressed ectopically, exposure of the 

cells to butyrate or nicotinate induced apoptosis (Figure 22B). The 

GPR 109A/nicotinate-induced apoptosis in KM 12L4 cells was associated with 

· activation of caspases (Fig 22C); In addition, the expression of various anti

apoptotic genes (Bcl-2, Bcl-W, Bcl-xL, and Bf/-1) was decreased and that of 

various pro-apoptotic genes (FAS-L, FAS-R, FADD, and TNF-R1) was increased 

in association with GPR109Alnicotinate-induced ~poptosis (Figure 23). 

Furthermore, the expression of cyclin D1 '.was decreased and the expression of 

PTEN, PPARy, and Foxo3A was increased with GPR 109A/nicotinate. Another 

interesting finding was the subunit switching for phosphatidylinositol 3-kinase in 

association with GPR 109A/nicotinate induced apoptosis. The expression of 

p55a was increased whereas the expression of p85a was decreased. Buty.rate 

can diffuse into mammalian cells to some extent whereas nicotinate cannot. 

Therefore to eliminate any potential confusion in the interpretation of the data, 

nicotinate rather than butyrate was used as the receptor ligand in these 

experiments. 
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Figure 22. Induction of apoptosis in colon cancer cells by GPR109A 

ligands. A.) The normal colon cell line CCD841 was transfected with vector or 

human GPR109A cDNA, and then treated with or without nicotinate (1 mmol/L) 

or butyrate (5 mmol/L) for 48 h. Cells were then used for analysis of apoptosis 

by FAGS. The data represent the mean ± SEM. B.) The colon cancer cell line 

KM12L4 was transfected with vector or human GPR109A cDNA," and then 

treated with or without nicotinate (1 mmol/L) or butyrate (5 mmol/L) for 48 h. 

Cells were then used for a_nalysis of apoptosis by FAGS. The data represent the 

mean ± SEM. C.) The cell lysates from the experiments described in A and B 

were used to monitor caspase activation by Western blot with antibodies specific 

for cleaved fragments of caspa-ses. 
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Figure 23. Expression of various pro- and anti-apoptotic genes in 

association with cell death caused in colon cancer cells by GPR109A 

activation. KM12L4 cells (a human colon cancer cell line) were transfected with 

either vector alone or human GPR109A cDNA. Twenty four hours later, the cells 

were treated with or without nicotinate (1 mM) for an additional 24 h. RNA was 

then isolated and used for RT-PCR with gene specific primers. A.) Apoptosis 

related genes. B.) Death receptor related genes. C.) Cell cycle related genes. 
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Noninvo/vement of HOAG inhibition in cancer cell apoptosis induced by 

GPR109A activation. 

Butyrate is a known inhibitor of HDAC. Previously shown by our lab is that 

buty~ate induces apoptosis in colon cancer cell lines if the butyrate transporter, 

SLC5A8, is expressed in the cells and that the process involves inhibition of 

HDACs (Thangaraju et al, 2008). Shown here is that butyrate induces apoptosis 

in cancer cells by activation of, GPR 109A on the cell surface. To determine 

whether the apoptosis induced in colon cancer cells by GPR109A activation 

involved HDAC inhibition, we measured HDAC activity in CCD841 and KM12L4 

cells under various experimental conditions (Figure 24). HDAC activity was 

significantly lower in CCD841 cells than in KM12L4 cells, showing that cancer 

cells have higher HDAC activity. The levels of HDAC activity did not change in 

CCD841 cells irrespective of whether or not GPR 109A was expressed ectopically 

in these cells or whether or not these cells were exposed to nicotinate (Figure 

24A). The same was true in KM12L4 cells. Importantly, there was no change in 

HDAC activity in these cells, even after transfection with a GPR 109A expression 

vector followed by treatment with nicotinate (Figure 248). However, apoptosis 

was induced in these cells under these conditions. These HDAC activity data 

were confirmed by monitoring the acetylation status of histone H3, histone H4, 

histone H4-Lys 12 and histone H4-Lys 16 (Figure 24C). 
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Figure 24. Non-involvement of HDAC inhibition in association with cell 

death caused in colon cancer cells by GPR109A activation. A.) CC0841 

cells ( a normal colon cell line) were transfected with either vector alone or 

GPR109A cONA. Twenty four hours later, the cells were treated with or without 

nicotinate (1 mM) for an additional 24 h. Cell lysates were then used for 

measurement of HOAG activity. The data represent the mean ± SEM. 

B.) KM12L4 cells (a colon cancer cell line) were transfected with either vector 

alone or GPR109A cONA. Twenty four hours later, the cells were treated with or 

without nicotinate (1 mM) for an additional 24 h. Cell lysates were then used for 

measurement of HOAG activity. The data represent the mean ± SEM. · 

C.) Cell lysates from the experiments described in A and B were used for 

Western blot to monitor the acetylation status of histone H3, histone H4, histone 

H4-Lys12
, and histone H4-Lys16

. 
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Blockade of NF- KB by GPR109A ligands in colon. 

Normal colonic epithelium expresses the toll-like receptor TLR4, which 

functions as a receptor for bacterial lipopolysaccharide (LPS) (Gay and Gangloff, 

2007). Intriguingly, there is no undue inflammation of the colonic epithelium 

under normal conditions in the presence of bacteria in the colon. LPS is known 

to activate NF-KB· signaling through TLR4. Because NF-KB is proinflammatory 

and protumorigenic, we investigated the relevance of GPR109A and butyrate to 

LPS-induced NF-KB activation in colon cells. The normal colon cell line CCD841 

constitutively expressed GPR 109A and TLR4 (Figure 25A). When transfected 

with a NF-KB-luciferase reporter, the expression of luciferase in these cells was 

induced by LPS treatment, but pretreatment with butyrate completely abolished 

this induction (Figure 25A). This effect was reproduced with nicotinate and 

acifran, two other ligands of GPR109A (Figure 25A). The colon cancer cell line 

KM12L4 expressed TLR4 (Figure 25A), but not GPR109A. LPS induced 

luciferase expression in these cells after transfection with the reporter, but 

GPR109A ligands had no effect on this induction (Figure 258). This was 

expected because of the absence of GPR109A. However, with ectopic 

expression of GPR109A, the induction of luciferase by LPS in this eel.I line was 

significantly blocked by GPR 109A ligands (p<0.001) (Figure 258). These results 

were corroborated by studies with HCT116 cells, which did not express 

GPR109A, and DNMTr1
- isogenic HCT116 cells, which e·xpress the receptor 

(Figure 25C). To determine whether these findings are reproducible· in normal 

colon, we used colon tissues from a transgenic mouse that carries 
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NF-KB-luciferase reporter gene under the control of ~-actin promoter. Because 

normal colon constitutively expresses GPR109A, we directly tested the effects of 

GPR109.A ligands on LPS-induced activation of NF-KB reporter in these tissues. 

Butyrate and other GPR 109A ligands were able to block LPS-induced activation 

of NF-KB in normal colon (Figure 25D). Interestingly, activation of GPR109A in 

normal colon blocked not only LPS-induced activation of NF-KB but also the 

basal activity of NF-KB. 
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Figure 25. Blockade of LPS-induced NF-KB activation by GPR109A in the 

normal colon cell line CCD841 and in the colon cancer cell lines KM12L4 

and HCT116.~ A.) CCD841 cells were first transfected with a NF-KB-luciferase 

reporter construct. Twenty-:four hours later, · cells were treated with 

LPS (100 nglmL) for 4 h with or without pretreatment with butyrate 

(But; 5 mmol/L), nicotinate (Nie; t mmol/L), or acifran (Aci; 0. 25 mmol/L) for 4 h. 

The ligands were present for an apditional 4 h during treatment with LPS. LPS

induced activation of NF-KB was monitored by measuring the activity of luciferase 

as a reporter. UT; no treatment with GPR109A ligands. The data represent the 

mean ± SEM: B.) KM12L4 cells were transfected with a NF- KB-luciferase 

reporter together with either vector or GPR109A cDNA. Twenty-four hours later, 

cells were treated with LPS (100 nglrriL) for 4 h with or without pretreatment with 

. . .• . .•. .,., I· • .. 

butyrate (5 mmol/L), nicotinate (1 mmol/L), and acifran (0. 25 mmol/L) for 4 h. In 

addition to the pretreatment, the ligands were present also during LPS treatment. 

LPS-induced activation of NF-KB was monitored by measuring the activity of 

luciferase as a reporter. The data represent the mean ± SEM. C.) HCT116 cells 

(DNMT1+I+ and DNMT1-1-) were transfected with a NF-KB-luciferase reporter 

construct. Twenty-four hours later, cells were treated with LPS (100 nglmL) for 

4 h with or without pretreatment with butyrate (5 mmol/L), nicotinate (1 mmol/L) 

or acifran (0. 25 · mmol/L) for 4 h. The ligands were present also during LPS 

treatment. LPS-induced activation of NF-KB was monitored by measuring the 

activity of luciferase. The data represent the mean± SEM. D.) Blockade of LPS

induced activation of NF-KB by GPR109A ligands in normal colon. Colon tissue 
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was collected from the transgenic mouse carrying the NF-KB-luciferase reporter 

construct under the control of {3-actin promoter. The tissue was opened 

longitudinally to expose th.e mucosa/ cell layer and then cut into small pieces 

(~10 mg wet weight). These pieces·'!'-'ere pretreated with or without butyrate 

(5 mM) or nicotinate (250 µM) for 4 h, and then exposed to LPS (100 nglmL) 

for 4 h. Butyrate and nicotinate were present during LPS treatment. The tissues 

were then homogenized and the /ysates used for measurement of luciferase 

activity. The data represent the mean ± SEM. 
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DISCUSSION 

My hypothesis predicted that the bacterial fermentation product butyrate, 

produced from undigested dietary polysaccharides by the normal colonic 

microbiota, is a ligand for GPR109A and plays an active role in epithelial biology 

and function in the intestinal tract. Additionally it was predicted that the normal 

colonic microbiota promote intestinal and -colonic health, and GPR109A provides 

a link between the gut flora and coloni_c/intestinal health. To test this hypothesis, 

three different specific aims were proposed. The first aim studied the expression 

and subcellular localization o.f GPR109A in intestinal epithelial cells in mice and 
i' ~- ' ; 

humans. The data obtained from"Aim 1 provided three important findings. The 

first was that GPR 109A is expressed in intestinal and colonic epithelial cells in 

mice and humans and that the expression becomes more robust in the distal gut. 

The second was that GPR 109A is expressed in the _apical membrane of intestinal 

and colonic epithelial cells. T~e third was that butyrate is a ligand for GPR 109A. 

These findings are relevant to intestinal microbiota biology and health. 

Gut bacteria play a critical role in the maintenance of colonic health, but the 

molecular mechanisms involved in the process are not well understood. A 

considerable focus has been given to the SCFAs, the products of bacterial 

fermentation of dietary fiber, as the potential mediators of the communication 

between gut microbiota and the host (Topping et al, 2001; Mortensen et al, 1996; 

113 
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Manning et al, 2004; Wong et al, 2006; Sellin et al, 1999; Roy et al, 2006; 

Bordonaro et al, 2008). Epidemiologic studies indicate that a high fiber diet is 

linked to a decreased risk of colon cancer and inflammatory bowel disease 

(World Cancer Research Fund and American Institute for Cancer Research, 
' 

1997). SCFAs provide metabolic fuel to the colonic/intestinal epithelium, 

modulate intracellular pH, cell volume and other functions associated with ion 

transport, and regulate colonic/intestinal cell proliferation, differentiation and gene 

expression (Topping et al, 2001; Mortensen et al, 1996; Wong et al, 2006). In 

particular, butyrate has been shown to contribute to the differentiation of 

epithelial cells, enhancement of electrolyte and vyater absorption, promotion of 

angiogenesis, and modulation of the immune function (Sellin_ et al, 1999; Roy et 

al, 2006; Bordonaro et al, 2008). Butyrate induces differentiation in normal 

intestinal and colonic epithelial cells'· but causes/' apoptosis in colon cancer cells 

(Topping et al, 2001; Mortensen et al, 1996; Manning et al, 2004; Wong et al, 

2006). Butyrate is also unique in that it is an inhibitor of HDACs (Marks et al, 

2001; and Drummond DC et al, 2005). It is therefore widely accepted that this 

bacterial metabolite has the ability to influence gene expression in the colon 

through HDAC inhibition. However1 for the luminally produced butyrate to have its 

effect on the intracellular HDACs in the colonic epithelium, it has to enter the 

cells first to gain access to its target. SLC5A8 is a Na+-coupled transporter for 

butyrate that is expressed in the lumen-facing apical membrane of colonic 

epithelial cells. The transport function of SLC5A8 also provides the molecular 

basis for the tumor-suppressive role of the transporter. The beneficial effects of 
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dietary fiber in terms of prevention of colon cancer are primarily due to its 

butyrate-forming capabilities (Wong et al, 2006). These findings suggest that 

butyrate-dependent alterations in gene expression in colonocytes via modulation 

of the acetylation status of histones and non-histone proteins may underlie the 

tumor-suppressive function of this fatty acid.· Indeed, our recent studies have 

shown that ectopic expression of SLC5A8 in colon cancer. cells facilitates the 

entry of butyrate int9 cells with subsequent inhibition of HDACs, leading to 

apoptosis (Thangaraju et al, 2008). 

SLC5A8 is not the only mediator of the biologic effects of butyrate in the 

colon. We believe this bacterial metabolite also elicits its effects on colonic 

epithelial cells via the G-protein-coupled receptor GPR 109A. GPR 109A was 'first 

identified as a receptor that is induced by IFN-y in macrophages, and thus 

named PUMA-G (Protein Up-regula'ted in MAcrophages by IFN-Gamma) 

(Schaub et al, 2001 ). Two independent groups of investigators, while searching 

for the mechanism underlying the lipid-lowering effects of nicotinate (niacin), 

discovered that nicotinate elicits its anti-lipolytic effect in adipocytes by activation 

of GPR109A/PUMA-G with subsequent inhibition of adenylyl cyclase (Wise et al, 

2003; Tunaru et al, 2003). Taggert et al (2005) recently identified ~-D

hydroxybutyrate (the major ketone body in circulation) as one of the physiologic 

agonists for GPR109A. In the same study, acetate and propionate showed no 

effect, but butyrate displayed significant interaction with GPR109A (ECso, 1.6 

mM). Since the luminal concentrations of butyrate in the colon are high enough to 

activate the receptor (70-130 mM), we wondered if this receptor is expressed in 
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the intestinal tract. We have identified that GPR109A is indeed expressed 

· abundantly in the small intestine and colon of mouse and humans as shown in 

these studies by RT-PCR and immunohistochemical analysis. We also fo~nd 

that GPR1098 is expressed abundantly in the human colon. Another important 

finding is that GPR 109A is expressed on the luminal (apical) membrane of 

mouse and human colonic epithelial cells (Thangaraju et al, 2009). 

lmmunohistoche.mical studies investigating GPR109A protein localization with 

CD98, a basolateral marker, in -mouse colon confirmed that GPR 109A has 

opposite localization with CD98, Vi(ith GPR 109A localizing to the apical 

membrane. Thus,, due to the presence of high concentrations of butyrate in the 

colonic lumen, this positions GPR109A to be an effector molecule acting 

extracellularly in the intestine fo coordinate the beneficial effects of dietary fiber 

at. the molecular level. The ~aditidna•i. fact that butyrate s~rves as a ligand for 

GPR109A solidifies our findings. This was demonstrated by both high affinity 

binding studies as well as activation of GIRK channels by GPR109A ligands in 

cells that constitutively express the receptor and those with ectopic expression of 

GPR109A, respectively. _ 

If SLC5A8 and GPR109A provide ·the molecular link between the gut 

microbiota and the host through the fermentation product butyrate, it is important 

to know if the presence of bacteria in the gut influences their expression in the 

host. Therefore the second aim of this study was to compare the expression of 

GPR109A and other relevant genes in the intestinal _tract between control mice 

and germ-free mice. The present studies show unequivocally that the gut 
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microbiota are obligatory for optimal · expression of the two genes. Absence of 

commensal bacteria leads ·to marked suppression of SLC5A8 and GPR109A 

expression in the colon. Interestingly, the same phenomenon is also seen in the 

ileum, indicating that the relatively smaller number of bacteria that colonize the 

terminal small intestine is sufficient to influence gene expression at that site as 

has been demonstrated by other investigators (Hooper et al, 2001; Hooper et al, 

2003). This effect is entirely reversible. In fact, maintenance of the germ-free 

mice under conventional conditions for only about 3-4 days seems to be 

sufficient to cause a significant reversal in the expression of these two genes, 

and the reversal appears to be complete within 4 weeks of exposure to 

environmental bacteria. Just as gene alterations reversed when the mice were 

exposed to environmental bacteria, so did the gross cecal abnormalities. These 

findings confirm previous reports thatr comniensal microbiota are necessary for 

normal histologic development of the intestinal epithelium (Schaedler et al, 

1965). We do not however have data on the extent of bacterial colonization or 

the luminal concentrations of the bacterial fermentation products during this time 

course of re-colonization. 

The find:ings that gut microbiota influence the expression of SLC5A8 and 

GPR 109A in. the colon prompted the examination of the global gene expression 

pattern in the germ-free mouse compared to the conventional mouse. Such 

studies have been done in the · ileum and have shown that gut microbiota 

infliuence the expression of hundreds of genes (Hooper et al, 2001; Hooper et al, 

2003). However, there are no reports of similar studies in the colon where the 
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majority of bacteria resides. The present studies show that the expression of a 

large number of genes is altered in the col.on in germ-free mice compared to 

conventional mice. These changes in the global gene expression are largely 

reversible since the expression pattern reverts back to normal in most cases 

upon colonization of the intestinal tract in the mouse which was previously germ

free. 

The analysis of the global gene expression pattern in conventional mouse 

and germ-free mouse identified SLC26A3 and AQP4 among the genes that are 

silenced under germ-free conditions. We focused on these two genes for several 

reasons. SLC26A3, also known as ORA, is a chloride/bicarbonate exchanger that 

plays a critical role ·in the absorption of chloride in the ileum-and colon. AQP4 is 

important for water absorption. The same is true with SLC5A8 and SGL T1, the 

two transporters whose expresslbri~'ls silehced in germ-free mice. Since SLG5A8 

functions as a Na+-cqupled transporter for butyrate with a Na+:butyrate 

stoichiometry of 2:1, the transporter may promote Na+ absorption in the colon in 

the presence of the bacterial fermentation product butyrate. Similarly, SGL T1 is a 

Na+-coupled transporter for glucose (Na+:glucose stoichiometry, 2:1) that plays 

an important role in Na+ absorption. in the intestinal tract in the presence of 

luminal glucose. It is generally assumed that SGL T1 is relevant only to the small 

intestine, but these present studies demonstrate the expression of this 

transporter not only in the ileum but also in the colon. Since the expression of 

SGL T1 is seen on the apical membrane of colonic epithelial cells, it is likely that 

the transporter participates in the absorption of glucose and hence promotes Na+ 
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absorption also in the colon. We also evaluated the expression of NHE3 and 

eFTR. Located in the lumen-facing brush border membrane of the intestinal 

epithelial cells, NHE3 mediates Na+ absorption in the proximal small intestine. In 

the distal part of the small intestine (e.g;, ileum and colon), NHE3 is functionally 

coupled to ORA. The co-ordination between these two exchangers at the 

functional level brings about a net absorption of Na+ and er, and a net secretion 

of Heo3-. The chloride channel CFTR_ mediates the secretion of er primarily in 

the crypt cells of the small intestine. and large intestine. The silencing of 

SLe5A8, SGL T1, SLe26A3 (ORA), AQP4, NHE3 and eFTR in germ-free mice 

reveals that conventional bacteria in the intestinal tract are obligatory for optimal 

electrolyte ·and water absorption. 

Butyrate is known to have many physiological roles. We wanted to 

determine if any modes of adiorf :fdfi\futyrate in the colon involved the intestinal 

cell-surface G-protein coupled receptor, GPR109A. Therefore the third specific 

aim of this study was to investigate the physiologic functions of GPR 109A in 

intestinal and colonic epithelial cells. The finding that GPR 109A is expressed in 

the brush border membrane of the small intestine and colon raises the possibility 

that butyrate also has its effects on the intestinal and colonic epithelial cells by 

acting extracellularly. - The signal--transducing G proteins contain three subunits 

designated a, (3, and y. The Q~-- subunif is separated into four main families: 

Ga12113, Gaq_, Gas, Gai• Ligand binding to,-the active state of a GPCR activates the 

trimeric G protein. Following the exchange ofGOP to GTP within the Ga subunit, 

conformational changes at the interface of Ga and G13 occurs and results in 
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dissociation of Ga, G13v and the GPCR. Ga, G13v can then regulate downstream 

signaling by modulating the a~ti,vity of effector proteins. Intact G protein receptor 

kinase 3 (GRK3) and kinase 2 (GRK2) are located in the cytosol in unstimulated 

cells. The kinases _are recruit~d to the plasma membrane only after G protein 

activation (Pitcher et al, 1992). The G13v dimer binds with the C-terminus of GPCR 

kinase 3 (GRK3ct) and GRK2 (Pitcher et al, 1992); and -GRKct fragments are 

widely used to inhibit G13v signaling by sequestering G13v dimers. It is unlikely that 

G13v can bind to a GRK and Ga simultaneously (Hollins B et al, 2009). Hollins et 

al (2009) have shown that GRK3"ct fusion proteins in combination with labeled 

G13v dimers can be used as indicators of heterotrimeric G-protein activation and 

dissociation. Using a ligand-induced bioluminescence resonance energy transfer 

assay (BRET), we have shown that GPR109A ligands activate the receptor. The 

ECs~ valu·es necessary for half-m~ximal activation of GPR 109A are t.55 uM for 

nicotinate, 6 mM for butyrate, and 2 uM for acifran. As a means of demonstrating 

specificity of GPR 109A involvement with this response, we performed parallel 

experiments in the absence of ectopic expression of the receptor. The 

involvement of GPR109A in the process was further confirmed by the effective 

blockade of ligand-induced signals by pertussis toxin. It also appears that Gia1 is 

· the G protein associated with GPR 109A as demonstrated by a positive BRET 

signal in the presence of Giat and the lack of signal in the presence of Gia2 and 

GiaJ• Here we show that GPR 109A is activated by ligands nicotinate and 

butyrate, and that upon ligand binding GPR109A is capable of coordinating 
I 

various signaling cascades. 
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GPR 109A serves as a receptor for butyrate and is coupled to Gai, the 

inhibitory G protein. Three in,dependent groups of investigators, while searching 

for the molecular mechanism underlying the lipid-lowering effects of niacin, 

discovered that. niacin activates GPR109A in adipocytes and this process 

mediates its anti-lipolytic effect (Soga et al, 2003; Wise et ai, 2003; Tunaru et al, 

2003). The activation of the receptor .is associated with a decrease in the 

generation of cAMP thro,ugh Gi-protein-mediated inhibition of adenylyl cyclase. 

This mechanism of GPR109A has also been. demonstrated in neutrophils 

(Kostylina et al, 2008). Here we sh~ow; similar effects in CCD841 cells, normal 

colon cells, which constitutively express GPR 109A. Both nicotinic acid and 

butyrate blui1ted forskolin-.stimulated cAMP accumulation in these cells. This 

cyclic nucleotide is one of the major signaling molecules in the intestinal tract that 

controls electrolyte and wate(abshrptio'n. Secretory diarrheal diseases such as 

cholera and Traveler's diarrhea are caused by the actions of bacterial toxins on 

intestinal and colonic epithelial cells which elevate cAMP levels within the cells 

by activating adenylyl cyclase (Ganguly and Kaur, 1996; Field and Semrad, 

1993; Field, 2003). The result is the activation of protein kinase A, inhibition of 

Na+ /H+ exchanger and Cr/HCQ3- exchanger and activation of er channel, and 

consequent diarrhea. The acutl3 management for infectious diarrhea is reversal 

of water and electrolyte losses.. Or:al rehydration solution (ORS) has dramatically 

changed the management of infeqtious diarrhea, but improving the efficacy is still 

desired. Treating patients afflicted with cholera with ORS supplemented with 

fei-mentable fibers has been shown to reduce stool volume by as much as 
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30-40% (Molla et al, 1989; Alam et al, 1992; Alam et al, 2008). However, patients 

suffering from bacteria-induced diarrheal diseases are likely to have a decreased 

ingestion of fermentable fiber containing foods and to have alterations in their 

normal commensal microbiota, patterns and hence are not likely to generate 

butyrate by fermentation. Additionally our studies have shown that alterations in 

· the gut commensal microbiota pattern. interferes with the normal expression of 

genes involved with water and e·lectrolyte absorption (Cresci et al, in press). 

Therefore, agents that might antagonize the cAMP-elevating effects of these 

bacterial toxins would be clinically valuable. Short chain fatty acids have been 

shown to inhibit cAMP-mediated chloride secretion in the colon (Resta-Lenert et 

al, 2001). Here we show that the luminally expressed Gi-coupled receptor, 

GPR 109A, . is activated by its ligands, and that this activation can lead to a 

decrease -in induced cAMP ·1eve1s·. -~we speculate that activation of GPR109A by 

butyrate may have anti-diarrheagenic effects through its ability to reduce 

intracelluiar cAM P levels.. 

GPR109A also functions as aJumor suppressor in the colon. GPR109A is 

silenced in colon cancer tissue and colon cancer cells lines (Thangaraju et al, 

2009). Activation of the receptor in normal colon cell lines does not induce cell 

death. However, when the receptor is expressed ectopically in colon cancer 

cells, activation of_ tbe . receptor with .butyrate and other ligands leads to 

apoptosis. The cancer associated silencing of GPR109A occurs via DNA 

methylation, with DNMT1 responsible for this process (Thangaraju et al, 2009). 

But whether GPR109A is the direct target for DNMT1 or whether the silencing 
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occurs through some other intermediary gene products is unknown. Unlike 

SLC5A8, the cell death in colon cancer cells induced by GPR 109A activation 

does not involve inhibition of HDACs. Thus, the bacterial fermentation product 

butyrate causes cell· death in colon cancer cells by two independent but 

complementary mechanisms: one through SLC5A8-mediated entry of butyrate 

into cells with · subsequent inhibition of HDACs, and the second through 

GPR109A independent of HDACs. The signaling pathways responsible for 

GPR109A/butyrate-induced cell death in cancer cells remain to be identified. 

Inhibitors of DNA methylation are currently being evaluated for their utility in 

cancer chemotherapy (Goffin and·Eisenhauer, 2002); unfortunately, clinical trials 

have shown encouraging results against leukemia but not against solid tumors 

such as colon cancer. Because our studies show that inhibition of DNA 

methylation in colon cancer cell's ·Tndlices GPR109A expression and that 

activation of the receptor causes tumor cell-specific apoptosis, the efficacy of 

DNA methylation inhibitors in the treatment of colon cancer might be enhanced 

by co-treatment with GPR 109A ligands such as nicotinate. 

The present studies show that GPR 109A functions not only as a tumor 

suppressor but also as a blocker of LPS-induced NF-KB activation. The NF-KB 

signaling pathway plays a critical role in colonic inflammation as well as in 

inflammation-induced cancer (Karin, 2006). Our present findings suggest that 

butyrate mediates the protective effects of gut bacteria against inflammatory 

bowel disease by serving as a ligand for GPR 109A. This is supported by a recent 

study, which showed a significant decrease in the number of butyrate producing 
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bacteria in the colon of patients with ulcerative colitis compared with normal 

controls (Frank et al, 2007). Chronic inflammation of the colon, as seen in 

ulcerative colitis, is a risk factor for colon cancer. Therefore, GPR109A ligands 

may have potential as therapeutic agents in the treatment of inflammatory bowel 

disease and colon cancer. 

The expression of GPR1098 is only slightly· altered in colon cancer 

(Thangaraju et al, 2009).. Although GPR1098 has high homology to GPR109A in 

primary structure, the two isoform.s have marked differences in ligand specificity. 

Compared to GPR 109A, GPR 1098 exhibits drastically reduced affinity for 

nicotinate and butyrate (Taggart et al,. 2005). This suggests that, unlike 

GPR109A, GPR1098 does not function as a butyrate receptor in colon. Because 

GPR 1098 is not likely to mediate the biological effects of butyrate, this isoform is 

not targeted for silencing. iri·;iolon·dart'cer. Interestingly, mediu·m-chain fatty acids 

such as heptanoate and octanoate activate GPR 1098; howe,ver, :these fatty acids 

are not. generated at significant -concentrations in colonic lumen by bacterial 

fermentation. Because GPR1098 is expressed almost at normal levels in colon 

cancer, it might be useful to evaluate in future studies the potential of this 

receptor as a drug target for treatment of colon cancer. 
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SUMMARY 

The beneficial effects of dietary fiber in terms of colonic health are 

primarily due to its butyrate~forming capabilities. Butyrate is- a major metabolite 

resulting from bacterial fermentation of undigested dietary fiber by commensal 

gut microbiota. Butyrate is known to promote Na+, er, and water absorption in 

the colon as well as induce differen:tiation of normal colonocytes. Moreover, 

butyrate is also able to induce apoptosis in colonic tumor ce·lls. The ability of 

butyrate to induce apoptosis in tumor cells is related to its ability to inhibit histone 

deacetylases and thereby .!rtflu~nce gene expression. It has been shown 
'.: ' ·~ . t~~,'•·;··. . ;· .. , .. -.. • '.. ·_ ' 

previously that gut bacteria· have ·marked influence on gene expression in the 

ileum. The influence of gut bacteria on gene expression in the colon, where the 

bulk of gut bacteria reside, 9as not. been previously studied. The purpose of 

these studies was to determine if butyrate is a ligand for GPR 109A and if so, to 

examine whether it plays an active roie in epithelial biolo_gy and function in the 

intestinal tract. 

There are high concentrati.ons of butyrate in the distal intestinal lumen. 

Therefore, GPR 10.9A would need tq be expressed in the gut epithelium in order 

to serve as a receptor for butyrate. Vve have shown by RT-PCR, Northern Blot, 

and immunofluorescerice studies that GPR 109A is expressed in the apical 

membrane of the intestinal epithelium of mouse and human. The expression 

125 
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intensity appears to increase···distally so that it is greatest in the colon. This 

makes physiological sense as' the colon is where the bulk of anaerobic bacteria 

reside thus where butyrate would likely be in greatest abundance. We have also 

shown that butyrate, as well as nicotinic acid, are functional ligands for 

GPR109A. 

Since the production of butyrate requires fermentation of dietary fiber by 

gut commensal microbiota, we wanted to determine if the absence of gut 

microbiota would affect gene expression in the colon. Knowing that SLC5A8, a 

butyrate transporter, and GPR 109A, a butyrate receptor, are expressed more 

prominently in the colon, we hypothesized that gut bacteria may control the 

expression of these genes in the colon. We tested this by comparing the 

transcriptome of the colon between conventional mice with normal bacterial 

colonization of the intestinal tfad'··-,a·nd germ-free mice with no bacteria in the 

intestinal tract, placing a special emphasis on the genes coding for SLC5A8 and 

GPR 109A. We also examined whether the changes in gene expression observed 

in germ-free mice revert back to normal when ~hese mice are colonized with 

bacteria. Our studies show that over 700 genes are altered by gut microbiota. 

We found that GPR109A as well as SLC5A8, SGLT1, SLC26A3, AQP4, NHE3 

and CFTR are silenced in germ-free mice showing that gut bacteria play an 

active role in electrolyte and water absorption in the intestinal tract. The findings 

of the present studies show that-conventional bacteria in the intestinal tract are 

obligatory for optimal electrolyte and water absorption. 
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Since butyrate is known to have many physiologic roles, we wanted to 

determine if_ any modes of action for butyrate in the colon involved the intestinal 

cell-surface G-protein coupled receptor, GPR 109A. We have shown that 

GPR 109A is capable of being involved in cellular signaling events. Using 

bioluminescence resonance energy transfer experiments we have shown that 

butyrate, nicotinate and acifran, ligands for GPR109A, activate the dissociation of 

the heterotrimeric G proteins (Ga~y). Both subunits, Ga and G13v are known to 
I • 

initiate a cascade of cellular signaling events. 

GPR109A is coupled to Gi, the inhibitory G protein. We and others have 

shown that activation of the receptor by butyrate or other agonists leads to a 

decrease in intracellular levels of cAMP that were induced by forskolin. This 

cyclic nucleotide is one of the major signaling molecules in the intestinal tract that 

controls electrolyte and watefabsdrptioh. Agents that elevate the levels of cAMP 

in intestinal cells (e.g., cholera toxin) inhibit electrolyte and water absorption and 

thus cause diarrhea. Addition of fermentable fibers to ORS has been shown to 

be beneficiat in reducing the duration and severity of secretory diarrhea caused 

by cholera toxin. We speculate that the addition of butyrate to ORS may facilitate 

patient recovery from secretory diarrhea caused by bacterial toxins via 

GPR109A. 

GPR109A also functions a§ .. a tumor suppressor in the colon. GPR109A is 
,: 

silenced in colon cancer tissue and colon cancer cells lines. Activation of the 

receptor in normal colon cell lines does not induce cell death. However, when 
I . , 

the receptor is expressed ectopically in colon cancer cells;; activation of the 
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receptor with butyrate and .other ligands leads to apoptosis. The cancer 

associated silencing of GPR109A occurs via- DNA methylation, with DNMT1 

responsible for this process. Whether GPR109A is the direct target for DNMT1 

or whether the silencing occurs through some other intermediary gene products 

is unknown. In these studies we found that the cell death in colon cancer cells 

induced by GPR109A activation does not involve inhibition of HDACs. The 

signaling pathways responsible· J0r GPR109A/butyrate-induced cell death in 

cancer cells- remain to be identified. 

The present studies show that GPR109A functions not only as a tumor 

suppressor but also as a blocker of LPS-induced NF-KB activation. The NF-KB 

signaling pathway plays _a critical role in colonic inflammation as well as in 

inflammation-induced cancer. Our present findings suggest that butyrate 

mediates the protective effects df 1gbt bacteria against inflammatory bowel 

disease by serving as a ligand for GPR 109A. 
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