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There are more than 100 Trillion microflora that inhabit the gastrointesti-

nal tract of animals. The resident microflora modulate the physiology of the gas-

trointestinal tract in several ways, from shaping the villi vasculature to regulation 

of epithelial cell proliferation and differentiation. Of more relevance to this study 

is the fact that, microflora help the host extract energy from the otherwise indi-

gestible polysaccharides. The microflora ferment the polysaccharides to produce 

short chain fatty acids (SCFAs). SCFAs constitute around 70% of the energy 

source in ruminants and 10-15% in non-ruminants. Recently, SCFAs have been 
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shown to be ligands for two G protein-coupled receptors (GPCRs), Gpr41 and 

Gpr43. We show that Gpr41 is expressed in the intestinal enteroendocrine cells. 

The localization of Gpr41 to enteroendocrine cells suggests that SCFAs signaling 

through Gpr41 induces the enteroendocrine cells to release a soluble mediator. In 

this study we sought to study the effects of SCFAs signaling on animal physiol-

ogy and how this signaling is related to energy balance. For this purpose Gpr41 

knock out mice were generated and rederived as germ free mice. Gpr41 knock out 

and wild type germ free mice were recolonized as young adults with 2 prominent 

members of the human distal gut microbial community: the saccharolytic bacte-

rium, Bacteroides thetaiotaomicron and the methanogenic archaeon, Methano-

brevibacter smithii. We find that Gpr41-/- mice are leaner than their wild type 

littermates. This observation is also seen in the recolonization model, where germ 

free Gpr41 -/- and +/+ mice are of equal weight, however recolonization of these 

mice with microflora induces a weight increase in the Gpr41+/+ mice and not in 

the Gpr41 -/- mice. This is despite equal consumption of chow. Further studies 

demonstrated that recolonized Gpr41 -/- germ free mice; as compared to recolo-

nized Gpr41 +/+ littermates, fail to induce the release of PYY, an enteroendo-

crine cell derived hormone that limits food intake and inhibits gut motility, into 

plasma. We also show that an acute oral administration of SCFAs increases circu-

lating PYY levels in the wild type but not the Gpr41 knock out mice. Additional 

studies showed that recolonized Gpr41 -/- mice have increased intestinal transit 
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rate and reduced harvest of energy (SCFAs) from the diet. These results show that 

Gpr41 is a regulator of host energy balance through pathways that are dependent 

on the presence of the microflora. These results also point to the possibility of the 

development of a Gpr41 based drug that can be used to slow down energy extrac-

tion and treat certain kinds of obesity.
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CHAPTER ONE 
 
 

INTRODUCTION 

 
1. Short Chain Fatty Acids 

 

Short chain fatty acids (SCFAs) are simple aliphatic carboxylic acids with 2-6 

carbons in their backbone structure. SCFAs are mainly produced in the gastrointestinal 

tract as a by-product of fermentation by anaerobic micro-organisms (Cummings and 

Macfarlane, 1997; Mortensen and Clausen, 1996; von Engelhardt et al., 1998). The resi-

dent microbiota ferment the undigested carbohydrates present in the ingested soluble die-

tary fiber. The main products of such fermentation are SCFAs and gases like CO2, CH4, 

and H2 and heat (Topping and Clifton, 2001). The main SCFAs produced by fermentation 

are acetate > propionate ≥ butyrate (Topping and Clifton, 2001) in the approximate molar 

ratio of 60:20:20 respectively (Cummings et al., 1979). As a result of fermentation the 

concentration of SCFAs in the intestine is in the millimolar range (Bergman, 1990; Mcin-

tyre et al., 1991) which is close to the effective concentration at which SCFA act as li-

gands for Gpr41 and Gpr43 (see below). After production in the intestinal lumen, SCFAs 

diffuse to the intestinal blood stream and then go to different tissues where they become 

ingredients for different metabolic processes (Bergman, 1990). SCFAs are efficiently 

absorbed in the colon in either of 2 mechanisms, namely by diffusion of protonated 

SCFA or by anion exchange (Cook and Sellin, 1998). Around 60% of SCFA absorption 

takes place by simple diffusion of protonated SCFA and this involves CO2 hydration. The 

rest of the uptake is of ionized SCFA and involves Na+ and K+ exchange (Fleming et al., 
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(Fleming et al., 1991). The absorbed SCFAs make up 70% of the energy requirement in 

ruminants and 10-15% in non-ruminants (Bergman, 1990). The main effects of SCFAs 

are on colonic functions because of their uptake and metabolism by colonocytes, even 

though other host tissues absorb SCFAs. SCFAs are metabolized at 3 main locations in 

the body 1) cells of the ceco-colonic epithelium that use butyrate as the main energy 

source 2) in the liver, where the left over butyrate is metabolized, propionate is used in 

gluconeogenesis and 50-70% of acetate is taken up 3) muscle cells that oxidize the re-

maining acetate for energy production (Roberfroid, 2005). 

There are other non-metabolic related functions for SCFAs. SCFAs act to modu-

late colonic and intracellular pH and cell volume and other aspects involving ion trans-

port regulation (Cook and Sellin, 1998). For example an increase in SCFAs production 

decreases pH, which reduces bile acids solubility, decrease ammonia solubility and af-

fects the number and types of colonic microflora (Roberfroid, 2005; Vince et al., 1978). 

SCFAs also regulate cell proliferation and differentiation and gene expression (Cook and 

Sellin, 1998). Recently the known functions of SCFAs have expanded, for example, the 

most effective treatments for inflammatory bowel disease are inflammatory steroids and a 

high starch diet (Galvez et al., 2005). The high starch diet produces high amounts of bu-

tyrate by bacterial fermentation (Englyst et al., 1987). Butyrate then acts as a suppressor 

of the inflammatory pathways acting in inflammatory bowel disease. Another example is 

the anti-tumor function of butyrate in the chemoprevention of colon cancer (Mcintyre et 

al., 1993; Whitehead et al., 1986). Butyrate is thought to be enhancing the function and 

expression of certain tumor suppressor genes like p53 and p21 (Archer et al., 1998). 
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Many factors affect SCFA production in the gastrointestinal tract. Long transit 

times increase the concentration of SCFA in the colon. Other host factors affect SCFA 

production and bacterial metabolism and fermentation. These factors include diet, stress, 

neuroendocrine system activity, pancreatic and digestive secretion into the intestines, 

mucus production, etc. Bacterial fermentation is also affected by the types and numbers 

of bacterial cell populations present in the gut, catabolite regulatory mechanisms, the 

availability of inorganic electron donors, such as nitrate and sulfate, as well as competi-

tive and cooperative interactions between different species in the microbiota (Cook and 

Sellin, 1998; Cummings, 1978; Macfarlane and Gibson, 1994; Macfarlane et al., 1992; 

Macfarlane et al., 1998). 

 

1.1 G protein-coupled receptors activated by SCFAs 

While SCFAs have been historically recognized as energy sources, recent studies 

indicate that SCFAs can act as signaling molecules through cell surface receptors. Our 

lab and others have uncovered the role of SCFA as ligands for two previously orphan G 

protein-coupled receptors (GPCRs), Gpr41 and Gpr43 (Brown et al., 2003; Kotarsky et 

al., 2003; Le Poul et al., 2003; Nilsson et al., 2003; Xiong et al., 2004). Gpr41and Gpr43 

are the main GPCRs, activated by SCFAs. Now it is recognized that Gpr40, Gpr41, and 

Gpr43 constitute a subfamily of GPCRs, the Gpr40 subfamily (Brown et al., 2005; Cov-

ington et al., 2006). gpr40, gpr41, gpr42 and gpr43 were originally cloned during a 

search for new galanin receptor subtypes (Sawzdargo et al., 1997). gpr40, gpr41, gpr42 

and gpr43 were found to be encoded in tandem on chromosome 19q in humans 

(Sawzdargo et al., 1997). Gpr40, Gpr41 and Gpr43 are the most identical among all the 
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identified members of the GPCR superfamily. Gpr40, Gpr41 and Gpr43 genes occupy 

close-by genomic locations in the mouse, rat and human genomes (Covington et al., 

2006). The subfamily members are 30% identical in sequence and their protein products 

are characterized by the presence of what is now called the gpr40 related protein motif. 

Those common properties placed Gpr40, Gpr41 and Gpr43 in one subfamily and argued 

that the subfamily members might have similar physiological functions and should be 

activated by ligands of similar chemical composition (Brown et al., 2005; Covington et 

al., 2006). Despite the identification of ligands for Gpr40, Gpr41 and Gpr43 the exact 

physiological role of those GPCRs is still largely unknown and under intense investiga-

tion. 

 

1.1.1 Gpr43 

Gpr43 is activated by the different SCFAs with varying potency. The rank order 

of activation is acetate followed by propionate followed by butyrate. The EC50 of Gpr43 

activation is in the micromolar range. Gpr43 couples primarily to Gq with some Gi cou-

pling (Brown et al., 2003; Le Poul et al., 2003; Nilsson et al., 2003). Gpr43 was shown to 

be expressed on polymorphonuclear (PMN) cells (Le Poul et al., 2003; Nilsson et al., 

2003). SCFA have a multitude of effects on PMN cells such as inducing an increase in 

calcium concentration, increasing the chemoattractant responses, and altering cytoplas-

mic pH, oxygen metabolism, phagocytosis, cell proliferation, and granulocyte motility in 

PMN cells (Le Poul et al., 2003; Nilsson et al., 2003). It is very likely that SCFAs affect 

PMN cells through activation of Gpr43 (Le Poul et al., 2003; Nilsson et al., 2003). Gpr43 

was also reported to be expressed in PYY expressing enteroendocrine cells, as well as in 
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mucosal mast cells contaning 5HT (Karaki et al., 2006). Hong et al, reported Gpr43 ex-

pression in adipose tissue. They found out that Gpr43 is important in the process of adi-

pogenesis and the SCFAs mediated differentiation of 3T3-L1 cells from preadipocytes 

into adipocytes (Hong et al., 2005). SCFAs have been described to inhibit lipolysis in 

humans (Laurent et al., 1995; Suokas et al., 1988). Ge et al (2008), showed that acetate 

and propionate, exhibit a reduction in lipolytic activity and this inhibition of lipolysis is 

the result of Gpr43 activation, since this effect is abolished in adipocytes isolated from 

Gpr43 knockout animals. They also show that the activation of Gpr43 by acetate results 

in the reduction in plasma free fatty acid levels (Ge et al., 2008). 

 

1.1.2 Gpr41 

gpr42 and gpr41 are 98% identical. However, gpr42 is present in the primate ge-

nome only (Sawzdargo et al., 1997), and GPR42 can not be activated by SCFAs (Brown 

et al., 2005). As a result it is thought that gpr42 is a duplication of gpr41 that took place 

in humans after their divergence from other mammalian species(Brown et al., 2005; 

Sawzdargo et al., 1997). The gpr42 locus was later mutated and became a pseuodo gene 

(Brown et al., 2005; Sawzdargo et al., 1997). Gpr41 is activated by different SCFAs with 

propionate having the highest potency of activation (Brown et al., 2003; Le Poul et al., 

2003; Nilsson et al., 2003; Xiong et al., 2004). Acetate and butyrate rank just after propi-

onate (Xiong et al., 2004). Propionate activates Gpr41 with an EC50 of 2.1 M (Xiong et 

al., 2004). Only, C2–C6 SCFAs are active ligands of Gpr41 in addition to C4–C6 

branched-chain fatty acids (Xiong et al., 2004). In vitro studies using heterologous ex-

pression systems in mammalian, yeast as well as Xenopus cells have shown that Gpr41 
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couples mainly to the Gi pathway (Brown et al., 2003; Le Poul et al., 2003; Nilsson et al., 

2003; Xiong et al., 2004). Our lab has previously shown that Gpr41 is highly expressed 

in adipose tissue (Xiong et al., 2004). Our lab, also showed that Gpr41 mediates SCFA 

induced scecretion of leptin in adipocytes (Xiong et al., 2004). Overexpression of Gpr41 

in adipocytes enhanced SCFA mediated secretion of leptin, while knock down of Gpr41 

using siRNA reduced the SCFA mediated secretion of  leptin in adipocytes. Exposing 

mice to propionate leads to an increase in the levels of circulating plasma leptin; this ef-

fect could be mediated by Gpr41 in vivo (Xiong et al., 2004). Other investigators could 

not find any Gpr41 expression in adipocytes and this discrepancy remains to be resolved 

(Hong et al., 2005). A patent application from Arena pharmaceuticals shows expression 

of Gpr41 in the pancreas and shows an elevation of Gpr41 levels in db/db diabetic mice 

(Leonard et al., 2006). These results are interesting and await further investigation as they 

may uncover new functions for SCFAs. 

 

1.1.3 Gpr40 and other GPCRs activated by free fatty acids 

Gpr40 gained the most attention among the family members. The highly re-

stricted expression to the pancreas and the importance of the known role of long chain 

fatty acids signaling in pancreatic physiology made Gpr40 a target of diabetes research 

(Briscoe et al., 2003; Itoh et al., 2003; Kotarsky et al., 2003). 

Gpr40 is activated by medium-long chain fatty acids, that is fatty acids contain-

ing 7-18 carbon molecules in their backbone. Eicosatrienoic acid is the most potent acti-

vator of Gpr40. Carbon chain length and degree of saturation do not correlate with the 

potency of activation of unsaturated fatty acid while for saturated fatty acids potency in-
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creases with the increase in carbon chain length where pentadecanoic acid (C15) and 

palmitic acid (C16) are the most potent. Most of the fatty acids that activated Gpr40 had 

and EC50 of activation in the micromolar range (Briscoe et al., 2003; Itoh et al., 2003; 

Kotarsky et al., 2003). 

In CHO cells Gpr40 activation leads to IP3 accumulation, calcium influx and ac-

tivation of the map kinases ERK1/2. In rat beta pancreatic cells GPR40 mediated the re-

duction of the voltage gated-K+ current and enhanced the beta cell excitation and insulin 

secretion (Briscoe et al., 2003; Itoh et al., 2003; Kotarsky et al., 2003). Free Fatty acids 

(FFAs) are well known regulators of pancreatic physiology. Acute exposure to FFA en-

hances insulin release while chronic exposure to FFA at high concentration leads to abla-

tion of beta cell function (Stoddart et al., 2008). Using knock out and transgenic mice 

strategies, Gpr40 was shown to mediate both of the acute and chronic effects of FFAs. 

Due to the functions that GPR40 plays in pancreas regulation several drug companies are 

trying to develop small molecule agonists and antagonists of Gpr40. GW9508 activates 

GPR40 and GPR120 and stimulates glucose-stimulated insulin secretion (GSIS) in MIN6 

cells and GW1100 reverses the action of GW9508 (Stoddart et al., 2008). 

Recently Gpr120 was identified as long a chain free fatty acid binding GPCR. 

Even though Gpr120 and Gpr40 bind the same ligand, there is no close relationship be-

tween Gpr120 and Gpr40 structurally or phylogenetically (Hirasawa et al., 2005). Gpr119 

binds oleoylethanolamide which is a product of long chain free fatty acid processing in 

the intestine (Lauffer et al., 2009). 

 

2. Intestinal Microflora 
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Intestinal flora have been described to have both beneficial as well as pathogenic 

functions in host physiology. Intestinal bacteria are known to affect the pathogenesis of 

several diseases such as Crohn’s disease, ulcerative colitis and colorectal cancer (Bai and 

Ouyang, 2006). The example of Helicobacter pylori and peptic ulcer is a clear manifesta-

tion of the pathogenic potential of intestinal bacteria. Some of the beneficial uses of ma-

nipulating host-microbiota interactions include the use of probiotics as a therapeutic 

strategy (Bai and Ouyang, 2006). Host–microbe interactions also shape intestinal devel-

opment, mucosal defenses and immunity and intestinal cell turn over rates (DiBaise et al., 

2008; Hooper et al., 2002a). There exists more than 1012 organisms/g of faecal material in 

the colon, and the intestinal microbiota can be considered as a complex fermentor with a 

metabolic activity that can rival that of the liver (Eckburg et al., 2005; Gill et al., 2006; 

Ley et al., 2005). The intestinal microbiota is also a collection of genetic information 

(microbiome) that supersedes that of the host genome, and express many of the metabolic 

functions that can not be expressed by the host genome (Backhed et al., 2005). 

The true extent of biodiversity in the adult gut remains to be determined. Cur-

rently the intestinal microbiota is estimated at 500-1,000 different species, with an aggre-

gate biomass of 1.5 kg (Eckburg et al., 2005; Gill et al., 2006; Ley et al., 2005). A more 

recent study puts the number of bacterial species between 15000 and 36000 with 1800 

genera (Frank et al., 2007). Most of the species are Bacteria; however the microbiota con-

tains representatives from Archaea and Eukarya (Frank and Pace, 2008; Gill et al., 2006). 

In a healthy intestine, all available niches are presumably occupied by microbiota. Within 

a given niche, some microbiota species behave like committed ‘‘residents’’ (autochtho-

nous components), whereas others are transient tourists who are just ‘‘passing through’’ 
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(allochthonous members) (Savage, 1977). At any given point along the proximal–distal 

axis of the gut, or the luminal–mucosal interface, the tourists may represent resident 

members of more proximal niches that have been dislodged (shed), or they can be de-

rived from ingested food and water (Savage, 1977). 

The contribution of microbial metabolism to host energy balance, fat deposition 

and risk of obesity is just starting to be appreciated. Comparison of germ-free and con-

ventionally colonized mice show that the microbiota increases the absorption of mono-

saccharides from the gut, with induction of hepatic lipogenesis (Backhed et al., 2004). In 

addition, deposition of lipid in adipocytes was promoted by microbial-induced suppres-

sion of fasting-induced adipocyte factor (Fiaf), a circulating lipoprotein lipase (LPL) in-

hibitor (Backhed et al., 2004). These findings prompted the proposal that the microbiota 

of obese individuals may extract and make available to the host more energy from a giv-

en diet than the microbiota of their lean counterparts. Later studies demonstrated that 

obesity is associated with alterations in gut microbiota (Turnbaugh et al., 2006). In a 

comparative survey of 16S rRNA-gene sequences of the distal gut microbiota of leptin-

deficient obese mice and their lean littermates, a 50% reduction in numbers of Bacter-

oidetes was found in the obese animals with a corresponding increase in the Firmicutes 

(Ley et al., 2005). This was a significant observation because Bacteroidetes and Fir-

micutes collectively account for over 90% of all bacterial species in mice and humans, 

and the differences were not due to differences in food consumption (Ley et al., 2005). In 

humans, similar differences in distal gut microbiota in obese versus lean individuals exist 

(Ley et al., 2006). Before dieting, obesity was associated with fewer Bacteroidetes and 

more Firmicutes than lean controls. With dietary treatment, the proportions of Bacter-



10 

 

oidetes increase and Firmicutes decrease as obese individuals lose weight and this in-

crease was correlated with weight loss, but not with total caloric intake (Ley et al., 2006). 

The changes were division-wide and not due to extreme changes in specific bacterial spe-

cies. More recently, to examine the contribution of  the microbial gene content of the gut 

to the risk of obesity,  the microbiome from the murine caecum of mice homozygous 

(ob/ob) for a mutation in the leptin gene that leads to obesity was characterized and com-

pared with that of lean (ob/+ and +/+) littermates. The strategy showed that the recipients 

of the microbiota from the ob/ob mice extracted more calories from food, and also 

showed a significantly greater fat gain than did mice that received the microbiota from 

lean mice and confirmed the previously noted increased ratio of Firmicutes to Bacteroide-

tes in obese versus lean littermates (Turnbaugh et al., 2006). 

 

3. Germ Free Mice 

Initial studies of mutualism between eukaryotic and prokaryotic organisms were 

carried out with plants, and Pasteur considered that microbes would be essential for long-

term viability of both plants and animals. This placed a challenge for researchers to see 

whether animals could be raised in a sterile environment (Smith et al., 2007). This was 

initially accomplished by aseptic Caesarean section of guinea pigs or mice and hand-

rearing over several weeks, and later over a full life span so that the germ-free animal 

colonies could be potentially maintained by aseptic interbreeding (Cohendy, 1912; Smith 

et al., 2007). A program that was able to successfully maintain experimental animals 

germ-free over successive generations was started at Notre Dame University in 1928. 
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Details of the early challenges of establishing germ free mice are reviewed by Reyniers 

(Reyniers, 1959). 

Rearing mammals under germ-free conditions has developed into a scientific 

field of its own, termed gnotobiology from the Greek (gnosis), meaning knowledge, and 

(bios), meaning life (Gustafsson, 1959a, b). The power of germ-free technology lies in 

the ability to control the composition of the environment in which a multicellular organ-

ism develops and functions (Falk et al., 1998). Since germ-free animals have no competi-

tion for colonization by incoming microorganisms, it is relatively easy to deliberately 

colonize germ-free animals with a few defined microbial species. Following selective 

colonization by one or more known bacterial species the animals are defined as having a 

gnotobiotic status.  The combined use of genetically manipulatable model organisms and 

gnotobiotics has the potential to provide new and important information about how bacte-

ria affect normal development, establishment and maintenance of the mucosa-associated 

immune system, and epithelial-cell functions. Furthermore, gnotobiology can help pro-

vide new insights about the etiologies of infectious diseases, acute and chronic inflamma-

tory conditions, and possibly tumorigenesis (Falk et al., 1998; Smith et al., 2007). 

Germ free mice are grown in the sheltered environment of an aseptic flexible 

film isolator in which the animals are given ad libitum (sterile) food and water (Smith et 

al., 2007). These isolators are ventilated with HEPA-filtered sterile air under positive 

pressure and are fitted with a side port containing a double door system to allow antisep-

tic connexion of a transport drum to import sterile food, water and bedding. This is a very 

effective sterile rearing system however, it is potentially easy to contaminate germ-free 
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animals and meticulous protocols and experimental controls are required to make sure 

this does not happen (Smith et al., 2007). 

 

3.1.  Bacteroides thetaiotaomicron and Methanobrevibacter smithii as a fermentative 

model in germ free mice 

Bacteroides thetaiotaomicron (Bt) is a saccharolytic anaerobe that can be geneti-

cally manipulated and is a prominent member of the adult mouse and human gut micro-

flora. Bt is an excellent fermentor and polysaccharide forager and has been a model for 

colonizing germ free mice. It has many beneficial effects on the host including nutrient 

absorption and epithelial cell maturation and maintenance (Hooper et al., 2001). 

More than 99% of the intestinal microflora are Bacteria. Archaea are a minor 

representative of the intestinal microflora. Archae are the only known producers of 

methane, and are present at high levels in 50–85% of humans. Methanobrevibacter 

smithii is the single most predominant archaeal species of the adult human gut (Samuel 

and Gordon, 2006; Samuel et al., 2007).  

Primary bacterial fermentors like Bacteroides thetaiotaomicron (Bt) generate 

SCFAs, principally acetate, propionate, and butyrate, as well as other organic acids (e.g., 

formate) and gases [e.g., hydrogen (H2) and carbon dioxide (CO2)]. Accumulation of H2 

inhibits bacterial NADH dehydrogenases, thereby reducing the yield of ATP through the 

bacterial electron transport chain. Studies in man-made bioreactors have shown that 

removal of H2 by means of archaeal methanogenesis improves fermentation efficiency. 

Ms acts as an H2 sink and drives fermentation in Bt by consuming the produced hydrogen 

(Fig 1.1). Ms reduces the formate produced by fermentation in Bt to produce CO2 and 
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NADH. NADH can be used to drive ATP production. CO2 and H2 enter the 

methonogenesis pathway to produce methane (Samuel and Gordon, 2006; Samuel et al., 

2007). Thus colonization with both Bt and Ms provides an efficient, self supported 

fermentative system. 

 

4. Enteric Neuroendocrine System 

Enteroendocrine cells are specialized secretory cells interspersed among the ab-

sorptive epithelial cells of the gastrointestinal tract. Enteroendocrine cells constitute less 

than 1% of the intestinal cell population. As a whole, enteroendocrine cells constitute the 

largest endocrine organ in the body. Enteroendocrine cells secrete a variety of hormones 

and signaling molecules, especially neuropeptides (Sternini et al., 2008). The secreted 

peptides include gastrin secreted by G cells, somatostatin by D cells, ghrelin by P or X 

cells, glucose-dependent insulinotropic peptide (GIP) by K cells, glucagon-like peptides 

(GLPs) and peptide YY (PYY) by L cells, serotonin by enterochromaffin cells, and cho-

lecystokinin (CCK) by I cells. Gastrointestinal peptides are derived from different genes 

and are expressed in multiple forms due to alternative splicing or differential processing 

(Sternini et al., 2008). Enteroendocrine cells can be distinguished into ‘open cells’ with 

microvilli extending  to the lumen, and ‘closed cells’ that do not reach the lumen. Their 

secretory products are accumulated  in secretory granules and secreted upon stimulation 

by exocytosis at the basolateral membrane into the interstitial space, where they can act 

locally or on distant targets through the bloodstream (Buchan, 1999; Dockray, 2003; 

Hofer et al., 1999).  In this respect, enteroendocrine cells can be regarded as primary 

chemoreceptors, capable of responding to luminal constituents by releasing secretory 
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tory products that activate neuronal pathways, nearby cells or distant targets through dif-

ferent mechanisms (Sternini et al., 2008). Enteroendocrine cells are likely to be the first 

level of integration of information from the gut lumen, acting as specialized transducers 

of luminal factors, releasing signaling molecules that activate nerve fibers or other local 

or distant targets. The neurons that detect luminal contents comprise extrinsic afferent 

neurons (mostly vagal) and intrinsic afferent neurons whose cell bodies are part of the 

enteric nervous system, which generate reflexes affecting motility, blood flow, and water 

and electrolytes secretion (Hofer et al., 1999; Sternini et al., 2008). This model is particu-

larly suitable for the ‘open cells’ that reach the luminal surface. ‘Closed cells’, however, 

can be regulated by luminal content indirectly through neural and humoral mechanisms. 

‘Open’ I cells of the upper small intestine produce CCK in response to saturated fat, long-

chain fatty acids, amino acids and small peptides from protein digestion (Sternini et al., 

2008). CCK, in turn, triggers the release of digestive enzymes from the pancreas and the 

emptying of bile salts from the gallbladder into the duodenum, thus inducing protein and 

fat digestion. CCK release also regulates gastrointestinal functions, including inhibition 

of gastric emptying and food intake through activation of CCK-1 receptors on vagal af-

ferent fibers innervating the gut (Glatzle et al., 2003).  Somatostatin released by ‘closed’ 

D cells of the gastric corpus upon stimulation by intestinal hormones and neurotransmit-

ters, inhibits acid secretion by acting directly on parietal cells and indirectly via inhibition 

of histamine release. By contrast, ‘open’ D cells of the pylorus can be directly activated 

by luminal content (Sternini et al., 2008). 

Originally, enteroendocrine cells were thought to arise from a common neural 

crest progenitor but more recent studies have identified the gut endoderm as precursor of 
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enteroendocrine cells. All cell types of the intestine (enteroendocrine, goblet, paneth and 

enterocyte) develop from a single self-renewing pluripotent progenitor cell at the base of 

the intestinal crypt. Enterocytes, goblet and enteroendocrine cells become more differen-

tiated as they migrate upwards along the crypt-villus axis where their turn over rate is 3-4 

days, paneth cells migrate down wards and have a slower turn over rate. Differentiated 

enteroendocrine cells migrate to the tip of villi where they are shed into the lumen 

(Cheng and Leblond, 1974; Simon and Gordon, 1995). β-Catenin signaling is necessary 

for stem cell renewal, proliferation, and differentiation, and this is the case for the intesti-

nal stem cell. The current model of intestinal epithelial differentiation suggests that β-

catenin drives production of a pool of multipotent progenitors that use Notch signaling to 

select between the expression of the bHLH transcription factors Math1 or Hes1. Progeni-

tors that express Hes1 will differentiate into absorptive enterocytes, whereas progenitors 

that express Math1 are committed to the secretory lineage and thus fated to become gob-

let, Paneth, or enteroendocrine cells. High levels of notch signaling induce the expression 

of Hes1 which represses the expression of Math1 (Schonhoff et al., 2004). Evidence for 

this model comes from the fact that Math1-/- mice are devoid of secretory lineage cells 

(Yang et al., 2001). After this initial decision between the secretory or absorptive cell 

lineages, other transcription factors such as Ngn3, Pdx1, and Neurod1 are required for 

terminal differentiation of enteroendocrine cells (Schonhoff et al., 2004). Ngn3-/- mice 

lack enteroendocrine cells while Beta2/NeuroD1 knock out mice are devoid of secretin 

and Cck lineages (Jenny et al., 2002; Lee et al., 2002; Mutoh et al., 1997). Other tran-

scription factors might be required for differentiation of other enteroendocrine subline-

ages, but this remains to be explored.  The mechanism of selection between enteroendo-
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crine, goblet, and Paneth cells remains unclear, and additional factors are hypothesized to 

direct differentiation of goblet and Paneth cells (Schonhoff et al., 2004). 

How stem cells are allocated to differentiate into sublineages is not completely 

understood. For a while it was not known whether each enteroendocrine cell segregate 

from a separate progenitor or whether all enteroendocrine cells differentiate from a com-

mon progenitor. Later studies using lineage tracing provided evidence that different en-

teroendocrine cell lineages arise from multipotential progenitor cells (Schonhoff et al., 

2004). The enteroendocrine system of the gut can be conveniently viewed as consisting 

of three broad domains: the gastric, upper small intestinal and ileum/colon. There is a 

characteristic spectrum of enteroendocrine cell types in each domain (Dockray, 2003). In 

many cases, enteroendocrine cells act to control digestion within their region of the gut, 

or to regulate delivery of nutrients to it (Dockray, 2003). Some cell lineages are found 

primarily in the stomach and proximal small intestine (gastrin, ghrelin, GIP, secretin, 

cholecystokinin), others are predominantlyfound in the ileum and colon (peptide YY, 

GLP-1, GLP-2, neurotensin), and still others are found throughout the gastrointestinal 

tract (somatostatin, serotonin, substance P). The nature of positional cues that direct the 

rostro-caudal distribution of each cell type have not been characterized thus far (Dockray, 

2003; Schonhoff et al., 2004). 

 

5. Enteroendocrine Control of Satiety 

Normally meals are finite and are completed after intake has reached a certain 

limit. Satiety is defined as the combination of the physiological processes that help bring 

about the termination of food intake (D'Alessio, 2008). Meals vary in amount and content 
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but it is certain that food intake in each meal is controlled by feedback inhibition. Since 

most of the meal contents are absorbed long after their intake, then the afferent signaling 

that controls termination of food intake must act earlier. It is almost certain that this sig-

naling is initiated by the gut (D'Alessio, 2008; Grudell and Camilleri, 2007). In the gut 

the satiety signals originate from the intestines: animals with stomach drainage and no 

intestinal passage of the meal are not sated and will eat with no limits. However, intro-

duction of food into the intestine will stop food intake. Currently there is evidence that 

peptides secreted in the gut are the major mediators of satiety signaling from the gastroin-

testinal tract to the CNS (D'Alessio, 2008; Grudell and Camilleri, 2007). 

Cholecystokinin (CCK) is the first described gut satiety signal, an effect discov-

ered more than 30 years ago (Chandra and Liddle, 2007). CCK is produced by the I-cells 

after food ingestion, particularly meals containing fat and protein. CCK administration 

induces satiety in a dose dependent manner. Although CCK circulates in plasma, the 

mechanism of food intake termination is dependent on vagus nerve signaling. CCK acti-

vates a subset of visceral afferent nerves that express the CCK1 receptor, and innervate 

the mucosa of the upper intestine (Chandra and Liddle, 2007; Karhunen et al., 2008). The 

effects of CCK to limit meal size are dependent on the action of leptin, and thus are 

linked to total body energy balance (Barrachina et al., 1997). In the absence of leptin sig-

naling, the satiety effect of CCK is greatly decreased. On the other hand, enhanced leptin 

signaling, enhances the satiety effects of CCK. This interaction is mediated by leptin sig-

naling in the hypothalamus (Morton et al., 2005). The integration of meal size regulation 

by CCK into the larger system of energy balance has obvious adaptive advantages for 
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surviving variations in food availability, and is common among other anorectic gut hor-

mones (D'Alessio, 2008; Wren and Bloom, 2007). 

A second gut hormone now thought to contribute to satiety is glucagon-like pep-

tide 1 (GLP-1). GLP-1 is produced in L-cells located primarily in the distal gut, the il-

eum, and colon, but is secreted into the circulation soon after meal ingestion (Ueno et al., 

2008). GLP-1 is important in glucose metabolism, stimulating insulin secretion and acts 

to limit hyperglycemia (Jang et al., 2007). GLP-1 signals through the GLP-1 receptor, 

originally cloned from islet cells, but it is also expressed in the stomach, peripheral 

nerves, and certain brain regions such as the hypothalamus, hindbrain, and amygdala 

(D'Alessio, 2008). Central administration of GLP-1 causes anorexia, this effect is medi-

ated by GLP-1 action in the hypothalamus and hindbrain (Kinzig et al., 2002). It is not 

clear if and how GLP-1 from the gut activates these neurons. Proposed mechanisms in-

clude activation of neurons in circumventricular organs like the area postrema, activation 

of vagal afferent nerves in the wall of the intestine or portal vein, or active transport 

across the blood–brain barrier (Drucker, 2006). GLP-1 is also dependent on leptin to in-

duce satiety, with a muted effect in the absence of leptin (Williams et al., 2006). GLP-1 

not only suppresses food intake, but also elicits symptoms of visceral illness, and inhibits 

gastric emptying. How GLP-1’s effects on satiety, illness, and gastric motility are interre-

lated is not yet clear. However, with the advent of drugs based on the GLP-1 receptor 

signaling system to treat diabetes, these effects of GLP-1 are more realised. Diabetic pa-

tients who use the GLP-1 receptor agonist, exenatide, to lower blood glucose have re-

duced food intake and show weight loss and the side effect of nausea. Thus, more under-
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standing of the satiety effects of GLP-l is of urgent clinical relevance (D'Alessio, 2008; 

Drucker, 2006). 

Another gut satiety peptide is peptide tyrosine tyrosine (PYY) also produced by 

L-cells of the distal intestine. PYY is secreted into the circulation in proportion to caloric 

intake, like CCK and GLP-1. After secretion, dipeptidyl peptidase IV cleaves the N-

terminal tyrosine–proline residues from PYY1–36, producing PYY3–36, which is the active 

form of PYY (Ueno et al., 2008). PYY1–36 acts at all four human Y receptors (Y1, Y2, Y4 

and Y5), while PYY3–36 is a specific Y2-R agonist (Dumont et al., 1995).  Central and pe-

ripheral administration of PYY suppresses food intake and in some rodent models causes 

weight loss (Vincent and le Roux, 2008). Peripheral administration of PYY3−36 also re-

duces food intake in rodents, rabbits, monkeys, and humans (Ueno et al., 2008). This ef-

fect is thought to be mediated by the Y2 receptor because it is lost in Y2 receptor null 

mice and attenuated by a specific Y2 inhibitor (Abbott et al., 2005; Batterham et al., 

2002). Exogenous PYY also activates neurons in the area postrema, suggesting an endo-

crine target for PYY. Like GLP-1, PYY reduces gastric emptying, and like CCK and 

GLP-1, the anorectic effect is likely to depend on overall energy balance and leptin sig-

naling (Moran et al., 2005). Recent work suggests that PYY may have additive effects on 

satiety effects of other regulatory peptides (D'Alessio, 2008). 
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Figure 1.1  -  The Bt/Ms fermentative bacterial model used in this study. 
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CHAPTER TWO 
 

 
MATERIALS AND METHODS 

 

1. Generation of Gpr41 knockout mice 

A 129/SV mouse BAC clone obtained from Children’s Hospital Oakland Re-

search Institute (CHORI) was used to construct the targeting vector shown in Fig 3-5A. 

SM-1 ES cells, cultured on irradiated LIF-producing STO feeder layers were electropo-

rated with the linearized targeting vector and selected for resistance to G418 (Yanagisawa 

et al., 1998). Resistant ES cell clones were screened by Southern blotting using a flanking 

3′ genomic fragment external to the targeting vector. Two of the correctly recombined ES 

cell clones were microinjected into C57Bl/6 blastocysts to produce germline transmitting 

chimeric mice. PCR genotyping used the primer set 5’-CACACTGCTCGATCCGGAAC 

CCTT and 5’-GAGAACTGTCTGGAAAACGCTCAC to identify the mutant Gpr41 al-

lele, and 5’-CGACGCCCAGTGGCTGTGGACTTA and 5’-GTACCACAGTGGATAG 

GCCACGC to detect the wild-type allele. This PCR genotyping protocol was validated 

by Southern blotting. These mice were provided with food and water ad libitum and 

maintained on a strict 12 h light dark cycle. All procedures involving genetically engi-

neered mice used in this study were approved by the Institutional Review Board for Ani-

mal Research of the University of Texas Southwestern Medical Center at Dallas. 

 

2. Transgenic mice that produce GFP in CCK- NeuroD- and Neurogenin3-

expressing enteroendocrine subpopulations 
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CCK-GFP and NeuroD-GFP mice were generated using a recombinant BAC 

clone in which GFP replaced the first coding exon of Cck and NeuroD respectively. 

These mice were made by the Gensat project (www.gensat.org) and were obtained from 

MMRRC (www.mmrrc.org) by resuscitation of cryopreserved embryos. Ngn3 knock-out 

mice (Lee et al., 2002), obtained from MMRC, had GFP knocked into the Ngn3 locus. 

 

3. Husbandary of gnotobiotic mice 

Gpr41-/- and their Gpr41+/+ littermates were housed in flexible film plastic 

gnotobiotic isolators (Hooper et al., 2002b) where they were maintained on a strict 12h 

light cycle (lights on at 0600h) and fed a standard autoclaved polysaccharide rich chow 

diet [B&K Universal, East Yorkshire, UK] ad libitum. 4-6 week old male mice were in-

oculated with a single gavage of 108 CFU of the sequenced human gut-derived B. thetaio-

taomicron strain VPI-5482 [harvested from overnight culture in TYG medium 

(Sonnenburg et al., 2005), and M. smithii strain PS [cultured at 37oC for 5d in 125ml se-

rum bottles containing 15ml MBC medium supplemented with 3 g/L formate, 3 g/L ace-

tate, and 0.3 ml of a freshly prepared oxygen-free solution of filter-sterilized 2.5% Na2S 

(note that the remaining volume (headspace) in the bottle contained a 4:1 mixture of H2 

and CO2 and the headspace was rejuvenated every 1-2d) (Samuel and Gordon, 2006)]. 

All colonized mice were killed 28d after gavage. The density of colonization was deter-

mined in cecal contents using qPCR assays that utilized species-specific primers (Samuel 

and Gordon, 2006). Age-matched, male CONV-R wild-type and Gpr41-deficient male 

mice were also fed the same autoclaved polysaccharide rich chow diet ad libitum as the 

gnotobiotic animals. All experiments were performed with gnotobiotic mice used proto-



24 

 

cols approved by the Washington University Animal Studies Committee. 

 

4. In situ hybridization 

A mouse Gpr41 cDNA was used to generate labeled sense (control) and an-

tisense riboprobes using SP6 and T7 polymerases (respectively), the Maxiscript kit (Am-

bion) and 35S-CTP (Amersham). Paraffin-embedded sections were prepared from the il-

eum and colon of adult CONV-R 129/SvEv animals. Following pre-hybridization, sec-

tions were hybridized at 55°C with sense and antisense riboprobes (7 x105 cpm per slide) 

(Sakurai et al., 1998);. Following overnight incubation, unhybridized probe was removed 

with stringent washes and treatment with RNAse A. Slides were subsequently coated 

with K.5 nuclear emulsion, exposed at 4°C for 21 d, developed, counterstained with he-

matoxylin, and examined using bright and darkfield optics. 

 

5. FACS analysis 

Small intestine and colon were harvested from 3-4 months old CONV-R mice, 

cut open, rinsed with PBS, cut into 2-3cm long fragments and washed 3 times in a 10cm 

dish containing RPMI 1640 medium containing 5% fetal calf serum (FCS). The frag-

ments were then placed in a 50 ml conical tube containing RPMI1640 medium with 5% 

FCS, 0.5mM DTT and 1mM EDTA. The conical tube was then shaken at 225 rpm (37oC) 

to dislodge the epithelial cells. The residual intestinal fragments were discarded and the 

dislodged cells pelleted, washed with RPMI containing 5%FCS, passed through a 40µm 

pore-diameter cell strainer and resuspended (5.0 x 106 cells/ml) in RPMI 1640 containing 

5% FCS. The cells were then sorted by FACS (MoFlo, Cytomation, Inc., Fort Collins, 
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CO). 1-1.5x 105 cells were sorted into RLT buffer (Qiagen) and total RNA purified (Pi-

copure kit; Qiagen). RNA was then reverse transcribed and resulting cDNA quantified by 

qRT PCR as described below. 

 

6. RNA isolation and qRT-PCR analysis 

Host RNA was extracted from liver, epididymal fat pad, the ‘ileum’ (segment 14 

of a small intestine that had been divided into 16 equal size segments), and proximal half 

of the colon, by homogenizing each sample in 2ml of Buffer RLT, followed by isolation 

on QIAgen RNeasy mini columns (Qiagen). Oligo(dT)-primed cDNA synthesis was per-

formed using SuperScript II (Invitrogen).  

For isolation of microbial RNA, 100-300mg of frozen cecal contents from each 

gnotobiotic mouse was added to 2ml tubes containing 250µl of 212-300 µm-diameter 

acid-washed glass beads (Sigma), 500µl of Buffer A (200 mM NaCl, 20 mM EDTA), 

210µl of 20% SDS, and 500µl of a mixture of phenol:chloroform:isoamyl alcohol 

(125:24:1; pH 4.5; Ambion). Samples were lysed using a bead beater (BioSpec; ‘high’ 

setting for 5 min at room temperature). Cellular debris was pelleted by centrifugation 

(10,000 x g at 4˚C for 3 min). The extraction was repeated by adding another 500µl of 

phenol:chloroform:isoamyl alcohol to the aqueous supernatant.  RNA was precipitated, 

resuspended in 100µl nuclease-free water (Ambion), 350µl Buffer RLT (QIAgen) was 

added, and RNA further purified using QIAgen RNeasy mini kit. cDNA synthesis was 

completed using SuperScript II (Invitrogen) and random hexamer primers.  

Methods for target synthesis, GeneChip hybridization and data analysis are de-

scribed in an earlier publication (Samuel and Gordon, 2006). qRT-PCR analyses were 
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performed using a Mx3000 real-time PCR system (Stratagene).  25 ul reactions contained 

SYBRGreen Supermix (Bio-Rad), 300 nM of gene-specific primers, uracil-DNA glyco-

sidase (0.01 U/ul), and 10 ng of cDNA.  Data were normalized to either 16S rRNA (mi-

crobial transcripts) or L32 mRNA (host transcripts) (CT method) prior to comparing 

treatment groups.  Primers are listed in Table 2-1.  All amplicons were 100-150bp in 

length  

 

7. Biochemical analyses 

A portion of the liver was assayed for triglyceride content using a standard 

method described Marshall et al (Marshall et al., 1999). Serum was collected from fasted 

(4h) animals by retro-orbital phlebotomy, aliquoted, and stored at –80oC until analysis. 

Standard biochemical methods were used to assay sera for glucose (Manchester et al., 

1994), lactate (Salmons et al., 1996), triglycerides (Marshall et al., 1999), and nonesteri-

fied fatty acids (Marshall et al., 1999). Insulin and leptin levels were defined using 

ELISA (Crystal Chemical, Chicago). A luminex-bead based assay (Millipore) was em-

ployed to quantify levels of PYY.  

Cecal glucans were measured using a microanalytic assay (Passonneau and 

Lowry, 1993). Cecal samples were collected with a 10 ul inoculation loop just prior to 

sacrifice, freeze dried at –35oC for 4d, weighed, and stored under vacuum at –80oC until 

use (stable for at least one month). Samples (10-15 mg) were then homogenized at 1oC in 

0.25 ml of 1% oxalic acid (prepared in H2O) and divided into two equal-sized aliquots: 

one was heated to 100oC for 30 min (acid hydrolysis sample); the other was maintained at 

1oC (control sample). A 10 ul aliquot of each sample was added to a l ml solution con-
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taining 50mM Tris HCl pH 8.1, 1 mM MgCl2, 0.02% BSA, 0.5 mM ATP, 0.1 mM 

NADP+, 2 ug/ml Leuconostoc mesenteroides glucose-6 phosphate dehydrogenase (253 

U/mg protein; Calbiochem), 10μg/mL yeast hexokinase (50 U/mg protein; Sigma) and 10 

ug/ml yeast phosphoglucose isomerase (500 U/mg protein; Sigma). The mixture was sub-

sequently incubated for 30 min at 24oC. The resulting NADPH product was detected us-

ing a fluorimeter. Glucose standards (5-10 nmol) were carried through all steps. 

SCFAs in cecal and fecal samples were assayed by GC-MS using a modification 

of the method of Moreau et al. (Moreau et al., 2003). 100-200 mg of frozen fecal or cecal 

contents were transferred to a 4 ml glass vial fitted with a septum cap PTFE liner (Na-

tional Scientific) containing 10 µl of a stock solution of internal standards (Isotec; each of 

the following components at 20mM: [2H2]- and [1-13C]acetate, [2H5]propionate, and 

[13C4]butyrate). Following acidification with 10µl of 37% HCl, SCFAs were extracted (2 

ml diethyl ether/extraction; 2 cycles). An aliquot of each sample was then derivatized 

with N-tert-butyldimethylsilyl-N-methyltrifluoracetamide (MTBSTFA; Sigma). SCFAs 

were subsequently quantified using a gas chromatograph (Hewlett Packard 6890) coupled 

to a mass spectrometer detector (Agilent 5973) as previously described (Samuel and Gor-

don, 2006). 

 

8. Analysis of host adiposity and energy harvest 

All mice were fasted (4h) prior to sacrifice. Epididymal fat pads, livers and seg-

ments of the distal intestine (ileum) and colon were removed and flash-frozen in liquid 

nitrogen. Epididymal fat pad and liver weights were recorded prior to freezing. 

Prior to sacrifice, total body fat content was measured by dual-energy x-ray ab-
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sorptiometry (Lunar PIXImus Mouse, GE Medical Systems, Waukesha, WI), 5 min after 

mice had been anesthesized with an intra-peritoneal injection of ketamine (10 mg/kg 

body weight) and xylazine (10 mg/kg). Weight gain and chow consumption were moni-

tored weekly in mice who were individually caged for the duration of the experiment.  

The energy content of fecal samples (freeze-dried immediately after collection) was de-

fined using a bomb-calorimeter (Parr Instruments) and previously established methods 

(Samuel and Gordon, 2006). 

 

9. Measurement of physiological parameters 

Locomotor activity and body temperature were assessed for 5d using a telemetry 

device (minimitter PDT-4000; Mini Mitter, Bend, OR) beginning 7d after implantation 

(Backhed et al., 2007). Locomotor activity data were processed using VitalView software 

(Mini Mitter).  

Gastric emptying and gastrointestinal transit time was measured in GF and 

Bt/Ms-Gpr41 -/- and +/+ littermates using established methods, following an 18h over-

night fast (Moore et al., 2003; Wehner et al., 2007). FITC-labeled dextran (70,000 MW; 

Molecular Probes) was administered by gavage (100 ul of a 5mg/ml solution prepared in 

PBS).  Sixty min later, the entire GI tract from stomach to rectum was removed and 

placed in ice-cold PBS for 30 sec to inhibit motility.  The stomach, small intestine (di-

vided into 10 equal length segments), cecum, and colon (subdivided into two equal-

length segments) were each placed in a separate tube containing 1ml of PBS (5 ml for 

stomach and cecum). The segments were coarsely chopped with a scissors, and luminal 

contents suspended using a combination of vigorous washing and vortexing.  A dilution 
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series was completed for each sample (1:10 to 1:1000 in PBS) and the fluorescent signal 

quantified in a multi-well fluorescence plate reader (Stratagene Mx3000; excitation at 

485 nm; emission at 530 nm). A histogram of the fluorescence signal distributed along 

the gastrointestinal tract was then plotted and the geometric center determined (SUM [% 

of total fluorescence per segment x segment number])/100) (Miller et al., 1981). Gastric 

emptying was calculated based on the amount of FITC-dextran left in the stomach com-

pared to the total amount of fluorescence in the intestine.  

The methods used for measurement of serum proteins, cecal and fecal SCFAs, 

plus triglycerides are as described above. 

 

10. Immunomagnetic purification of intestinal CD8+ T-lymphocytes 

Small intestines of individual mice were cut open and washed twice in PBS/1% 

BSA. Small intestines were stirred at 37°C for 20 min in complete RPMI medium con-

taining 0.5mM DTT and 1mM EDTA, and then washed twice by shaking in complete 

RPMI medium for 0.5 min. Supernatants were filtered through a 70-µm nylon sieve and 

centrifuged to pellet the cells. Cells were resuspended and centrifuged through a 40%-

70% Percoll gradient (Biochrom, Berlin, Germany) for 30 min at 600 x g. Cells were col-

lected from the interface of the gradient and washed in complete RPMI medium. An 

aliqouate of the interface cells was kept for RNA isolation in later steps. For enrichment 

of the T-cell populations, lymphocytes were sorted with magnetic beads on a on a mag-

netic cell sorting (MACS) column using anti-CD8 mAb microbeads according to the 

manufacturer's protocol (Miltenyi). The cells that do not bind the column are CD8- T-

lymphocytes and the cells that bind the column are CD8+ T-lymphocytes and are the cell 
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fraction that contain IELs. In this case the MACS column was used for positive selection 

of cells and we got a purity of more than 98% of the CD8+ cells that were retained in the 

MACS column. Total RNA was isolated from the percoll gradient interface cells, the 

CD8+ cell fraction and the CD8- cell fraction. cDNA was synthesized from the isolated 

RNA and q-RT PCR was performed as stated above 

 

11. Oral Administration of Propionate 

Ten-week-old male mice (The Jackson Laboratory) were fed ad libitum and 

gavage-administered with water in the early light phase daily for 3 days. On day 3, mice 

were fasted over night. The following morning, these mice were gavage-administered 

with 200 μl of 2.5 M sodium propionate solution (pH 7.0) or an equimolar amount of 

sodium chloride solution instead of water. Animals were killed 1 h later. Plasma 

propionate concentrations were determined by mouse PYY immunoassay as described 

above. 

12. Statistical analysis 

Unless otherwise noted the significance of differences noted among different 

groups of mice were defined using ANOVA and Tukey’s post-hoc test 
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Table 2-1. Primers used in qRT-PCR assays. 

 

 

.



 

 

CHAPTER THREE 

 

 

RESULTS 

 

1. Localization of Gpr41 and Gpr43 

qRT PCR analysis of cDNA obtained from different tissues showed that Gpr41 and Gpr43 are 

mainly expressed in the small intestine and the colon (Fig 3-1). Gpr43 shows a broad expression pattern 

while Gpr41 is more restricted to the small intestine and colon with appreciable expression in the spleen. 

In situ hybridization studies indicated that Gpr41 has a punctuate expression in dispersed cells along the 

villus axis. Those cells have the morphologic appearance of either intraepithelial T-lymphocytes (IELs) or 

enteroendocrine cells in both the ileum and colon (Fig 3-2A). On the other hand Gpr43 in situ hybridiza-

tion indicated that Gpr43 is expressed in more than one cell type with higher expression in the areas 

around the crypt base (Fig 3-2B), suggesting that Gpr43 might have an elevated expression in progenitor 

cells. The goal of this study was to elucidate the role of SCFA signaling in vivo. Both Gpr41 and Gpr43 

bind SCFAs but given the more interesting expression pattern of Gpr41 we decided to further pursue 

Gpr41 rather than Gpr43. 

 

2. Gpr41 is expressed in enteroendocrine cells 

As stated above Gpr41 in situ hybridization shows that Gpr41 is expressed either in enteroendo-

crine cells or IELs. In order to determine the exact physiological function of Gpr41 it was necessary to 

determine the cell type expressing Gpr41. IELs, were purified using a T-cell antibody plus magnetic bead 

sorting, had their RNA purified and cDNA synthesized. qRT-PCR was performed for CD103 an IEL 

marker, TCR  another IEL marker, the pan T-cell marker CD8 and Gpr41. The results show that the 
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CD8+ cell fraction is enriched for the IELs. q-RT PCR established that IELs do not express Gpr41 (Fig 3-

3A).  

In situ hybridization studies indicated that Gpr41 is expressed in cells with the morphologic ap-

pearance of enteroendocrine cells (Fig 3-2A). Cholecystokinin (CCK) is a known biomarker of this gut 

epithelial cell lineage. Therefore, we used flow-assisted cell sorting (FACS) to purify CCK-positive cells 

from the intestines of WT transgenic mice engineered to express green fluorescent protein (GFP) in this 

enteroendocine subpopulation (Fig 3-3B,C). qRT-PCR assays of the expression of Gpr41 and seven other 

known enteroendocrine biomarkers in the crude starting material and in the FACS-purified population 

confirmed that Gpr41 is expressed in this enteroendocrine subset (Fig 3-3D,E). A similar approach was 

used in transgenic mice engineered to express GFP in NeuroD and Neurogenin3-producing enteroendo-

crine subpopulations to show that Gpr41 is also localized to these cells (data not shown). Enteroendocrine 

cells are strategically positioned to transduce information about the nutrient milieu of the gut and the 

metabolic activity of the microbiota to the host. 

 

3. Gpr41 knock out mice 

The intent of this study is to decipher the function of SCFAs in vivo. Hence the focus from the 

very start was on the SCFAs receptors. However, localization of Gpr41 to enteroendocrine cells gave a 

plausible hypothesis of the mode of action of Gpr41. SCFA produced by the microbiota activate Gpr41 

on enteroendocrine cells and in turn enteroendocrine cells affect aspects of intestinal physiology as de-

picted in the schematic in (Fig 3-4). This made the pursuit of Gpr41 function more urgent than that of 

Gpr43. 

To further characterize Gpr41 function and decipher the functions of short chain fatty acids,  

Gpr41 knock out mice were generated (Fig 3-5). Gpr41 knock out mice bread normally in a mendelian 

ratio and did not show any developmental or physiological abnormality in a battery of physiological and 

behavioral tests. Gpr43 knock out mice are currently in production (see below). 
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4. Microbial suppression of Gpr41 expression 

Ligand-induced down regulation is a hallmark of GPCR activation (Bunemann and Hosey, 1999). 

Therefore, the generated Gpr41-/- mice were re-derived as germ free (GF), and examined by colonization 

of 8-10 week old male GF knockout (Gpr41-/-) mice and their +/+ littermates (mixed C57Bl6/J:129/Sv 

background) for 28 days with two prominent members of the human distal gut microbial community: the 

saccharolytic bacterium, Bacteroides thetaiotaomicron (Bt) and the methanogenic archaeon, Methanobre-

vibacter smithii (Ms). Recolonization of GF mice affected ileal expression of Gpr41, or three other 

known GCPRs that bind fatty acid ligands: Gpr43, which is also responsive to short chain (C2-C6) fatty 

acids, plus Gpr40 and Gpr120, which recognize ligands with longer (>C6) acyl chains (Briscoe et al., 

2003; Hirasawa et al., 2005; Itoh et al., 2003). 

Quantitative PCR assays established that levels of colonization of the distal gut (cecum) with 

each microbial species were not significantly affected by the presence or absence of Gpr41 (mean 

8.2±4.3x1012/g of luminal contents for B. thetaiotaomicron; 2.4±1.5x106 for M. smithii; n=7-8 

mice/genotype). Therefore, any phenotypic differences observed between gnotobiotic wild-type and 

knockout animals could not be attributed to differences in their gut microbial ecology. 

qRT-PCR assays of ileal RNAs revealed that compared to GF +/+ controls, co-colonization of 

wild-type mice produced statistically significant two-fold reductions in the steady state levels of Gpr41, 

43, and Gpr120 mRNAs (Fig 3-6, P<0.05; ANOVA). In contrast, expression of Gpr40 in +/+ mice was 

not significantly altered by colonization (Fig 3-6). Moreover, the magnitude of the reduction in Gpr40, 

Gpr43, and Gpr120 expression was not affected by the absence of Gpr41 (Fig 3-6).  

Together, these findings indicate that Gpr41-/- mice have a specific deficiency affecting only one 

of these four fatty acid binding GPCRs and therefore can, in principle, be used to assess the role of Gpr41 

in mediating the effects of the microbiota on host energy homeostasis. 

 

5. Gpr41 is needed for microbiota-induced increases in host adiposity 
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Eight to ten  week old male GF Gpr41-/- mice, maintained on a standard polysaccharide-rich 

chow diet, exhibited no significant differences in their epididymal fat pad or total body weights compared 

to +/+ littermates (Fig 3-7A and data not shown; P>0.05; n=5/group).  In contrast, Gpr41-/- mice co-

colonized with Bt/Ms had significantly lower epididymal fat pad weights (Fig 3-7A; 7.2±0.5 vs. 5.7±0.3 

mg/g body weight, respectively; P<0.05), gained significantly less body weight per day than +/+ controls 

(Fig 3-7B; 0.08±0.03 vs. 0.19±0.02 g/day, respectively; P<0.05), and weighed significantly less at the end 

of the 28d colonization period (24±0.4g vs. 26±0.4g; P<0.05) (n=13-14 animals/group representing two 

independent experiments). 

These gut microbiota-dependent differences were not a unique feature of the Bt/Ms gnotobiotic 

model. CONV-R Gpr41-/- animals, maintained on the same polysaccharide-rich, low fat chow diet as 

their co-colonized gnotobiotic counterparts also exhibited statistically significant decreases in weight 

gain, total body weight, and fat pad weight compared to age- and gender-matched CONV-R +/+ litter-

mates (P<0.05; Fig 3-8A,B plus data not shown). Dual energy x-ray absorptiometry (DEXA) confirmed 

their reduced adiposity (13±1% versus 19±1% in +/+ controls; P<0.005; n=9-13 group; Fig 3-8C). The 

differences in body weight and adiposity observed in CONV-R Gpr41-deficient versus wild-type mice 

were not attributable to differences in their locomotor activity or body temperature (Fig 3-9A,B; 

n=4/group; P>0.05). Fasting serum levels of leptin were similar in GF Gpr41-/- and +/+ littermates, but 

significantly lower in Bt/Ms co-colonized and CONV-R Gpr41-/- animals (Table 3-1; P<0.05; n=5-7 

mice/genotype/treatment group). Moreover, serum leptin levels were significantly lower in CONV-R an-

imals than would be expected based solely on the observed decrease in adiposity (P=0.02; Fig 3-8D,E). 

Together, these findings implicate Gpr41 in microbiota-dependent regulation of host adiposity and leptin 

production. 

 

6. Gpr41 is required for microbiota induced release of PYY into plasma 
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Signals communicated from the gut to the brain via enteroendocrine-cell derived hormones are 

important regulators of satiety and energy balance. Compared with GF +/+ controls, we found that 

Bt/Ms-colonization of +/+ mice led to significantly increased circulating levels of peptide YY (PYY). 

This increase was significantly blunted in their Gpr41-/- littermates (Fig 3-10A; n=4-8/group; P<0.05). 

Despite decreases in levels of several anorexigenic hormones (leptin, PYY), Bt/Ms co-colonized 

(and CONV-R) Gpr41-/- animals consumed equivalent amounts of chow as their co-colonized (and 

CONV-R) +/+ counterparts (Fig 3-11A and Fig 3- 9C; n=11-16 animals/group; P>0.3).  Although energy 

input was similar, bomb-calorimetric assays of feces demonstrated that the efficiency of caloric extraction 

from the diet was significantly reduced in co-colonized Gpr41-deficient animals (Fig 3-11B; 4.5±0.1 vs. 

3.4±0.2 kcal/g; n=6-7/group; P<0.0001). 

 

7. SCFA induce PYY release into plasma in a Gpr41 dependent manner 

As seen above microbiota induce PYY secretion. A plausible mechanism would be that SCFAs 

produced by bacterial fermentation induce enteroendocrine cells to secrete PYY. To test this, fasting 

Gpr41-/- and Gpr41+/+ mice were gavaged with either the SCFA propionate (200 μl of 2.5 M sodium 

propionate) or an equimolar amount of NaCl (n=4 for each group). Plasma PYY was measured 1hr after 

administration of the SCFAs. Compared with NaCl controls, we found that propionate treated +/+ mice 

had significantly increased circulating levels of PYY. This increase was not evident in the Gpr41-/- mice 

(Fig 3-13; n=4-8/group; P<0.05). 

 

8. Loss of Gpr41 is associated with increased intestinal transit time 

PYY is also an important regulator of gut motility: it produces a dose-related inhibition of transit 

rate along the length of the gut (Lin et al., 2004). To test whether Gpr41-deficiency and the associated 

decrease in PYY is accompanied by an increased transit rate through the gut, we gavaged GF and Bt/Ms-
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colonized Gpr41-/- and +/+ mice with a non-absorbable fluorogenic marker (FITC-dextran; MW 

70,000).  Although no statistically significant differences in gastric emptying rates were observed (data 

not shown), intestinal transit rate was significantly faster in Bt/Ms-colonized Gpr41-/- versus +/+ litter-

mates (Fig 3-10B,C). The effect of Gpr41-deficiency on intestinal transit rate was microbiota-dependent: 

no significant differences were noted among GF animals of either genotype (Fig 3-10B,C; n=4-8/group; 

P<0.005). The differences between Bt/Ms-colonized Gpr41-/- and +/+ littermates were not attributable to 

differences in the length of their small intestines, which were not significantly different [1.8±0.06 vs. 

1.9±0.07 cm/g body weight, respectively; n=4-8 animals/group; P>0.05]. 

 

9. Loss of Gpr41 is associated with reduced efficiency of energy harvest from the diet 

Based on the observed increase in intestinal transit rate, we hypothesized that more undigested 

polysaccharides may reach the distal gut in Gpr41-/- versus +/+ mice. This was confirmed by microana-

lytic biochemical assays of glucans (glucose-containing polysaccharides) cecal contents. Bt/Ms-

colonized, Gpr41-deficient animals had significantly higher cecal glucan levels than their colonized +/+ 

littermates (19% increase; 2.2±0.1 vs. 1.8±0.1 �moles/g dry weight of cecal contents; P<0.05; n=5-

6/group; P<0.05), and higher levels of monomeric glucose (28% increase; 2.7±0.2 versus 2.1±0.2 µmol/g 

dry weight of cecal contents; P<0.05). In addition, GC-MS-based analyses of cecal SCFA levels revealed 

that the concentrations of propionate and acetate were significantly increased in Bt/Ms-colonized Gpr41-

/- mice (n=5-7 animals/group; P<0.05) (Fig 3-11C). 

Follow-up whole genome transcriptional profiling of Bt using (i) microbial RNA isolated from 

the cecal contents of Bt/Ms-colonized Gpr41-deficient and +/+ littermates, and (ii) custom Bt GeneChips 

containing probe sets specific for >98% of the organism’s protein-coding genes, failed to reveal statisti-

cally significant differences in the expression of bacterial genes involved in fermentation of polysaccha-

rides to SCFA between the two groups of animals (n=5/group; P<0.05; FDR<1%). Follow-up qRT-PCR 

assays of these RNAs confirmed that several key genes in the pathway involved in SCFA production, in-

cluding pyruvate formate lyase (BT4738; EC 2.3.1.54), acetate kinase (BT3963; EC 2.7.2.1) exhibited no 
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significant differences in their expression between Bt/Ms colonized Grp41-/- and +/+ mice) (data not 

shown). 

GC-MS analysis of feces indicated that Bt/Ms-colonized Gpr41-/- animals had a statistically sig-

nificant (37±9%) increase in total SCFAs compared to their +/+ littermates (Fig 3-11D; n=5-7/group; 

P<0.05). In contrast, fecal levels of free C6-C18 fatty acids (FFA) and triglycerides were not significantly 

different between the two groups of mice [0.6±0.1 versus 0.7±0.1 mg/g weight of feces (FFA), and 

1.9±0.2 versus 1.9±0.1 mg/g weight of feces (triglycerides); n=7-8 animals assayed/group; P>0.05). qRT-

PCR assays of distal small intestinal (ileal) RNA indicated that there were no significant differences in 

expression of key host genes involved in the active uptake and/or trans-epithelial transport of lipids [e.g., 

Mct1 (mono-carboxylate transporter), CD36 (lipid-binding glycoprotein), LdlR (low density lipoprotein 

receptor) or ApoB (chylomicron-mediated transport); Table 3-2; n=5-7/group; P>0.05]. These findings 

are not surprising given that the majority of long chain fatty acids are absorbed in the proximal intestine. 

We reasoned that the observed increase in fecal SCFAs reflects, at minimum, reduced host pas-

sive absorption. SCFAs stimulate, and are substrates for, de novo lipogenesis in the liver. Bt/Ms-

colonization of GF +/+ animals resulted in statistically significant increases in liver triglyceride levels 

(Fig 3-12A; n=7-8/group; P<0.05). This effect of colonization was not seen in Gpr41-/- animals, nor were 

any differences observed between GF Gpr41-/- and +/+ mice (Fig 3-12A; n=7-8/group; P>0.05). qRT-

PCR assays confirmed reduced expression of fatty acid synthase (Fas) in the livers of Bt/Ms-colonized 

Gpr41-/- mice compared to their +/+ littermates (Fig 3-12B; 77±12% lower; n=5-7/group; P<0.01). 

In addition, fasting (4h) serum triglyceride levels were significantly decreased in Bt/Ms-colonized Gpr41-

deficient animals (Table 3-1; n=7-8/group; P<0.05). These differences were not attributable to alterations 

in hepatic expression of genes involved in long chain fatty acid  transport, trafficking, or fatty-acid re-

esterification (Table 3-1; n=5-7/group; P>0.05). Together, these results indicate that Gpr41-deficient 

mice have reduced hepatic lipogenesis, consistent with reduced intestinal absorption and delivery of 

SCFAs. 
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Figure 3-1 - Levels of Gpr41 and Gpr43 expression are highest in the intestine.  qRT-PCR analysis of 

RNA isolated from different tissues of adult wild type 129SV mice. (A) Levels of Gpr41expression were 

normalized to GAPDH expression. (B) Levels of Gpr43 expression.  Mean values ± SD are plotted (n=3-

4 animals, each assayed in triplicate). 
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Figure 3-2 - Gpr41and Gpr43 In situ hybridization.  (A) In situ hybridization, using Gpr41 35S labeled 

RNA probes, of mouse ileal sections reveal localization of this mRNA to  cells with the morphologic ap-

pearance of enteroendocrine cells or intraepithelial T-lymphocytes (IEL).  The upper two left  images 

show results obtained using a anti-sense probe while the upper two right images represent results  gener-

ated with the control sense probe. The hematoxylin and eosin-stained images shown in the bottom of the 

panel are from the boxed regions in the middle row of images. (B) In situ hybridization Gpr43 35S labeled 

RNA probes, of mouse colon sections reveal localization of this mRNA to cells at the base of the crypt. 
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Figure 3-3  - Gpr41 is expressed in small intestinal enteroendocrine cells.   (A) ) qRT-PCR assays of 

RNA isolated from IELs, recovered from the small intestine by magnetic immuno-affinity purification 

(using CD8 antibody), reveal enrichment of T-cell specific markers (TCR,CD103, and CD8) but not 

Gpr41. Bars in panels A and B, 25 µm. (B) Fluorescence images of sections obtained from the distal 

small intestine (upper image) and colon (lower image) of CCK-GFP BAC transgenic mice. (C) FACS 

analysis of the mechanically dispersed intestinal cells from CCK-GFP transgenic mice. The boxed area 

shows the designated GFP-positive cell population; FL1= GFP Fluorescence and FL2= Forward Scatter. 

(D) qRT PCR analysis of RNA isolated from FACS sorted GFP-positive cells from GFP-CCK mice.  

Note the enrichment in levels of enteroendocrine biomarkers in sorted cells versus the starting material or 

the GFP-negative fraction. Abbreviations: Glc, glucagon; NTS, neurotensin; TAC, tachykinin; SECR, 

secretin.  (E) qRT PCR of RNA from FACS sorted GFP-positive small intestinal and colonic cells recov-

ered from CCK-GFP mice show highly enriched expression of Gpr41. 
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Figure 3-4  - Hypothesis of Gpr41 mode of action. 
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Figure 3-5  - Targeted deletion of the mouse Gpr41 gene.  (A)   A partial map of a mouse genomic 

DNA fragment containing the complete Gpr41 gene and Gpr40 is shown. A 4.5-kb insert consisting of a 

LacZ expression cassette, followed by a neomycin resistance cassette and the mouse phosphoglycerol 

kinase (PGK) promoter, was substituted for a 1.2-kb segment of mouse DNA containing the exon coding 

for Gpr41. Restriction enzymes: B; BamHI, H; HindIII, RI; EcoRI, S; SalI, Xb; XbaI. Probes used for the 

Southern blot shown in panel B are indicated below the map of the targeted allele. The lengths of the 

EcoRI and XbaI restriction fragments hybridized to probes outside the long and short arm of the targeting 

vector are shown on the maps of the wild-type and targeted alleles. (B) Southern blot analysis of tail DNA 

prepared from Gpr41-/- mice.  DNA was extracted from F2 littermates of a heterozygote cross, digested 

completely with EcoRI and XbaI and Southern blots of the digest probed with the random-primed 32P-

labeled probes shown in panel A. 
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Figure 3-6 - Loss of Gpr41 does not affect microbial suppression of expression of other fatty acid 

binding GPCRs in the distal small intestine.  qRT-PCR analysis of ileal RNA isolated from GF or 

Bt/Ms co-colonized Gpr41-/- and +/+ mice. Levels of short-chain fatty-acid-responsive GPCRs (Gpr41 

and Gpr43), and long-chain fatty-acid-responsive GPCRs (Gpr40 and Gpr120) mRNAs are expressed re-

lated to their expression in wild-type GF controls (n=5-7 animals assayed/group; mean values ± SEM are 

plotted; samples assayed in triplicate). N.D., not detected. *, P<0.05, **, P<0.01. 
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Figure 3-7 - Microbiota-mediated increase in adiposity is blunted in Bt/Ms co-colonized gnotobiotic 

and CONV-R Gpr41-/- mice. (A)  Epididymal fat pad weights in Gpr41-/- and +/+ littermates that are 

GF, or raised GF and then colonized at 4-6 weeks of age with Bt (Bacteroides thetaiotaomicron) and Ms 

(Methanobrevibacter smithii) (n=4-14 males/group; 3 independent experiments). (B) Average daily 

weight gain (n=4-9/group; followed for 1-2 times per week for up to 4 weeks between the ages of 5 and 9 

weeks of age in the case of GF animals, and for 4 weeks after gavage in the case of Bt/Ms co-colonized 

gnotobiotic animals). Means values ± SEM are plotted. *, P<0.05, **, P<0.01. N.S., not significantly dif-

ferent. 
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Figure 3-8 - Microbiota-mediated increase in adiposity is blunted in CONV-R Gpr41-/- mice. (A) 

Epididymal fat pad weights (n=12 males/group). (B) Average daily weight gain (n=6/group; followed for 

1-2 times per week for up to 4 weeks between the ages of 5 and 9 weeks of age CONV-R animals. (C) 

Adiposity in CONV-R wild-type and knockout mice, defined by dual energy X-ray absorptiometry 

(DEXA) (n=9-13 males/group; 8-10 weeks old). (D,E) Fasting (4h) serum leptin levels plotted against 

percent total body fat (n=5/group). *, P<0.05, **, P<0.01, (Student’s t-test). 
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Table 3-1 - Biochemical analysis of fasting sera obtained from GF and Bt/Ms colonized Gpr41-/- 

and +/+ littermates. 
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Figure 3-9 - Energy intake, locomotor activity, and body temperature are similar in CONV-R 

Gpr41-/- and +/+ mice. (A,B) Telemetry-based assessment of body temperature (panel A) and locomotor 

activity [panel B plots average counts (interval = 10 min) for 5d; n=4 animals/group).  (C) Calories of 

chow consumed/day (n=11-16 males/group). Mean values are plotted ± SEM 
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Figure 3-10 - Increased rate of intestinal transit in Bt/Ms colonized gnotobiotic Gpr41-/- mice.  (A) 

Fasting serum PYY levels in GF and Bt/Ms co-colonized, Gpr41-/- and +/+ mice (n=4-8/group; 2 inde-

pendent experiments; all samples assayed in duplicate). (B) Gut transit time measured by oral gavage of a 

fluorescently labeled non-absorbable substrate [fluorescine isothiocyanate-dextran; 70,000 MW] in GF 

and co-colonized wild-type and Gpr41 deficient animals. (A) Distribution of fluorescence signal intensity 

60 min after gavage along the length of the gut; data are plotted as a fraction of total fluorescence. No 

signal was observed in the ceca or colons in any of the animals. (C) Calculated geometric center of the 

fluorescence (n=4-8 animals analyzed/group). *, P<0.05, **, P<0.01, ***, P<0.005. 
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Figure 3-11 - Gnotobiotic Gpr41-/- mice extract fewer calories from their polysaccharide-rich chow 

diet and excrete more SCFAs. (A) Dietary energy intake in GF and Bt/Ms co-colonized +/+ and Gpr41-

/- littermates (calories of chow consumed/day monitored concurrently with body weight, as in Fig 1). (B) 

Bomb calorimetry-based assessment of remaining calories in the feces of colonized (Bt/Ms) Gpr41-/- and 

+/+ mice (n=7-8/group). (C) GC-MS assay of cecal SCFA levels (n=5-7/group; each sample assayed in 

duplicate). (D) GC-MS study of fecal SFCAs from the same mice assayed in panel C. *,P<0.05, **, 

P<0.01, ***, P<0.005. (Student’s t-test used for comparisons of two groups.) 
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Figure 3-12 - The colonization-mediated increase in hepatic de novo lipogenesis is attenuated in 

Gpr41-/- mice.  (A) Biochemical analyses of liver triglyceride levels in GF and Bt/Ms co-colonized, 

Gpr41-/- and +/+ mice (n=7-8/group). (B) qRT-PCR assays of fatty acid synthase (Fas) expression (n=5-

7/group). Mean values ± SEM are plotted. *, P<0.05, **, P<0.01. 
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Figure 3-13 – The SCFA-mediated increase in circulating PYY levels is attenuated in Gpr41   -/- 

mice. Fasting serum PYY levels in, Gpr41-/- and +/+ mice 1 hr following gavage of either sodium propi-

onate or NaCl (n=4 /group; all samples assayed in duplicate).
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DISCUSSION AND FUTURE DIRECTIONS 

 

 

 

 

Germ Free mice are leaner than conventionally raised mice. This fact has been known for a 

while. Here, we give a plausible mechanism that explains this fact. Gpr41 signaling is necessary for the 

host to sense the presence of bacteria and as a result the host extracts more energy from the sources made 

available by the bacteria. We suggest that at least one feature of the interaction between SCFAs, the 

products of microbial fermentation of dietary polysaccharides, and Gpr41 is to increase circulating levels 

of enteroendocrine cell-derived hormones (e.g. PYY) that reduce gut motility and thus increase 

absorption of SCFAs, which are used as substrates for lipogenesis in the liver. However, there are still 

open questions such as the role of Gpr43 interaction with SCFAs in this mechanism, or factors other than 

PYY that contribute to this mechanism or most importantly establishing a direct casual link between 

Gpr41 signaling,  PYY release and the microbiota dependent obesity. In the next sections I contemplate 

possible outcomes of this project and their contribution to the field of Science.  

 

1. Isolation of enteroendocrine cells and Implications for future study of gut hormones 

We have successfully isolated enteroendocrine cells by the expression of a fluorescent protein 

under the control of the promoter for a peptide hormone precursor, pro-CCK.  This is the first example 

where native enteroendocrine cells have been purified and identified in vitro.  There are more than 12 

enteroendocrine cells and there have been many attempts to authentically characterize and culture any of 

the different types of enteroendocrine cells.  The dispersed nature of enteroendocrine cells makes them  
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inaccessible to single cell studies in culture. Histamine secreting enterochromaffin like cells can be par-

tially purified and maintained in short-term culture, however, they are not electrically active.  Study of 

enteroendocrine cells has been restricted to model cell lines GluTag, STC-1 and NCI-H716.  The model 

cell lines exhibit different nutrient sensitivities and are incompletely validated as accurate models of the 

native enteroendocrine cell.  All 3 cell lines produce GLP-1.  STC-1 secretes CCK and other peptides. 

Unfortunately for the purposes of this study, none of the available enteroendocrine cell lines secrete 

PYY.  The enteroendocrine cells we isolated express the PYY mRNA, and potentially can secrete PYY. 

This system of FACS purified enteroendocrine cells can be optimized and has the potential to produce 

viable and culturable native enteroendocrine cells. Likely we can isolate all different subtypes of entero-

endocrine cells using this method.   

The availability of transgenic mice with fluorescently labeled enteroendocrine cells paves the 

way for a new wave of exploration into the mechanisms underlying gut peptide release, with the potential 

to identify targets in enteroendocrine cells that could be exploited therapeutically for the treatment of 

diabetes and obesity.  In fact, the effects of gut hormones on pancreatic endocrine function, on appetite, 

and on gastrointestinal motility have positioned several of these peptides in the front of the race for novel 

treatments for type 2 diabetes and obesity, for example GLP-1 mimetics (exenatide and liraglutide) and 

DDP-IV inhibitors.  PYY and PP mimetics are also in clinical trials for obesity and diabetes, GLP-2 mi-

metics are being tested in chemotherapy-induced diarrhea and osteoporosis, and ghrelin mimetics for 

cancer cachexia and gut motility disorders. 

 

2. Gpr41 as a nutrient sensor on enteroendocrine cells 

The localization of Gpr41 to enteroendocrine cells is the first example of an emerging theme of 

how nutrients are sensed in the gut.  Recently several of the previously orphan GPCRs have been found 

to have nutrients as their ligands.  Gpr41 and Gpr43 bind SCFA, Gpr40 and Gpr120 bind LCFA, Gpr131 

binds bile acids, Gpr93 binds proteolytic products, Gpr131 binds bile acids.  More importantly these nu-

trient sensors have been located on enteroendocrine cells and have also been shown to induce production 
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of different neuropeptides from enteroendocrine cells. Hence, enteroendocrine cells act as sensors of the 

nutrient milieu in the gut lumen. Previously, it was thought that the presence and nature of distinct food 

components in the lumen of the intestine—proteins, lipids, and carbohydrates—are the main regulator of 

the secretion of individual gut hormones. However, following our results for Gpr41 and results from 

other labs for other nutrient sensors it is now clear that different food metabolites activate specific nutri-

ent receptors to secrete a subset of the gut hormones. It is now expected that there are more nutrient re-

ceptors that sense the gut nutrient content. The discovery of those additional nutrient receptors and the 

nutrients they sense will be a challenging task for future studies. 

 

3. The metabolic function of Gpr41 

Here we show that Gpr41 is required for microbiota induced obesity.  Hence SCFA not only act 

as a source of energy but also as signaling molecules through Gpr41.  The result that Gpr41 mediates this 

effect through PYY release is intriguing and provides a very plausible mechanism of the mode of action 

of Gpr41.  Thus, Gpr41 is involved in the changes in host energy balance related to gut microbiota and 

its effect on adiposity, but there are still many open ends. Notably Gpr41 is not only expressed on entero-

endocrine cells but is in fact also expressed in adipose tissue and the pancreas (Brown et al., 2005). So, 

global deletion of this receptor may also directly affect the function of these tissues. Moreover, all PYY 

cells of the distal gut also express the other receptor for SCFA, Gpr43, demonstrated by immuno-

histochemistry (Karaki et al., 2006). Consequently, it will be interesting to identify the relative role of 

Gpr41versus Gpr43 as sensors for SCFAs in the enteroendocrine system. GLP-1 at least should also be 

considered as a player in the game as it is often co-stored and -released with PYY in the distal gut. We 

have tested the levels of GLP-1 in germ free versus conventionally raised mice and found that GLP-1 is 

not significantly different between the two groups. We are also in the process of making the gpr41-gpr43 

double knock out mice; so far we have 7 recombinant ES cell clones. Those clones will be confirmed 

positive for the recombination and deletion of Gpr41 and Gpr43 and the knock out mice produced. Tis-

sue specific knock out of Gpr41 is on our to do list and a floxed Gpr41 mouse will tell for sure if all the  
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metabolic functions of Gpr41 are mediated through the entroendocrine localized Gpr41 vesus other tis-

sues like the pancreas. 

 The metabolic function of Gpr41 makes it an attractive target for drug development. 

First, Gpr41 is a GPCR and 40% of the developed drugs have GPCRs as their target. Secondly, Gpr119, 

which is also a nutrient sensor, is already in clinical trials as a drug target (Chu et al.,2008).  More impor-

tantly, Gpr40 and Gpr43 small molecule antagonists and agonists are already developed.  This says that 

development of small molecule agonists and antagonists for Gpr41, which has the same chemical class 

ligand as Gpr43, is possible and attainable.  Having an antagonist that can block gpr41 in the intestine 

might fight certain kinds of obesity by blocking or slowing down the absorption of energy from the gut. 

 

4. Future Directions and Studies 

The main purpose of this project was to delineate the role of SCFA signaling. We planned to do 

so by knocking out the receptors for SCFAs. While the Gpr41 knock out gave a lot of insight into SCFA 

signaling and uncovered new and intriguing physiological roles for SCFAs, the production of the Gpr41 

knock out mice stood short of uncovering all the functions of SCFAs signaling. In addition, the presence 

of Gpr43 may to be masking many of the functions played by Gpr41. This is despite the fact that Gpr41 

and Gpr43 couple to different GPCR pathways. As a result and for future studies of this project it is nec-

essary to produce mice that lack both of Gpr41 and Gpr43. In fact, we are producing such mice. So far 

we have recovered recombinant ES clones in which both Gpr41 and Gpr43 have been knocked out. The 

Gpr41 deficient ES cells that were used to produce the Gpr41 knock out mice were used. The Gpr41 

knock out ES cells were selected using a neomycin selection, hence we generated a Gpr43 knock out 

vector with a hygromycin selection cassette. The Gpr41 ES knock out cells were electroporated with the 

Gpr43 knock out vector, selected for hygromycin resistance and screened for homologous recombination. 

The Gpr41-Gpr43 double knock out mice produced from the ES cells we have will be a valuable tool to 

address any assumed physiological function of SCFAs signaling in vivo. 
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Another question to be answered is if the Gpr41 effects we saw are mediated by the intestinally 

localized Gpr41. To answer such a question then tissue specific deletion of Gpr41 or both of Gpr41 and 

Gpr43 becomes imminent. Arena Scientific has filed a patent about the modulation of Gpr41 function in 

the pancreas. A tissue specific knock out of Gpr41 will provide solid evidence to tell if such claims are 

valid. There is doubt if all the Gpr41 functions seen in this study are mainly driven by PYY release. Per-

forming the same experiments shown in this study using Pyy knock out mice will tell how true this is. 

However such a task will be complicated by the phenotypes seen in the Pyy knock out mice, such as in-

creased food intake and increased intestinal transit rate. 

Given the effects of SCFAs on PYY secretion, it will be useful to have a PYY secreting cell line 

that authentically represent endogenous PYY eneteroendocrine cells. A PYY eneteroendocrine cell line 

will be used to further characterize and pharmacologically identify the details of Gpr41 signaling as close 

as possible to the in vivo conditions. One strategy to produce such mice is to mate mice that produce GFP 

in the PYY cell population with mice that produce a temperature sensitive SV40 Large T-antigen gene. 

The PYY producing cells can be isolated and grown at the temperature permissive for the Large T-

antigen expression. Once the PYY enteroendorine expressing cell line is established then the cells can be 

grown at the restrictive temperature so that they lose the transformed phenotype and regain their normal 

enteroendocrine nature. Several enteroendocrine cell lines specific for the different gut peptides can be 

produced this way. The PYY –Large T-antigen mice can be mated to the Gpr41 knock out mice so that a 

PYY enteroendocrine cell line deficient in Gpr41 can be produced. Such cell lines can be used for a mi-

cro array study where we can compare expression profiles from the PYY cell line deficient in Gpr41 or 

not and treated with SCFAs or not. Such an expression profile should tell about the signaling pathway 

mediated by SCFAs through Gpr41 leading to PYY release. 

Analysis of these Gpr41-deficient mice suggests that an inhibitor of Gpr41 activation could result 

in decreased extraction of energy from the diet and leaner individuals. Therefore we postulate that an an-

tagonist of Gpr41 can slow, but not stop, energy intake be used to treat certain kinds of obesity. Gpr43 

agonists are already produced which says that producing drugs that target Gpr41 is an attainable task. 
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The PYY producing cell line can be used to screen a small molecule drug library for agonists and an-

tagonist of Gpr41. The availability of the PYY cell line deficient in Gpr41 will provide an excellent con-

trol for the specificity of the obtained drugs for Gp41 signaling. The anticipated Gpr41 inhibitor drug 

should 1) act locally in the gut, i.e. it will not be absorbed into the blood stream, 2) be stable for over a 4-

5 hour period so that it can be active in between meals. Such properties of the drug can be tested and con-

firmed in the Gpr41 knock out mice. 
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