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ABSTRACT 

Obesity is characterized by an increased production and secretion of pro-inflammatory 

factors such as acute phase proteins, cytokines and chemokines. The constitutively 

increased circulating levels of these factors are considered to contribute to a low grade 

inflammatory condition which may promote the co-morbidities of obesity like 

atherosclerosis or diabetes mellitus type 2. GLP-1 is a peptide hormone secreted from 

intestinal L-cells upon nutrient ingestion. It not only promotes insulin secretion from ß-

cells but also appears to protect from ß-cell loss. GLP-1 secretory responses are impaired 

in obese and diabetic humans. In search of the underlying causes, we screened a panel of 

adipokines that have been associated with, and predict the risk for diabetes and identified 

RANTES and Angiotensin II as possible causal factors. RANTES (Regulated upon 

Activation, Normal T cell Expressed, and Secreted), circulates in increased concentrations 

in subjects with type 2 diabetes and its levels in serum and gene expression in white 

adipose tissue is higher in obese than in lean individuals. Plasma renin activity, 

angiotensinogen, and angiotensin II levels are also significantly increase during obesity. 

The aims of the present thesis were, (1) to determine the presence of RANTES and 

Angiotensin II receptors, in the intestinal epithelium and on NCI-H716 cells, (2) to test the 

effects of recombinant RANTES and Angiotensin II on glucose stimulated GLP-1 

secretion in vitro, and (3) to confirm the effects on glucose-dependent GLP-1 secretion in 

an in vivo model employing C57BL/6 mice. We demonstrated that RANTES reduces 

glucose stimulated GLP-1 secretion from in vitro cultures of human enteroendocrine cells 

and Met-RANTES (RANTES receptor antagonist) blocking this effect. Moreover, 

administration of RANTES in mice revealed reduced plasma GLP-1 and GLP-2 levels 

after an oral glucose load as well as impaired insulin secretion. In addition, Angiotensin II 

also lowered GLP-1 secretion from enteroendocrine cells and blockage of its receptor with 

Candesartan improved secretion. Administration of Angiotensin II to mice lowered plasma 

GLP-1 levels, although not as potently as RANTES. 

This thesis describes a cross talk between the intestine and adipose tissue with the novel 

finding that elevated RANTES and Angiotensin-II blood levels as found in obese 

individuals may cause the altered GLP-1 secretory response and identifies their receptors 

as potential targets in diabetes therapy. 
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ZUSAMMENFASSUNG 

Adipositas ist durch eine vermehrte Produktion und Sekretion vo pro-inflammatorischen 

Faktoren, wie Akute-Phase Proteinen, Zytokinen und Chemokinen gekennzeichnet. Es 

wird angenommen, dass diese konstitutiv erhöht zirkulierenden Faktoren zu einem niedrig-

gradigen Entzündungszustand beitragen, der Folgeerkrankungen der Adipositas, wie z. B. 

Arteriosklerose oder Typ 2 Diabetes mellitus fördert. GLP-1 ist ein Peptidhormon, welches 

von intestinalen L-Zellen nach Nahrungsaufnahme sezerniert wird. Es stimuliert nicht nur 

die Insulinsekretion der ß-Zellen sondern schützt auch vor dem ß-Zelltod. Die GLP-1 

Antwort nach Nahrungsstimulation ist bei Adipösen und Patienten mit Typ 2 Diabetes 

mellitus gestört. Auf der Suche nach den zu Grunde liegenden Ursachen untersuchten wir 

eine Reihe von Adipokinen, welche mit dem Auftreten von Diabetes assoziiert sind. Wir 

identifizierten RANTES (regulated upon activation normal T cell expressed and secreted) 

und Angiotensin II als mögliche kausale Faktoren dieses Geschehens. RANTES zirkuliert 

mit erhöhten Serumspiegeln bei Patienten mit Typ 2 Diabetes. Seine Genexpression ist im 

weißen Fettgewebe bei Adipösen höher als bei Schlanken. Weiterhin sind die Plasma-

Renin-Aktivität, Angiotensinogen und Angiotensin II-Spiegel bei Adipositas signifikant 

erhöht.  

Die Ziele der vorliegenden Arbeit waren: (1) die Rezeptoren für RANTES und 

Angiotensin II auf intestinalen Epithelzellen und in NCI-H716 Zellen nachzuweisen, (2) 

den Einfluss von rekombinantem RANTES und Angiotensin II auf die Glukose-stimulierte 

GLP-1 Sekretion in vivo zu untersuchen und (3) die Effekte auf die Glukose-abhängige 

GLP-1 Sekretion bei C57 BL/6 Mäusen zu bestätigen. An Hand dieser Studien gelang es 

uns nachzuweisen, dass RANTES die Glukose-stimulierte GLP-1 Sekretion in 

Zellkulturen von menschlichen enteroendokrinen Zellen in einer Dosis-abhängigen Weise 

vermindert und Met-RANTES (einem RANTES-Rezeptorantagonisten) diesen Effekt 

blockieren kann. Weiterhin konnten wir zeigen, dass die Verabreichung von RANTES im 

Mausmodel die Plasmaspiegel von GLP-1 und GLP-2 nach einem oralen 

Glukosetoleranztest reduziert und die Insulinspiegel vermindert. Darüber hinaus 

verminderte Angiotensin II die GLP-1 Sekretion enteroendokrinen Zellen. Dieser Effekt 

war mit einem spezifischen AT-1 Rezeptorantagonisten Candesarten aufgehoben. Auch 

Angiotensin II verminderte die GLP-1 Spiegel im Mausmodell, auch wenn der Effekt nicht 

so stark wie mit RANTES war. 
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Die Arbeit beschreibt das Zusammenspiel zwischen dem Magen-Darm-Trakt und dem 

Fettgewebe mit neuen Ergebnissen bezüglich RANTES und Angiotensin II. Beide 

Adipokine sind bei Adipösen erhöht und spielen somit möglicherweise eine wichtige Rolle 

beider veränderte Dynamik der GLP-1 Sekretion. Der Nachweis der jeweiligen Rezeptoren 

belegt dazu die Spezifität der Ergebnisse und legt möglicherweise den Grundstein für 

weitere Therapieoptionen bei Typ 2 Diabetes mellitus. 
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1 INTRODUCTION 

1.1 Adipose tissue as an endocrine organ 

Adipose tissue (AT) is a specialized connective tissue that functions as the major storage 

site of fat in the form of triglycerides. AT is found in mammals in two different forms: 

white adipose tissue (WAT) and brown adipose tissue (BAT). The presence and 

distribution of each varies depending upon the species. In humans, WAT is dispersed 

throughout the body with major intra-abdominal depots around the omentum, intestines, 

and perirenal areas, as well as in subcutaneous depots in the buttocks, thighs, and 

abdomen. It is now being realized that the AT is more than just a passive energy storing 

organ. It is multifunctional, with complex, essential, and highly active metabolic and 

endocrine functions (1). 

1.1.1 Adipose tissue development and expansion 

The major bulk of the AT is an association of lipid-filled cells called adipocytes, which are 

held in a framework of collagen fibres. In addition to adipocytes, adipose tissue contains 

stromal–vascular cells including fibroblastic connective tissue, leucocytes, macrophages 

and pre-adipocytes (not yet filled with lipid), which contribute to structural integrity. WAT 

serves three functions; heat insulation, mechanical cushioning and most importantly, a 

source of energy. 

Adipocytes arise from mesenchymal/mesodermal stem cells by a sequential pathway of 

differentiation. When triggered by appropriate developmental cues, mesenchymal stem 

cells (MSCs) become committed to the adipocyte lineage. This differentiation pathway 

presumably involves a common preadipocyte or adipoblast, which has the capacity to 

differentiate into white or brown preadipocytes (2). 

AT grows by two mechanisms, hyperplasia (cell number increase) and hypertrophy (cell 

size increase). Genetics and diet affect the relative contribution of these two mechanisms 

to the growth of AT (3-5).  

1.1.2 Inflammation of the adipose tissue in obesity and adipokines 

Obesity is defined as excessive accumulation of AT in the human body to an extent that it 

begins to negatively affect the quality of life. In obesity, there is an enlargement of the AT 
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to store excess energy. Hypertrophy and hyperplasia are the two growth mechanisms (3, 

6). Hyperplastic growth appears only at early stages in adipose tissue development (7, 8). 

Hypertrophy occurs prior to hyperplasia to meet the need for additional fat storage 

capacity in the progression of obesity (9). It is now known that in obesity, the AT is in a 

state of inflammation due to the infiltration of immune cells such as macrophages and T 

cells. Some of the consequences of hypertrophy of AT include fatty acid flux, decreased 

vascularisation, hypoxia and ultimately adipocyte cell death. These adipocyte related 

consequences of AT expansion are potential contributors to the initiation of macrophage 

recruitment since they are recruited to phagocytose dead or dying adipocytes in the 

expanding AT depot (Figure 1).  

 

 
Figure 1: Initiation and recruitment of macrophages in adipose tissue with progressive weight gain. Obese 

adipose tissue is characterized by inflammation and progressive infiltration by macrophages as obesity 

develops. In obesity, adipocytes begin to secrete low levels of TNF-α, which can stimulate preadipocytes to 

produce monocyte chemoattractant protein-1 (MCP-1). Increased secretion of leptin (and/or decreased 

production of adiponectin) by adipocytes may also contribute to macrophage accumulation. Whatever the 

initial stimulus to recruit macrophages into adipose tissue is, once these cells are present and activated, they, 

along with adipocytes and other cell types, could perpetuate a vicious cycle of macrophage recruitment, 

production of inflammatory cytokines, and impairment of adipocyte function. Scheme adapted from Kathryn 

E. Wellen, Gökhan S. Hotamisligil; Obesity-induced inflammatory changes in adipose tissue, Journal of 

Clinical investigation, 2003 

http://www.jci.org/articles/view/20514
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The presence of macrophages in AT was first reported more than 10 years ago (10). 

Subsequent studies showed that macrophage infiltration in white AT is increased in 

obesity (11). Also, immunohistochemical analysis of perigonadal, perirenal, mesenteric, 

and subcutaneous adipose tissue in mice revealed that the percentage of cells expressing 

the macrophage marker F4/80 (F4/80+) was significantly and positively correlated with 

both adipocyte size and body (fat) mass. Similar relationships were found in human 

subcutaneous adipose tissue stained for the macrophage antigen CD68 (12).  

With the discovery of TNF-α in 1993 (13) and leptin (14, 15) in 1994 from the AT, the 

endocrine role of the AT was recognized the first time. Since then a diverse range of other 

protein factors have been discovered and characterized (16).  These various protein signals 

have been given the collective name ‘adipocytokines’ or ‘adipokines’. However, since 

most are neither ‘cytokines’ nor ‘cytokine-like’, it is recommended that the term 

‘adipokine’ be universally adopted to describe a protein that is secreted from (and 

synthesized by) adipocytes. Data demonstrate that adipokines like interleukin (IL)-6, 

tumor necrosis factor (TNF)-α, C-reactive protein and other various factors circulate in 

increased concentrations in obese individuals (17-21). 

1.1.3 Obesity and insulin resistance/type 2 diabetes 

The World Health Organization has termed the increased prevalence of obesity and 

diabetes as a 21
st
 century epidemic. Obesity is the most frequently encountered metabolic 

disease worldwide. Being overweight constitutes a health risk as it is associated with 

several co-morbidities including type 2 diabetes mellitus (T2DM), cardiovascular diseases, 

hypertension, dyslipidemia, hyperuricemia, respiratory diseases, osteo-arthritis and 

depression (22, 23). According to Ford et al, for every kilogram of weight gain, the risk of 

diabetes increases between 4.5 and 9% (24).  

The relationship between obesity and diabetes is of such interdependence that the term 

‘diabesity’ was coined by Zimmet et al to illustrate the interdependence between these two 

diseases (25). The passage from obesity to diabetes is made by a progressive defect in 

insulin secretion coupled with a progressive rise in insulin resistance. Both, insulin 

resistance and defective insulin secretion appear very prematurely in obese patients and 

both worsen similarly towards diabetes. Inflammatory mediators are found to be elevated 

in patients suffering from many co-morbidities of obesity independent of body weight, 

including atherosclerosis, diabetes and steatohepatitis (18, 26).  
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1.1.4 Adipokines and insulin resistance 

Recent data have revealed that the plasma concentrations of inflammatory mediators, such 

as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), are increased in the 

insulin resistant states of obesity and type 2 diabetes, raising questions about the 

mechanisms underlying inflammation in these two conditions. The expanding volume of 

adipose tissue during obesity raises circulating levels of these inflammatory markers and is 

therefore, thought to cause insulin resistance, thereby leading to the development of 

T2DM. More than 100 factors secreted by adipocytes have been identified over the past 

years, and it seems likely that this number will increase further due to the progress in 

analytical chemistry.  

 

 

Figure 2: The induction of reactive oxygen species (ROS) generation and inflammation (NF-κB activation) 

by macronutrient intake, obesity, free fatty acids, leptin and genetic factors. Interference with insulin 

signaling (insulin resistance) leads to hyperglycemia and proinflammatory changes. Proinflammatory 

changes (increased TNF-α and IL-6) also lead to the inhibition of insulin signaling and insulin resistance. 

Inflammation in β cells leads to β-cell dysfunction, which in combination with insulin resistance leads to 

type 2 diabetes. Adapted from Dandona P, Aljada A, Bandyopadhyay A; Inflammation: the link between 

insulin resistance, obesity and diabetes; Trends in Immunology, 2004. 

 

Two mechanisms might be involved in the pathogenesis of inflammation. Firstly, glucose 

and macronutrient intake causes oxidative stress and inflammatory changes. Chronic 

overnutrition (obesity) might thus be a proinflammatory state with oxidative stress. 

Secondly, increased concentrations of TNF-α and IL-6, associated with obesity and type 2 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bandyopadhyay%20A%22%5BAuthor%5D
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diabetes, might interfere with insulin action by suppressing insulin signal transduction. 

This might interfere with the anti-inflammatory effect of insulin, which in turn might 

promote inflammation (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Endocrine function of the adipose tissue. The adipose tissue secretes a variety of proteins such as 

acute phase proteins, cytokines and chemokines and, in obesity; the secretory pattern becomes dysregulated 

with elevated levels of secretion. 

 

TNF-α 

TNF-α is a pluripotent cytokine primarily produced from macrophages. Its expression was 

shown to be elevated in different mouse and rat models of obesity and diabetes (13). It was 

also shown that TNF-α induces insulin resistance, at least in part, through its ability to 

inhibit intracellular signalling from the insulin receptor (27). Moreover, addition of TNF-α 

to leukemic cells in vivo increased the intracellular concentration of ceramides (28). 

Ceramides can directly induce DNA fragmentation and apoptosis. In skeletal muscle, 

diacylglycerols and ceramides operate as lipotoxic mediators engaging serine kinases that 

disrupt the insulin signalling cascade and deteriorate insulin sensitivity. Further, it was 

discussed that ceramides are able to induce lipoapoptosis in β-cells (29). In addition, TNF-
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α was described to induce the formation of reactive oxygen species (ROS) (30). Production 

of ROS increased selectively in adipose tissue of obese mice, causing dysregulated 

production of adipokines, including adiponectin, plasminogen activator inhibitor-1, 

interleukin-6, and monocyte chemotactic protein-1 (31).  

 

MCP-1 

The proinflammatory chemokine monocyte chemotactic protein-1 (MCP-1) attracts 

leukocytes to inflamed sites and is regulated by NF-κB (32). Insulin was found to induce 

expression and secretion of MCP-1 substantially both in vitro in insulin-resistant 

adipocytes and in vivo in insulin-resistant obese mice (ob/ob). It was suggested that 

elevated MCP-1 levels may induce adipocyte dedifferentiation and contribute to 

pathologic states associated with hyperinsulinemia and obesity, including type 2 diabetes 

(33). Expression and plasma concentration of MCP-1, however, were shown to be 

increased both in genetically obese diabetic (db/db) mice and in wild type mice with high-

fat diet-induced obesity, leading to the assumption that increased MCP-1 expression 

contributes to macrophage infiltration into adipose tissue and finally to the development of 

insulin resistance (34). 

 

IL-6 

The role of the cytokine interleukin-6 (IL-6) in the regulation of lipid metabolism is 

controversially discussed (35). If produced in large amounts by adipose tissue, IL-6 causes 

insulin resistance in adipocytes and skeletal muscle (36). Contrary to the expectations, IL-

6 deficient mice develop obesity. However, the body weight deviation was only reported in 

very mature animals (37). Interestingly, chronic exposure of IL-6 produces insulin 

resistance in skeletal muscle, whereas short-term exposure as consequence of exercise has 

beneficial effects on insulin sensitivity (37). Thus, despite the evidence of IL-6 as a major 

player in the regulation of metabolism, the role of this cytokine in the pathogenesis of 

insulin resistance and diabetes remains not completely understood. 

 

Leptin 

Leptin is predominantly secreted from white adipose tissue and exerts its main function by 

repressing food intake and promoting energy expenditure (38). The leptin receptor is 

expressed in the arcuate, ventromedial, dorsomedial, and lateral hypothalamic nuclei, 

which are known to regulate food intake (39). Mutations of both the leptin gene (ob) as 
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well as the leptin receptor gene (db) leads to severe obesity, hyperphagia and insulin 

resistance in mice (40). Expression and secretion of leptin is correlated with the amount of 

body fat and adipocyte size. Humans with mutations in both alleles of either leptin or the 

leptin receptor are obese, but these homozygous mutations are extremely rare (40). To the 

contrary, the vast majority of obese individuals display high plasma leptin levels. Leptin 

improves insulin sensitivity by several mechanisms. In the liver and in skeletal muscle, 

leptin enhances glucose homeostasis by decreasing intracellular lipid accumulation (41) 

and, in skeletal muscle, by direct activation of AMP-activated protein kinase (AMPK) 

(42). 

 

RANTES 

RANTES is a small protein of 68 amino acids belonging to the C-C subfamily of 

chemokines. It plays a primary role in the inflammatory immune response via its ability to 

chemoattract leukocytes and modulates their function. It promotes the recruitment and 

activation of inflammatory cells such as monocytes (43), lymphocytes (44), mast cells 

(45), and eosinophils (46) and exerts its biological effects by binding to specific receptors 

in the seven-transmembrane G-protein-coupled receptor (GCPR) family, namely CCR1 

(47), CCR3 (48), and CCR5 (47). RANTES is secreted from platelets, macrophages, 

eosinophils, fibroblasts and was only very recently described as an adipokine (49). Its 

secretion positively correlates with adipocyte size (50) and is gender specific (51) and its 

levels in serum and gene expression in white adipose tissue is higher in obese than in lean 

(52). Murine diet induced obesity is associated with elevated levels of RANTES and its 

receptor CCR5 in adipose tissue, together with enhanced local T cell accumulation (51). 

RANTES circulates in increased concentrations in subjects with impaired glucose 

tolerance and type 2 diabetes (53). 

 

Angiotensin II 

Angiotensin II is an octapeptide and an important regulator of blood pressure and salt and 

water balance. It is the main active component of the renin-angiotensin system (RAS); the 

other components include the precursors, angiotensinogen and angiotensin I, the cleavage 

enzymes renin and angiotensin converting enzyme (ACE) and its receptors. Local RAS is 

present in vascular smooth muscle cells, the heart, kidneys, adrenals, liver (54), adipose 

tissue (55) and the gastrointestinal tract (56, 57). The effects of angiotensin II on 

peripheral tissues are mediated by two receptors, the more prevalent AT1 and the AT2 
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receptor. Plasma renin activity, angiotensinogen, and angiotensin II levels significantly 

increase during obesity. This may be responsible in part for the metabolic and 

inflammatory disorders associated with obesity like type 2 diabetes (58). Blockage of the 

type 1 receptor improves β cell function and glucose tolerance in mice models of diabetes 

(59). 

1.2 Gastro-intestinal hormones 

The gastro-intestinal (GI) hormones are so called because they are secreted from different 

parts of the gastro-intestinal tract. The GI hormones are secreted by special epithelial cells 

called enteroendocrine cells (EEC), lining the lumen of the stomach, small and large 

intestine. These hormone-secreting cells enteroendocrine cells are interspersed among a 

much larger number of epithelial cells accounting to only ≤ 1% of the total cell population. 

GI hormones are secreted into blood, and hence circulate systemically, where they affect 

functions of other parts of the digestive system, liver, pancreas, brain and a variety of other 

targets. Selected peptide hormones of the gut along with their functions have been listed in 

the table below. 

 

Table 1: Gastro-intestinal hormones along with their functions. 

Hormone Produced by Major function (s) 

Gastrin Stomach antrum 

(60) and G-cells 

of duodenum 

 Stimulates gastric secretion 

 Lowers esophageal sphincter 

pressure and gastric emptying (61) 

Cholecystokinin 

(CCK) 

I-cells of the 

duodenum and 

proximal jejunum 

(62) 

 stimulates gall bladder contraction 

and emptying (63) 

 stimulates pancreatic secretion 

 appetite regulation, reduces 

feeding and signals satiety (64, 65)  

Ghrelin A-cells of the 

stomach (66) 
 stimulates appetite (67) 

 promotes release of growth 

hormone (66) 

 promotes gastric motility 

Leptin Fundic glands of 

stomach (68) 
 reduces food intake and body 

weight (68) 

Secretin S-cells of the 

duodenum (69) 
 stimulates secretion of water and 

bicarbonates from the pancreas 

and bile ducts 

GIP K-cells of 

duodenum and 

jejunum (70) 

 stimulates insulin secretion from 

pancreas (71) 

 protective function on β-cells of 
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pancreas (72-74) 

PYY L-cells of ileum, 

colon and rectum 

(75) 

 contributes to ileal brake, reduces 

further food intake (76, 77) 

GLP-1 L-cells of ileum, 

colon and rectum 

(78) 

 stimulation of glucose-dependent 

insulin secretion (79, 80) 

 insulin biosynthesis (79, 80) 

 inhibition of glucagon secretion 

and gastric emptying, and 

inhibition of food intake (79, 80) 

GLP-2 L-cells of ileum, 

colon and rectum 

(78) 

 stimulates mucosal growth in 

small and large intestine, inhibits 

enterocyte and crypt cell apoptosis 

(81) 

 increases nutrient absorption, 

stimulates enterocyte glucose 

transport and GLUT-2 expression 

(82) 

 reduces intestinal permeability 

 inhibits gastric emptying and 

gastric acid secretion (83) 

1.2.1 Incretin hormones and their functions 

Incretin hormones are a class of gastro-intestinal hormones, which are secreted in response 

to the presence of nutrients in the intestinal lumen, and which act to potentiate glucose 

induced insulin secretion. The incretin effect is defined as the amplification of glucose 

induced insulin secretion upon oral vs. intravenous glucose administration. It was first 

described in 1964 by McIntyre et al (84), who also suggested it to be mediated by gut-

derived factors. The incretin effect is mediated almost equally by the two incretin 

hormones; glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 

(GLP)-1 (85). Both hormones powerfully enhance insulin secretion to an extent that can 

fully account for the incretin effect (86). 

 

GIP 

Gastric inhibitory polypeptide, also known as glucose-dependent insulinotropic 

polypeptide (GIP), is a 42 amino acid peptide, synthesized in, and secreted by 

enteroendocrine K-cells which are found in highest numbers in the duodenal and proximal 

jejunal epithelia (87). GIP is rapidly degraded, with a half-life of 7 minutes, by the enzyme 

dipeptidyl peptidase- 4 (DPP-4) (88) and its secretion is primarily regulated by nutrients, 

especially fats and glucose (89, 90) with plasma levels rising by 10-20 fold and reaching a 
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peak 15-30 minutes after meal ingestion. The primary action of GIP is the stimulation of 

glucose-dependent insulin secretion, GIP exhibits potent incretin activity in rodents and 

human subjects (91). GIP has also been shown to stimulate β-cell proliferation and exert 

anti-apoptotic actions in vitro (92-94). Furthermore, GIP was found to be involved in brain 

cell proliferation (95) and in bone formation (96). In addition, inhibition of the GIP 

signalling ameliorates obesity, obesity-related hyperglycemia and dyslipidemia in rodents, 

indicating that GIP can play a role in obesity and obesity-related diseases (97). Expression 

of the GIP receptor has been detected on rat (98)  and human adipocytes (99), and it has 

been found that GIP promotes triglyceride incorporation into adipose tissue (100, 101), 

although in human volunteers this was only observed under conditions of hyperglycemia 

and did not significantly alter the concentration of circulating triglycerides (100). 

Additional evidence demonstrated that GIP can also increase glucose transport and 

promote fatty acid synthesis in isolated adipocytes (102). In healthy humans, GIP infusion 

did not affect glucose and insulin at normoglycemia (5 mM glucose), but GIP co-

administered with the sulfonyl urea glibenclamide increased plasma insulin levels (103). 

The mechanisms underlying this intriguing observation remain unclear. Whether an 

enhancement of GIP receptor signalling is a viable strategy for the treatment of type 2 

diabetes remains to be determined. Human data demonstrating the efficacy of GIP agonists 

in type 2 diabetes are quite limited.  

 

GLP-1 

Glucagon-like peptide-1 (GLP-1) is synthesized in and secreted from intestinal endocrine 

L-cells of distal small intestine and large intestine in response to nutrient ingestion, and 

similar to GIP acts as an incretin hormone (86). GLP-1 is also expressed in neurons within 

the NTS of the brainstem. GLP-1 is released 5-30 min after food ingestion in proportion to 

the energy content. Maximum circulating GLP-1 levels are usually reached after 40 

minutes. Fatty acids and proteins have been shown to be the most potent effectors for 

GLP-1 secretion in vivo (104, 105). The biological activities of GLP-1 include stimulation 

of glucose-dependent insulin secretion, increased insulin sensitivity in peripheral tissues, 

inhibition of glucagon secretion and delay in gastric emptying and reduced food intake 

(106). GLP-1 receptors are found in all brain regions involved in food intake regulation 

including the nucleus arcuatus (ARC) regions within the hypothalamus and the NTS of the 

brainstem and in addition, in various peripheral tissues (107, 108). Central and peripheral 

administration of GLP-1 to rats inhibits food intake (109, 110). Peripheral administration 
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to humans also inhibits food intake (110) and increases postprandial satiety and delayed 

gastric emptying both in lean and obese humans (111). Some of the other functions of 

GLP-1 are shown in Figure 4. 

One barrier to the use of native GLP-1 in a clinical setting is its short half-life. GLP-1 is 

rapidly cleaved in plasma into the inactive forms GLP-1 (9-37) and (9-36) by the enzyme 

DPP-4 within minutes. To overcome this obstacle GLP-1 analogs with a significantly 

greater plasma half-life such as exendin-4 (half-life around 30 min) have been developed 

which are meanwhile used in the treatment of type 2 diabetes (112). 

 

 

Figure 4: GLP-1 actions on peripheral tissues. GLP-1 (7-36) amide, which is known to regulate pancreatic 

functions, also exerts actions in heart, stomach, brain, liver and muscle. GLP-1 affects liver and muscle via 

direct and indirect mechanisms through its metabolite GLP-1 (9-36) amide (113). Picture courtesy, Baggio 

and Drucker (114). 

 

1.2.2 Disturbances in GLP-1 secretion in obesity and type 2 diabetes 

In type 2 diabetes 

In patients with type 2 diabetes, a reduced or absent incretin effect has been described 

(115). It is now clear that, diabetes affects the two incretin hormones differently in several 

aspects. With respect to GIP, there is almost a complete loss of its insulinotropic effect, 

whereas the secretion seems only slightly decreased (116, 117).  
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In a study in patients with type 2 diabetes covering a wide clinical spectrum of the disease, 

Toft-Nielsen et al. (116), using a highly specific COOH-terminal GIP assay, found near-

normal fasting levels and meal responses with no correlations between metabolic 

parameters and GIP responses. In the same study, a very significant impairment of GLP-1 

secretion was observed. 

In contrast, both GLP-1 potency and GLP-1 secretion in relation to a meal is substantially 

reduced (116, 118). In a previous study in a small group of identical twins discordant for 

type 2 diabetes, the GLP-1 response was lower in the diabetic twin (119), whereas in first-

degree relatives of diabetic individuals, the 24-hour GLP-1 profiles were normal (120), 

probably indicating that impaired secretion is a consequence rather than a cause of 

diabetes. GLP-1 is metabolized extremely rapidly by the ubiquitous enzyme DPP-4, which 

cleaves off two amino acid residues from the NH2-terminus and renders the metabolite 

(designated GLP-1 (9-36) amide) inactive. In agreement with this, the circulating 

concentrations of the intact hormone are much lower than those of the metabolite, but in 

patients with type 2 diabetes during meal intake, intact hormone concentrations are lower 

than in control subjects (121). Differences in elimination cannot explain this (122), which 

must therefore be due to decreased secretion. 

 

In obesity  

In a study conducted with obese women, L R Ranganath et al observed a pronounced 

impairment of plasma GLP-1 secretion to oral carbohydrates in obese compared to lean 

subjects but no such difference in response to oral fat feeding (123). There were no 

differences in the plasma GIP responses to carbohydrate or fat feeding. Subsequent studies 

conducted in obese subjects to undergo gastric banding and Roux-en-Y gastric bypass 

(RYGB) also demonstrated lower plasma GLP-1 levels in comparison to lean subjects 

after an isocaloric test meal (124, 125). Although the cause of this attenuation of GLP-1 

secretion is still not clear, recently the role of pro-inflammatory cytokines which circulate 

in higher levels in obesity, have been demonstrated to play a role. 

Further, plasma DPP-4 activity has previously been reported to be elevated in obese 

subjects compared with normal-weight subjects (126, 127), but the impact of this on the 

clearance of the incretin hormones is unknown. High circulating levels of the enzyme 

could indicate that, the incretins might be degraded more rapidly in obese than in lean 

subjects, and it could, therefore, be speculated that increased rates of metabolism of the 
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incretin hormones in obesity may contribute to changes in postprandial incretin and islet 

hormone secretion. 

 

 

Figure 5: Reduced plasma GLP-1 secretion following a meal in obese (128) and in impaired glucose tolerant 

(IGT) and type 2 diabetic subjects (T2DM) (116). 

 

1.3 Nutrient sensing by intestinal endocrine cells  

GIP secreting K-cells and GLP-1 secreting L-cells are “open-type” cells. They exhibit a 

polarized morphology, with an apical surface in close contact with the gut lumen and a 

basolateral membrane in close proximity to the circulatory system. This so called open-

type morphology enables them to sense dietary nutrients and non-nutrient substances, 

present in the intestinal lumen. There are, however, some differences between GIP and 

GLP-1 secretory responses to nutrient ingestion and it has been proposed that GIP 

secretion requires nutrient absorption (129, 130), while the mere presence of nutrients in 

the lumen is sufficient to trigger GLP-1 secretion. 

Further, due to the different distribution of K- and L-cells along the length of the gut, any 

intervention that partially interferes with nutrient absorption causing more nutrients to 

enter the distal parts of the small intestine where most L-cells are found, results in 

increased GLP-1 release. 

In live preparations, enteroendocrine cells are not easily distinguished from surrounding 

enterocytes and thus for many years, attempts to study their stimulus sensing pathways 

were restricted to the use of perfused intestinal preparations and intestinal model cell lines 

such as GLUTag, STC-1 and NCI-H716. The recent development of transgenic mice in 
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which GLP-1 or GIP producing cells are labelled with a fluorescent marker has enabled the 

identification of adult murine L- or K-cell populations in culture, and subsequently the use 

of single cell recording techniques for the characterization of nutrient sensing mechanisms 

in these cell types (87, 131). Both primary L-cells and the model GLP-1 secreting cell line 

GLUTag are electrically active and nutrient responsive (132-135). Consistent with findings 

from other endocrine cell types, alterations in membrane potential are coupled via voltage 

gated Ca
2+

 entry to the release of secretory vesicles. All enteroendocrine cell types studied 

to date are also responsive to signals that activate G-protein coupled receptors. 

1.3.1 Carbohydrates 

It has been shown in many studies that glucose is the most potent secretagogue for both 

GIP and GLP-1. Oral glucose stimulates GLP-1 secretion more effectively than other 

monosaccharides such as fructose, although both have been reported to affect appetite 

similarly. Similarly, higher levels of GIP were elicited following consumption of glucose 

than equivalent portions of complex carbohydrates in the form of barley or brown rice 

(136). Further elevated blood glucose does not stimulate incretin secretion, suggesting that 

there must be a mechanism for sensing luminal glucose.  

 

Mechanisms involving metabolism and KATP channel modulation 

Patch clamp studies that were conducted in the model cell line GLUTag revealed that 

glucose reduced membrane conductance, depolarized the cell membrane, and triggered 

action potentials which led to an increase in intracellular ATP and calcium and the release 

of GLP-1. Together, with the finding that the electric activity could be abolished by 

addition of diazoxide, the opener of KATP channel, these results suggested an involvement 

of KATP channels in the stimulatory effects of glucose in the GLUTag cells (132, 135). 

Further, the KATP channel subunits, Kir6.2 and SUR1 (sulphonylurea receptor), and the 

rate limiting glycolytic glucokinase, have been detected in GLUTag (132) cells and 

primary K- and L-cells from mouse (131) and human (137). However, there have been 

contradictory studies showing that mice lacking the Kir6.2 subunit of the KATP channels 

exhibited increased rather than reduced levels of GIP secretion in response to an oral 

glucose load. 
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Metabolism independent mechanisms 

Non-metabolisable sugars like alpha-methyl-glucopyranoside and 3-O-methylglucose have 

been reported to stimulate GIP and GLP-1 secretion both in vitro and in vivo (131, 138, 

139), hence suggesting that KATP closure in response to increased metabolism cannot be 

exclusively responsible for glucose sensing by K- and L- cells.  

Sweet taste receptor(s): Other groups have postulated that glucose sensing in the intestine 

is similar to sweet taste perception in the tongue and involves two G protein coupled 

receptors, known as Tas1R2 and Tas1R3, which form a heterodimeric sweet taste receptor 

recognizing glucose and other natural and synthetic sweeteners. Upon ligand activation, a 

pathway involving α-gustducin is stimulated, resulting in stored calcium release and 

subsequent activation of the transient receptor potential channel, TRPM5 (140, 141). 

Expression of the sweet taste receptor, together with key elements of the signalling 

pathway such as α-gustducin, PLCβ2 and TRPM5, have been reported in human and 

mouse small intestine and colon (142, 143), and colocalisation of α-gustducin with the 

peptides GLP-1 and PYY has been demonstrated immunohistochemically in human L-

cells (143, 144). In contrast to experiments in cell lines, studies in healthy humans have 

shown a lack of effect of sucralose on GLP-1 and GIP secretion (145). 

Sodium/glucose co–transporter1 (SGLT1): The non metabolisable sugar like α-MDG 

that triggers incretin hormone secretion are substrates for SGLT1, which is responsible for 

the active uptake of a variety of sugars across the small intestinal brush border membrane. 

SGLT1 transports glucose along with two sodium ions, this causes membrane 

depolarization and triggers action potentials causing opening of voltage gated calcium 

channels and calcium influx. Further, the SGLT1 inhibitor phlorizin reduced glucose 

triggered incretin secretion both in vitro and in vivo (146, 147). Further proof for the 

importance of SGLT1 driven glucose uptake for incretin secretion was recently 

demonstrated in SGLT1 knock-out mice, where there was no GIP and GLP-1 response to 

an oral glucose challenge (148).  

1.3.2 Lipids 

Fat is a well known stimulant for both GIP and GLP-1 secretion. Secretion of these two 

hormones depends on meal size and on the degree of fatty acid saturation, since secretion 

of GLP-1 was shown to be preferentially triggered by long chain monounsaturated fatty 

acids compared to their saturated equivalents (149). Long-chain unsaturated fatty acids 
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(LCFA) are ligands for the Gq-protein coupled receptors GPR40 (150) and GPR120 (151). 

Messenger RNAs for both of these receptors have been detected by quantitative RT-PCR 

in L- and K-cells (152). Knock-down of GPR120, but not GPR40, interfered with CCK-

release from STC-1 cells (151) and selective GPR120 agonists, were shown to elicit a 

GLP-1 secretion from this cell line (151, 153). 

Short chain fatty acids such as acetic acid, propionic acid and butyric acid are products of 

bacterial fermentation in the colon and have been shown to stimulate the related G-protein 

coupled receptors GPR41 and GPR43, which have been localized immunohistochemically 

on L-cells in rats and humans (154, 155). Activation of GPR43 resulted in acute Ca
2+

 

responses in primary L-cells, whereas short chain fatty acid dependent GLP-1 secretion 

was abolished in GPR43 knock-out mice (134) 

Other lipid compounds that are found in the gut lumen after a lipid rich meal, such as 

lysophosphatidylcholine, oleoylethanolamide or bile acids, have been shown to stimulate 

the Gs-protein coupled receptors GPR119 (156) and TGR5 (157), respectively. GPR119 

agonists stimulate GIP and GLP-1 secretion in vivo (156, 158), while TGR5 activation has 

been shown to stimulate GLP-1 secretion in vitro and in vivo (157, 159). GPR119 knock-

out animals showed an attenuated postprandial GLP-1 secretion, but did not reveal 

significantly altered glucose homeostasis (160).  

1.3.3 Proteins 

The role played by protein or individual amino acids in triggering incretin secretion 

remains an area of controversy. In humans, for example, protein-rich meals were 

ineffective in altering post-prandial GIP levels (136) whereas intraduodenal infusion of 

mixed amino acids (161, 162) or oral consumption of the amino acid glutamine (163) was 

found to increase GIP release. 

The primary mechanisms underlying detection of amino acids or small peptides in 

enteroendocrine cells remain uncertain, as a range of potential signalling pathways have 

been postulated. Activation of the ERK1/2 MAPK and p38 MAPK pathway has been 

observed in NCI-H716 cells treated with meat hydrolysate or mixtures of essential amino 

acids (164), and may provide a link to GLP-1 release. Glutamine promotes the secretion of 

GLP-1 from rodent primary cultures and GLUTag cells via two pathways. Electrogenic 

Na
+
 coupled amino acid uptake appears responsible for initiating membrane depolarization 

and voltage gated Ca
2+

 entry, while a second pathway involves elevation of intracellular 
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cAMP levels (135). Synergy between these Ca
2+

 and cAMP signalling pathways seems a 

particularly potent stimulus of GLP-1 release in vitro. The diversity of electrogenic uptake 

mechanisms for amino acids and dipeptides across the intestinal epithelium, together with 

the range of G-protein coupled receptors now believed to respond to specific groups of 

amino acids or small peptides, may provide enteroendocrine cells with a broad repertoire 

of potential sensors of digested protein. 

PEPT1, which is predominantly expressed in the apical membrane of intestinal epithelial 

cells, is a proton/oligopeptide cotransporter that selectively takes up di- and tripeptides. It 

has been shown in vitro that peptide-induced proton influx through PEPT1 triggers a 

membrane depolarization followed by Ca
2+

 influx through voltage dependent calcium 

channels (VDCCs), which in turn induces hormone secretion from STC-1 cells when cells 

were transfected with PEPT1 (165). Normal STC-1 cells however do not express PEPT1. 

Darcel et al. showed in rats that, protein digests which activate vagal afferents known to 

induce satiety may depend on PEPT1 (166).  

 

 

 

Figure 6: Nutrient sensing by L-cells. Dietary components passing in the intestinal lumen are detected by the 

L-cells. Potential nutrient sensing pathways include electrogenic uptake pathways, such as SGLT1, 

metabolic closure of KATP channels and activation of G protein-coupled receptors (GPCRs). Downstream 

signaling pathways include elevated intracellular cAMP and [Ca
2+

], which stimulate vesicle fusion and the 

consequent release of GLP-1. 
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2 MATERIALS & METHODS 

2.1 Materials 

2.1.1 Chemicals 

2-desoxy-D-glucose    Roth GmbH &Co KG, Karlsruhe, Germany 

Acetic Acid     Roth GmbH &Co KG, Karlsruhe, Germany 

Acrylamide- Solution Rotiphorese 30 Roth GmbH &Co KG, Karlsruhe, Germany 

Agarose GTQ     Roth GmbH &Co KG, Karlsruhe, Germany 

Ammoniumpersulfate (APS)   Roth GmbH &Co KG, Karlsruhe, Germany 

Bovine serum albumin (BSA)   Sigma Aldrich, Hamburg, Germany 

Calcium Chloride dihydrate   Roth GmbH &Co KG, Karlsruhe, Germany 

Chloroform     Merck, Germany 

Coomassie Brilliant Blue (R-250)  Roth GmbH &Co KG, Karlsruhe, Germany 

Dimethylsulfoxide (DMSO)   Serva Heidelberg, Germany 

Dithiothreitol (DTT)    Roth GmbH &Co KG, Karlsruhe, Germany 

Ethyldiaminetetraacetate (EDTA)  Roth GmbH &Co KG, Karlsruhe, Germany 

EGTA      Sigma Aldrich, Hamburg, Germany 

Ethanol (99%)     Serva Heidelberg, Germany  

Ethidiumbromide    Roth GmbH &Co KG, Karlsruhe, Germany 

Formaldehyde     Roth GmbH &Co KG, Karlsruhe, Germany 

Glucose monohydrate    Roth GmbH &Co KG, Karlsruhe, Germany 

Glycin      Serva Heidelberg, Germany  

Glycylglycine     Bachem, Bubendorf, Switzerland 

Glycylsarcosine     Sigma Aldrich, Hamburg, Germany 

[Glycine-1-14C] glycylsarcosine  Amersham Biosciences 

HEPES     Roth GmbH &Co KG, Karlsruhe, Germany 

Hydrochloric Acid    Roth GmbH &Co KG, Karlsruhe, Germany 

Ionomycin     Sigma Aldrich, Hamburg, Germany 

Magnesium Sulphate Heptahydrate  Roth GmbH &Co KG, Karlsruhe, Germany 

Mannitol      Roth GmbH &Co KG, Karlsruhe, Germany 

2-Mercaptoethanol    Roth GmbH &Co KG, Karlsruhe, Germany 

Methanol     Roth GmbH &Co KG, Karlsruhe, Germany 

Methyl-α-D-gluco-pyranoside  

[glucose-14C (U)]      American Radiolabeled Chemical, Inc 

Milk powder     Granovita, GmbH, Heimertingen, Germany 

Nitrogen (liquid)    Linde, Pullach, Germany 

Paraplast X-TRA    Sigma Aldrich, Hamburg, Germany 

Phlorizin dihydrate    Sigma Aldrich, Hamburg, Germany 

Phenylmethylsulfonyfluoride (PMSF) Roth GmbH &Co KG, Karlsruhe, Germany 

Phorbol Myristate Acetate (PMA)  Sigma Aldrich, Hamburg, Germany  

Potassium Chloride     Roth GmbH &Co KG, Karlsruhe, Germany 

Potassium Dihydrogenphosphate  Roth GmbH &Co KG, Karlsruhe, Germany 

Potassium Hydroxide     Roth GmbH &Co KG, Karlsruhe, Germany 

Sodium Dodecyl sulphate (SDS)  Roth GmbH &Co KG, Karlsruhe, Germany 

Sodium Chloride    Roth GmbH &Co KG, Karlsruhe, Germany 

Sodium Hydrogencarbonate   Roth GmbH &Co KG, Karlsruhe, Germany 
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Sodium Hydroxide    Roth GmbH &Co KG, Karlsruhe, Germany 

Tetramethylethylendiamine (TEMED) Roth GmbH &Co KG, Karlsruhe, Germany 

Trishydroxymethylaminomethane (TRIS) Merck, Darmstadt, Germany 

Tris-Hydrochloride (TRIS-HCl)  Roth GmbH &Co KG, Karlsruhe, Germany 

Triton-X     Applichem GmbH, Darmstadt, Germany 

Tween 20      Sigma Aldrich, Hamburg, Germany 

Xylene      Roth GmbH &Co KG, Karlsruhe, Germany 

2.1.2 Cell culture media and supplements 

All culture media and supplements were purchased from PAA laboratories Gmbh, 

Pasching, Austria, unless otherwise stated. 

 

RPMI 1640 with L-glutamine  

MEM with Earles’s salt with L-glutamine  

MEM:F12 (1:1)  

Hanks Balanced Salt Solution (HBSS), 1X  Gibco™, Invitrogen, Karlsruhe, Germany 

Penicillin/Streptomycin, 100X Gibco™, Invitrogen, Karlsruhe, Germany     

Hepes buffer solution, 1M  

Sodium Pyruvate   

Non essential amino acids, 100X  

Gentamycin, 50 mg/ml  

2.1.3 Cytokines and antagonists 

Lyophilized cytokines and antagonists were reconstituted in PBS, 0.01% BSA to make 

desired stock concentrations which were then made into aliquots and stored at -80
o
C. 

 

rh Leptin PeproTech Gmbh & Immunotools, 

Germany 

rh TNF-α      Immunotools, Germany 

rh RANTES      PeproTech Gmbh, Hamburg Germany 

rh MCP-1      Immunotools, Germany 

rh IL-6       Immunotools, Germany 

Angiotensin-II      Sigma Aldrich, Hamburg, Germany 

rm RANTES      PeproTech Gmbh, Hamburg Germany 

Candesartan      Sigma Aldrich, Hamburg, Germany 

rh Met-RANTES R&D Systems, Germany / P.J. Nelson 

(LMU, Munich) 
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2.1.4. Buffers and solutions 

Krebs Ringer Phosphate (KRP 0%) buffer: 

KRP buffer was always freshly made and pH adjusted to 7.4 with NaOH adding slowly to 

avoid CaCl2 precipitation. 

NaCl               154 mM 

KCl               154 mM 

CaCl2               110 mM 

MgSO4               154 mM 

NaH2PO4                100 mM 

 

Krebs Buffer (KB) 

Krebs buffer was always made fresh before use; pH was set to either 7.4 or 6.4 depending 

on the nature of the experiment with, 1M HEPES and 20 mM MES respectively. Before 

use, the buffer was gassed for a minimum of 1 hour with 95% O2 and 5% CO2. 

NaCl 119 mM 

KCl 24.7 mM 

CaCl2.2H2O 2.5 mM 

MgSO4.7H2O 1.2 mM 

KH2PO4 1.2 mM 

NaHCO3  25 mM 

 

Citrate buffer 

Citrate buffer was made fresh and pH set to 6.0 with NaOH. 

Citric acid  2.3 mM 

Tri sodium citrate dihydrate 12 mM 

 

TAE Buffer, pH 8-8.2 

Glacial acetic acid 5.14% v/v 

TRIS 24.2% w/v 

EDTA 0.5 M 

 

M300 Buffer, pH 7.4 

Mannitol 300 mM 

HEPES 20 mM 

1 tablet of anti-protease (Sigma P8340) was added to 1L of M300 buffer just before use. 
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2.1.5 Antibodies 

Primary antibodies that were used are listed in the table below 

Antibody Target 

species 

Provider Application Dilution 

Goat anti-GLP-1 Mu, Rat, 

Hu 

Santa Cruz Biotechnology, 

Inc ,USA 

IF 1:50 

Rabbit anti-

GLP-1 

Mu, Rat, 

Hu 

Epitomics, USA IF 1:100 

Rabbit anti-

PEPT1 

Mu, Rat Pineda antikörper service, 

Germany 

IF,WB 1:1,500, 

1:2,500 

Rabbit anti-

SGLT1 

Mu Kindly provided by 

Hermann Koepsell 

IF,WB 1:2,000 

Rabbit anti-

SGLT1 

Hu, Mu Millipore, Germany IF,WB 1:500 

Rabbit anti-

RANTES 

Hu Abcam , Cambridge, UK neutralization 7µg/ml 

Rabbit anti-AT1 Mu, Rat, 

Hu 

Santa Cruz Biotechnology, 

Inc ,USA 

IF,WB 1:50, 

1:200 

Goat anti- AT2 Mu, Rat, 

Hu 

Santa Cruz Biotechnology, 

Inc ,USA 

IF,WB 1:50, 

1:200 

Rabbit anti-

CCR1 

Mu, Rat, 

Hu 

Santa Cruz Biotechnology, 

Inc ,USA 

IF,WB 1:50, 

1:200 

Mouse anti-

CCR5 

Mu, Rat, 

Hu 

Santa Cruz Biotechnology, 

Inc, USA 

IF,WB 1:50, 

1:200 

Rat anti-F4/80-

Alexa Flou 488 

Mu AbD Serotec, Oxford, UK IF 1:100 

Goat anti-Villin Mu, Rat, 

Hu 

Santa Cruz Biotechnology, 

Inc, USA 

IF,WB 1:50, 

1:200 

 

Secondary antibodies used are listed in the table below 

Antibody Provider Fluorescent 

dye 

Dilution 

Donkey anti-goat Jackson ImmunoResearch, UK Cy5 1:400 

Donkey anti-goat Santa Cruz Biotechnology, Inc, 

USA 

FITC 1:150 

Donkey anti-goat Jackson ImmunoResearch, UK Dy Light 649 1:250 

Donkey anti-rabbit Jackson ImmunoResearch, UK Dy Light 549 1:250 

Donkey anti-rabbit Santa Cruz Biotechnology, Inc, 

USA 

FITC 1:150 

Donkey anti-mouse Santa Cruz Biotechnology, Inc, 

USA 

Cy5 1:150 

Donkey anti-goat Bio-Rad Laboratories, Germany IRDye 800 1:20,000 

Donkey anti-rabbit Bio-Rad Laboratories, Germany IRDye 680 1:20,000 
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2.1.6 Nuclear stains 

Dye Provider Dilution 

DAPI Sigma Aldrich, Germany 1:500 

Propidium Iodide Molecular Probes, CA, USA 1:150 

Draq-5 Cell Signaling Technology, Inc, 

USA 

1:150 

 

2.2 Methods 

2.2.1 In vitro methods 

2.2.1.1 Isolation and primary culture of mature human adipocyte 

Isolation of adipocytes from human adipose tissue 

Subcutaneous adipose tissue samples were obtained from subjects undergoing elective 

plastic surgery. Patient consent was obtained beforehand. Tissue samples were transported 

in DMEM: F12 medium containing 1% Pen/Strep. Blood vessels and connective tissue 

were removed and tissue was minced carefully under a sterile hood and tissue pieces were 

added into a 50 ml falcon tube up to the 10-13 ml marking. The volume was made up to 45 

ml with 4% BSA, KRP buffer containing 100 U/ml collagenase. The tubes were sealed 

with parafilm and placed in a shaking water bath (60-80 beats/minute) maintained at 37
o
C 

for 60-90 minutes. After digestion, the material was filtered with an autoclaved nylon 

mesh of 2,000 um pore size to remove undigested material and connective tissue. A second 

filtration step was done with the filtrate using a nylon mesh of 250 µm pore size. Next, 

three washing steps were performed with wash buffer. The adipocytes were left in the 

wash buffer for a few minutes so that they could float to the top.  

 

Preparation of pre-conditioned adipocyte medium (PAM)  

1ml floating adipocytes was seeded with 4 ml of DMEM: F12 containing 1% Pen/Strep. 

After 30 minutes, media was replaced with fresh media and cells were cultured in a 

humidified chamber maintained at 37
o
C. After 16 hours, pre conditioned media was 

collected, made into aliquots, snap frozen and stored at -80
o
C until further use 
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Figure 7: Isolation of mature adipocytes from human adipose tissue. Adipose tissue was obtained from 

human subjects undergoing elective plastic surgery. The tissue was minced and digested with collagenase. 

After a series of filtration steps, mature adipocytes were obtained and cultured in DEME:F12. 

 

2.2.1.2 Intestinal epithelial and endocrine cell culture conditions 

Cells were grown and maintained in a humidified atmosphere at 37
o
C and 5% CO2. 

NCI-H716 cells 

Human enteroendocrine NCI-H716 cells (ATCC, CCL-251) were obtained from the 

American Type Culture Collection. The cells were grown in suspension in RPMI 1640 

medium supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/ml penicillin, 100 

µg/ml
 
streptomycin, 2.5 g/l glucose, 10 mM HEPES, 1 mM Na-pyruvate. Fresh media was 

added to the cells twice a week. Cells were counted in a Neubauer’s chamber after staining 

with Trypan blue (1:5 dilution). Cells were split by mixing the cells thoroughly and gently 

with a pipette and then taking desired volume of cell suspension and growth media in a 

new flask. Cells were usually split when they reached 1 million/ml. 
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Caco-2 cells 

Caco-2 is a colonic tumor cell line which, when cultured, spontaneously exhibits 

enterocyte-like characteristics. Caco-2 cells were obtained by ATCC and cultured in a 

culture medium consisting of MEM with Earle’s salts with L-glutamine, 2% non essential 

amino acids, 10% FCS, 100 µg/ml gentamycin. Cells were used between passages 30 and 

60. Cells were split when they reached about 80% confluency by adding trypsin 

(concentration, 0.5 ml for a 5ml culture flask) to detach the adherent cells. Cells were 

incubated with trypsin for 5 minutes at 37
o
C and then growth media was added to 

neutralize the trypsin. This was followed by mixing the cell suspension, centrifugation, 

dissolution of the cell pellet in fresh growth media and finally seeding desired volume of 

cell suspension with fresh growth media in a new culture flask. 

2.2.2 Ex vivo models 

Mouse intestinal rings 

The method of Jang et al was adapted for this (144). Mice were anesthetized with 

isoflurane (Baxter GmbH, Germany) and sacrificed by cervical dislocation. The abdominal 

wall was opened by midline laparotomy and the whole small intestine was removed 

carefully by making one cut below the stomach and another before the caecum. Care was 

taken to remove mesenteric fat sticking to the walls of the intestine. The intestine was 

flushed carefully with ice cold Krebs buffer saturated with 95% O2/ 5% CO2. The cleaned 

intestine was everted using a custom made metal rode and laid on a glass plate kept on ice. 

The everted intestine was then sliced into 0.5 cm wide ring pieces. 

2.2.3 GLP-1 secretion assay 

2.2.3.1 NCI-H716 cells 

For GLP-1 secretion experiments, NCI-H716 cells were plated at a density of 4.10
5 

(1ml/well) on 24-well cell culture plates pre-coated with Matrigel
™ 

basement membrane 

matrix (BD Biosciences) diluted (1:100) in DMEM high glucose (4g/L) medium. Medium 

was changed every day until the experiment. Cells were cultured until they reached 80% 

confluency and then growth medium was removed and the cells were washed twice with 

warm Hank’s Balanced Salt Solution without calcium and magnesium (HBSS, Invitrogen). 

Compounds to test were made in PBS buffer supplemented with 1 mM CaCl2. DPP-4 
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inhibitor was added to the effector solutions (20 µl/ml), pH adjusted to 7.2 , pre-warmed to 

37
o
C and incubated on the cells (0.5ml/well) for 1 hour at 37

o
C in a humidified incubator 

at 5% CO2. At the end of 1 hour, the plate was immediately placed on ice to stop further 

secretion; medium was collected and centrifuged at 4
o
C for 10 minutes at 3,000 rpm to 

remove cell debris. Supernatant was collected and stored at -80
o
C until GLP-1 

determination. Effectors were always tested in duplicate. Cells were homogenized with 0.1 

M NaOH and protein concentration per well was measured by Bradford assay (Bio-Rad, 

Munich, Germany). GLP-1 (active) was assayed using an ELISA (Millipore) specific for 

GLP-1 (7-36) amide and GLP-1 (7- 37) amide and normalized to protein content. 

To study the effect of cytokines on nutrient stimulated GLP-1 secretion, cells were washed 

and pre-incubated with test cytokines supplemented in growth medium for defined time 

periods at 37
o
C in a humidified incubator at 5% CO2. After the incubation period, media 

was removed and cells were incubated with effector solution for 1 hour. 

2.2.3.2 Everted mouse intestinal rings 

After isolation of intact whole small intestine from the mouse, the intestine was cut into 

two halves, proximal and distal small intestine. The distal half was used for GLP-1 

secretion. It was everted with a custom made metal rod of narrow bore and rinsed in Krebs 

buffer, pH 7.4 containing 500 µM DTT. Everted intestine was sliced into roughly 0.5 cm 

wide rings and placed in ice cold KRB + 500 µM DTT in a 96-well plate. Once all the 

rings were prepared, they were blotted on a paper towel and then transferred into pre-

warmed (37
o
C) effector solutions in 96-well plate and incubated for 45 minutes. Effectors 

were made in Krebs buffer, pH 7.4 without DTT. DPP-4 inhibitor (20 µl/ml was added to 

the effector solution. After the incubation period, intestinal rings along with effector 

solution were collected in microcentrifuge tubes and centrifuged at 4
o
C for 10 minutes at 

10,000 rpm. Supernatants were collected and stored at -80
o
C. Rings were digested in 1 M 

NaOH and protein concentration was measured by Bradford assay (Bio-Rad, Munich, 

Germany). GLP-1 (active) was assayed using an ELISA (Millipore) specific for GLP-1 (7-

36) amide and GLP-1 (7- 37) amide and normalized to protein content. 
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2.2.4 Immuno staining and confocal microscopy 

2.2.4.1 Cells 

NCI-H716 and Caco-2 cells were grown on Matrigel coated sterile glass cover slips until 

confluency. Growth medium was removed; cells were washed twice with PBS and fixed 

with 4% formalin in PBS, pH 7.4 for 15 minutes at room temperature. After fixation, cells 

were washed twice and permeabilised for 10 minutes with 0.25% Triton X-100 in PBS. 

Cells were washed again with PBS and incubated in blocking solution (5% milk in PBS) 

for 30 minutes at room temperature. This was followed by overnight incubation at 4
o
C 

with primary antibodies prepared in PBS containing 0.05% Tween 20 (PBS-T) in a 

humidified chamber. Cells were washed twice with PBS and incubated with appropriate 

secondary antibodies conjugated with a fluorescent dye for 1 hour at room temperature in 

the dark. Secondary antibodies were also diluted in PBS-T. Cells were washed twice with 

PBS and mounted on glass slides using fluorescent mounting medium (DAKO North 

America Inc.; Carpenteria, USA) and allowed to air dry in the dark. Cells were visualized 

with a laser scanning spectral confocal microscope (Leica TCS SP2, spectral confocal and 

multiphoton system). 

2.2.4.2 Tissue 

Tissue processing 

Mouse tissue was excised after midline laparotomy and gently flushed with Krebs buffer to 

remove faecal debris. Small pieces of the intestine (approximately 2 mm) were cut and 

fixed in 4% formalin in PBS, pH 7.4 for 6-8 hours at room temperature. After fixation, 

tissue pieces were dehydrated in graded concentrations of ethanol, 70% and 80% for 30 

min, 2 × 95% for 45 min, 3 × 100% 45 min and 2 × 100% xylene for 45 min at 40
o
C, and 

then embedded in paraffin with the help of an embedding machine (Microm, Walldorf, 

Germany). Paraffin embedded tissue was sectioned into 7 µm thick sections with a 

microtome (Thermo Scientific Microm, Walldorf, Germany) and dried overnight at room 

temperature on Superfrost Plus micro slides (Menzel GmbH, Braunschweig, Germany) 

which were then stored at 4
o
C until further use.  
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Immunofluorescent staining 

For staining, tissue sections were first dewaxed in xylene (2 × 5 minutes), rehydrated in 

descending concentrations of ethanol (2 × 100% for 5 minutes, 1 × 100% for 2 minutes, 2 

× 96% for 2 minutes and, 1 × 80% for 2 minutes) and finally rinsed under running tap 

water for 3 minutes. For antigen retrieval, the slides were boiled in 10 mM citrate-buffer in 

a pressure cooker for 20 minutes in a microwave oven. The slides were then left to cool in 

citrate buffer for 7 minutes. Slides were incubated for 1 hour in blocking solution of 5% 

milk (Frema Reform Instant-Magermilchpulver; GRANOVITA GmbH; Heimertingen, 

Germany) in PBS to block unspecific binding sites. After blocking, slides were washed 3 

times with PBS. Primary antibodies were made in PBS-T (PBS containing 0.05% Tween 

20) and applied on the slides and incubated overnight in a humidified chamber at 4
o
C. 

Slides were washed twice with PBS, and incubated for 1 hour in the dark with appropriate 

fluorescent labelled secondary antibodies made in PBS-T. For nuclei staining, sections 

were counterstained with DAPI or propidium iodide or Draq5 along with the secondary 

antibody mix. After washing 3× with PBS, slides were mounted with a drop of fluorescent 

mounting medium (DAKO North America Inc.; Carpenteria, USA) and sealed with a 

cover slip (Carl Roth GmbH & Co KG: Karlsruhe, Germany) and allowed to air dry. Slides 

were stored at 4
o
C and protected from light. Stained tissue was observed by using a 

confocal microscope (Leica TCS SP2, spectral confocal and multiphoton system, Wetzlar, 

Germany).  

 

H&E staining 

Some of the tissue section slides were control-stained with hemalum and eosin. Hemalum 

is a complex of hematoxylin and aluminum ions that stains the nucleus of the cell dark 

violet color, whilst eosin stains the cytosol and other eosinophilic structures red-pink 

shade.  

The dried slides were rehydrated by several incubation steps at room temperature: 

100% Xylol    3 min 

100% Xylol   3 min 

100% Ethanol    2 min 

96% Ethanol    2 min 

80% Ethanol    1 min 

deionised water   1 min 

Meyer’s Hemalum   4 min 

tap water   2 min 
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96% Ethanol    0.5 min 

Eosin     2 min 

70% Ethanol    1 min 

96% Ethanol   1 min 

100% Ethanol   1 min 

100% Ethanol    1.5 min 

100% Xylol   1.5 min 

 

One drop of mounting medium (DAKO fluorescent mounting medium S3023, Dako, 

Carpinteria, CA, USA) was put on each slide and a cover slip was put on them. They were 

dried completely under the hood in the dark for a few hours before being examined under a 

light microscope (Leica Microsystems, Wetzlar, Germany).  

2.2.5 Molecular biology 

2.2.5.1 RNA isolation from cells and intestinal mucosal tissue 

Cells 

Cells (NCI-H716 cells and Caco-2) were grown in 6-well culture plates till they reached a 

confluent state. Cells were washed once with ice cold PBS and total RNA was extracted by 

using TRIzol
®
 (Invitrogen) according to the manufacturer’s instructions. RNA was 

dissolved in Diethylpyrocarbonate (DEPC)-treated water (0.01% v/v). RNA concentration 

was estimated with Nanodrop 1000 spectrophotometer (Thermo Fischer Scientific). 

 

Tissue 

Mouse intestine was everted and mucosal tissue was scraped using a glass slide. Tissues 

were transferred to a 2 ml vial and snap frozen immediately. For isolation of RNA, 1 

ml/tube TRIzol
®
 was added to the mucosa before it thawed completely and homogenized 

using Ultraturrax (Polytron Pt1600E, Kinematic AG, Lucerne, Switzerland). Rest of the 

steps were performed as per manufacturer’s instructions (Invitrogen). RNA purification 

was done using RNeasy
®
 columns (RNeasy mini kit, Qiagen). RNA was dissolved in 

Diethylpyrocarbonate (DEPC)-treated water (0.01% v/v). RNA concentration was 

estimated with Nanodrop 1000 spectrophotometer (Thermo Fischer Scientific). 
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Quality control for RNA isolated 

The absorbance ratios of RNA (at λ=260 nm) and protein (at λ=280 nm) and 

phenol/ethanol (at λ=230 nm) obtained with the Nanodrop revealed the purity of the 

obtained RNA. The 260/280 nm absorbance ratio should be 1.7-2.0, the 260/230 ratio 

should be > 1.5. Intact RNA was confirmed by running the isolated RNA on an agarose 

gel.  

 

Composition and preparation of the RNA gel 

0.8 g agarose was dissolved in 65 ml DEPC water and was heated in a microwave oven for 

1.5 minutes to form a homogenous mixture. The mixture was allowed to cool at room 

temperature for 5 minutes and 6.6 ml of 37% formaldehyde and 8 ml of 10X MOPS buffer 

was added to it. The entire mix was gently poured in the electrophoresis tray and allowed 

to polymerize for 1-2 hours.  

One the gel polymerized, it was placed in the electrophoresis chamber containing 500 ml 

of 1X MOPS. RNA sample (2 µg of RNA + 3- fold the volume of loading dye (Promega) 

made up to a volume of 10 µl with DEPC water) was heated at 75
o
C for 5 minutes and 

immediately placed on ice until it was loaded in the well on the gel. The gel was run at 80 

V for 1.5–2 h. After completion of the run, a picture was made. 2 crisp bands 

corresponding to 28 S and 18 S in the ratio of 2:1 denote intact RNA. 

2.2.5.2 Synthesis of cDNA and real time RT-PCR 

cDNA was synthesized from 5µg of RNA using commercially available kits from Ambion, 

Applied Biosystems and Promega. Quantitative real-time PCR (qPCR) was performed in a 

Lightcyler (Roche, Germany) with 12.5 ng of cDNA per PCR reaction with the FastStart 

SYBR Green kit (Roche, Germany). Cycle parameters were annealing at x
o
C (depending 

on primer pair used) for 10 seconds, elongation at 72
o
C for 20 s and melting at 95

o
C for 15 

seconds. PCR was usually done for 35 cycles.  

The primer sequences and annealing temperature for primers used are given in the table 

below. 

 

Product 

size, bp 
Upstream sequence 
(sense) 

Downstream sequence 
(antisense) 

Ann. T 
(

o
C) 

Gene Species 

296 TGG AAA CTC 

CAA ACA CCA 

CAG 

CCC AGT CAT CCT 

TCA ACT TG 
60 CCR1(167) human 
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539 TGA CAA CCT 

CAC TAG ATA 

CAG TTG 

CTC TTC AAA CAA 

CAA CTC TTC AGT 

CTC 

58 CCR3(167) human 

280 AAT AAT TGC 

AGT AGC TCT 

AAC AGG 

TTG AGT CCG TGT 

TCA CAA GCC C 
58 CCR5(167) human 

255 GAT GAT TGT CCC 

AAA GCT GG 
TAG GTA ATT GCC 

AAA GGG CC 
60 AT1 human 

293 AGT AAG CAC 

AGA ATT CAA AG 
AGT AAA GAA TAG 

GAA TTG CAT 
57 AT2 human 

215 CATCGCTCAGAC

ACCA 
AGCTTCCCGTTCTC

AG 
60 GAPDH human 

298 TTT GCC TAC CTC 

TCC CTA GAG 

CTG 

ATG CCG ATT TTC 

CCA GGA CC 
60 RANTES murine 

239 TGA CTA CAG 

CAA GTA TCT GG 
CAA CAA TGG CGA 

CCT C 
60 Proglucagon human 

303 ATC TAC GCC 

AAG GTC C 
CCC GGT TCC ATA 

AGC A 
60 SGLT1 human 

100 TTA GCT TCC ATG 

CCG GCC TTA TA 
TCC ACT GCT TCA 

GGC TCT TGT 
60 CCR1 murine 

128 CAA GAC AAT 

CCT GAT CGT 

GCA A 

TCC TAC TCC CAA 

GCT GCA TAG AA 
60 CCR5 murine 

63 CCA TTG TCC ACC 

CGA TGA AG 
TGC AGG TGA CTT 

TGG CCA C 
60 AT-1 murine 

80 CAG CAG CCG 

TCC TTT TGA TAA 
TTA TCT GAT GGT 

TT TGT GAG CAA 
60 AT-2 murine 

75 GAG GCA AAT 

CTG AGC AAC 

ATT G 

GAG TTC GAG GAG 

GAT GCT ATT GA 
60 Angiotensin-

ogen 
murine 

198 ATCCCAGAGCTG

AACG 
GAAGTCGCAGGAG

ACA 
60 GAPDH murine 

 

 

The reaction mix for one reaction is given in the table 

Components Volume [µl] per reaction 

cDNA (25 ng/µl) 1 

H2O 6.4 

MgCl2 (25 mM) 1.2 

Forward primer (20 µM) 0.2 

Reverse primer (20 µM) 0.2 

LC-SYBR-Green Enzyme mix (10X) 1 

Total volume per reaction 10 

 

 

DNA products were run on an agarose gel to confirm product size obtained with the 

predicted size. 2% agarose gel was made in TAE Buffer. 1 µl 10X blue DNA loading dye 

(Promega Madison, WI USA) was added to each sample and spun down. 10 µl sample mix 
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was loaded into the well pocket. The gel was run at 135 V for 45 min. For product size 

estimation, 5 µl of a 100 bp ladder (Promega, Madison, WI USA) was used. 

 

2.2.5.3 siRNA transfection of NCI-H716 cells 

Pre-designed siRNA (Silencer
® 

Select siRNA) targeting human CCR1 and CCR5 were 

purchased from Ambion (Applied Biosystems). These RNA oligonucleotides were re-

suspended in nuclease-free water to obtain a final concentration of 10 µM. NCI-H716 cells 

were seeded at a density of 50,000/well in a 24-well plate format in normal growth 

medium without antibiotics. The next day, subconfluent differentiated NCI-H716 cells 

were transiently transfected with siRNAs, using Lipofectamine 2000 according to the 

manufacturer's protocol (Life Technologies, Carlsbad, CA). Briefly, a mixture of siRNA 

and Opti-MEM
®
 I reduced serum medium 1X (Gibco) was made. Another mixture of 

Lipofectamine 2000 and Opti-MEM
®
 I reduced serum medium 1X was made. The two 

mixtures were combined and the complex incubated for 20 minutes at room temperature 

following which 100 µl of the complex was added to the wells containing cells and 400 µl 

growth medium, without antibiotics resulting in a final concentration of 5 nM for the 

siRNAs. The plate was gently rocked back and forth and incubated at 37
o
C in a humidified 

incubator at 5% CO2. Cells were examined 24, 48 and 72 hours after transfection by 

performing a western blot. Cells were also transfected with negative control siRNA. 

 

2.2.5.6 SDS PAGE and Western blot  

10% running gel 

The ingredients for the preparation of 1 running gel for the separation of proteins with MW 

in the range between 20-70 kD are listed in the table below. 

Component Volume (ml) 

30% Acrylamide/Bis-acrylamide 2 

1.5 M Tris HCl, pH 8.8 1.5 

10% SDS 0.06 

H2O 2.5 

TEMED 0.002 

10% (w/v) ammonium persulfate (APS) 0.062 

Total volume 6 
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5% stacking gel 

The ingredients for preparation of 1 stacking gel are listed in the table below 

Components Volume (ml) 

Stacking gel 2 

TEMED 0.002 

10% (w/v) APS 0.015 

 

Protein extraction 

Protein extraction from NCI-H716 cells were done as follows. Growth media was 

removed. Cells were washed twice with in ice cold PBS and scraped off from the well of 

the cell culture plate with PBS supplemented with 1mM PMSF. Cell suspension was 

centrifuged at 3,000 rpm for 5 minutes at 4
o
C. The supernatant was discarded and cell 

pellet re-suspended in PBS containing 1mM PMSF by passing seven times through a 24- 

gauge needle. Cell suspension was re-centrifuged at 3,000 rpm for 5 minutes at 4
o
C. The 

resulting supernatant containing total protein was transferred into a pre-cooled microfuge 

tubes. Protein content was determined by a Bradford protein assay kit (Bio-Rad, Munich, 

Germany).  

 

Western blot 

10 μg of proteins was loaded into the well and subjected to electrophoresis on a 10% (w/v) 

polyacrylamide gel at 15 mA and 120 V for 1.5 hours. Semi-dry transfer of protein was 

done onto a nitrocellulose membrane (Whatman Optitran BA-S 85 Reinforced NC, 0.45 

µM, Whatman GmbH, Germany). After transfer was complete, the membrane was 

incubated in blocking solution, 3% BSA (Fraction V, Sigma) in PBS (pH 7.4) for 1 hour at 

room temperature. The membranes were incubated with primary antibody in PBS with 

0.1% (v/v) Tween 20 (PBT-T) overnight with gentle agitation at 4
o
C. After three washes in 

PBS-T, the membranes were incubated with secondary antibodies labelled with IRDye 

infra red dyes, (LI-COR Biosciences) diluted in PBS-T (1:20,000) for 1 hour at room 

temperature with gentle agitation. At the end of the incubation, the membranes were 

visualized and analyzed by the ODYSSEY
®

 Infrared Imaging System (LI-COR 

Bioscience). 
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2.2.6. Measurement of intracellular calcium 

Live cell imaging of NCI-H716 cells 

Levels of [Ca
2+

]i was quantified by fluorescence imaging, using the calcium indicator dye 

Fura-2AM. Briefly, NCI-H716 cells were seeded on Matrigel
®
 coated slides. On the day of 

the experiment, growth media was removed, cells were incubated for 5 minutes in PBS 

containing 1.8 mM CaCl2 at 37
o
C in a humidified incubator at 5% CO2.  Then, cells were 

incubated for 30 minutes in dye solution containing 10 µM Fura-2AM (F1221, Molecular 

Probes, Karlsruhe, Germany) in pre-warmed oxygenated PBS buffer, pH 7.4 along with 

4% Pluronic acid (Molecular probes) and 1.8 mM CaCl2 at 37
o
C humidified incubator. 

This was followed by 2× washing steps for 5 minutes in the incubator with PBS, calcium 

free buffer. Slides were mounted on the stage of an inverted microscope (Leica, 

AF6000LX, Mannheim, Germany) fitted with an incubation chamber and equilibrated to 

37
o
C. Cells were perfused with pre-warmed PBS, calcium free for few minutes to reach 

stable base line readings. Cells were then perfused with an effector solution at a rate of 30 

ml/hour. Changes in [Ca
2+

]i in the cells loaded with Fura-2 were measured ratiometrically 

using dual wavelength excitation, employing a designated Fura-2 filter cube and a fast 

external filter wheel (Leica, Mannheim, Germany). This setup allowed to record 

fluorescence at 510 nm with excitation at 380 nm or 340 nm. Pairs of images were 

obtained every 1.5 seconds and the image ratio from each pair was computed. In order to 

investigate the role of cytokines and phlorizin (inhibitor of SGLT1) on intracellular 

calcium, cells were first perfused with 1 ml of cytokine/inhibitor solution prior to effector 

+ cytokine/inhibitor stimulation. Ionomycin [2 µM] was used as a positive control in all 

the experiments. 

2.2.7 cAMP measurement 

NCI-H716 cells were seeded at a density of 4
*
10

5
 cells/ml in 24-well plates. Media was 

removed and cells washed twice with HBSS containing 1 mM IBMX to inhibit 

phosphodiesterases and incubated in the last wash for 5 minutes at 37
o
C. Cells were 

incubated with 300 µl of effectors and RANTES diluted in HBSS for defined time periods 

ranging from 5 minutes to 1 hour. At the end of the incubation periods, supernatant was 

aspirated from the wells and 200 µl of 0.1M HCL was added and incubated at room 

temperature for 20 minutes. Cells were scraped off the surface with a cell scraper. Mixture 
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was dissociated by pipetting up and down until the suspension became homogenous and 

transferred into centrifuge tubes and centrifuged at 1000 rcf for 10 minutes. Supernatant 

was decanted into a clean tube and stored at -80
o
C until analysis. cAMP was measured 

using a commercially available kit from Cayman Chemical Company. The assay is based 

on the competition between free cAMP and a cAMP-acetyl cholinesterase conjugate 

(tracer) for a limited number of cAMP- specific rabbit antibody binding sites. The rabbit 

antibody-cAMP (either free or tracer) complex binds to the mouse monoclonal anti-rabbit 

IgG that is previously attached to the well. The plate is developed with Ellman’s Reagent 

which contains the substrate to acetyl cholinesterase. Intensity of the color formed is 

determined spectrophotometrically. 

2.2.8 PKA assay 

Mouse intestine was everted and 5 cm long segments were made and incubated for 30 min 

at 37
o
C in an incubator in Krebs buffer containing 1 mM glucose in the absence (control) 

or presence of desired concentrations of cytokine. After the incubation time, mucosa from 

each segment was scraped and homogenised in 500 µl of cell lysis buffer (Cell Signalling) 

supplemented with 1 mM DTT, 1 mM PMSF and 10 µg/ml Aprotinin on ice using a 

polytron at setting of 10,000 rpm (2 × 10 sec bursts). Samples were kept on ice for 10 

minutes followed by centrifugation at 150,000 rcf for 30 minutes at 4
o
C. The clear 

supernatant was transferred to pre-chilled microcentrifuge tubes. This is the cytosolic 

fraction. An aliquot was taken for protein determination and samples stored at -80
o
C. 

Protein kinase activity in each sample homogenate was detected and quantified using a 

commercially available kit (Enzo Life Sciences) according to manufacturer’s instructions. 

In the assay, the substrate, which is readily phosphorylated by PKA, is pre-coated on the 

wells of the provided PKA substrate microtiter plate. The samples to be assayed are added 

to the appropriate wells, followed by the addition of ATP to initiate the reaction. The 

kinase reaction is terminated and a phosphospecific substrate antibody is added to the 

wells which bind specifically to the phosphorylated peptide substrate. The phosphospecific 

antibody is subsequently bound by a peroxidase conjugated secondary antibody. The assay 

is developed with tetramethylbenzidine substrate (TMB) and the color develops in 

proportion to PKA phosphotransferase activity (Figure 8). The color development is 

stopped with acid stop solution and the intensity of the color is measured in a microplate 

reader at 450 nm. The relative kinase activity in the cell lysate was calculated by 
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subtracting the absorbance of each sample from the blank (without any kinase) and 

dividing it by the quantity of crude protein used per assay. Results were expressed as fold 

change of cytokine treated tissue by control treatment.  

 

 

Figure 8: Principle of Protein kinase A activity assay. Scheme adapted from Enzo life sciences. 

 

2.2.9. Isotope labelled substrate uptake by mouse intestinal rings 

Everted mouse intestinal rings were prepared as previously described in section 2.2.2. 

Groups of four to six intestinal rings of 1 cm in length were incubated at 37
o
C for 3 

minutes in Krebs buffer in the absence (control) and the presence of cytokines and the 

inhibitor of SGLT1, phlorizin [0.5mmol/l] as indicated. Then, the rings were incubated for 

2 minutes in an uptake solution corresponding to Krebs buffer containing 1 mmol/l α- 

MDG and 1 μmol/l of the isotopic tracer d-[
14

C] α-MDG for SGLT1 or 1mmol/l gly-sar 

and 10 µmol/l [
14

C] gly-sar for PEPT1. For SGLT1 transport experiments, pH of the 

substrate solution was set at 7.4 and for PEPT1, it was set at 6.4. After the incubation 

period, the rings were washed twice in ice-cold Krebs buffer, pH 7.4. Rings were blotted 

on a tissue and put into counting vials (one per vial). Rings were digested in 200 µl of 

BIOSOL
™

, tissue solubilizer (National Diagnostics, Atlanta, U.S.A) overnight in a shaking 

incubator at 50
o
C. The next day, 20 µl of hydrogen peroxide was added in the vials to 

decolorize the samples and incubated at room temperature for 1 hour. Then, 3 ml of 
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BIOSCINT
™

 scintillation cocktail (National Diagnostica, Atlanta, U.S.A) was added to the 

vials and vortexed well. Radioactivity incorporated in the tissue was quantified by a liquid 

scintillation counter (Wallack, Germany). Results were expressed as picomoles α-

MDG/gly-sar per cm of tissue per minute. 

2.2.10 Brush border membrane preparation 

Mucosa was scraped from the first 10 cm of mouse small intestine and snap frozen for 

brush border membrane (BBM) preparation for later use. 1 µl of 1M PMSF was added 

directly onto the mucosal tissue before it thawed. Frozen tissue was thrown into 20 ml of 

M300 buffer and homogenized for 10 seconds with an Ultraturax. To this mixture, 0.4 ml 

of 1M MgCl2 and 0.22 ml of 0.416 M EGTA was added and centrifuged for 7 minutes at 

3840 rcf at 4
o
C. Supernatant was carefully transferred into another falcon; 0.4 ml of 1M 

MgCl2 was added to it and incubated for 15 minutes on ice. Then the mixture was 

centrifuged for 15 minutes at 2750 rcf at 4
o
C. The supernatant was poured into centrifuge 

tubes, weighed and centrifuged again at 32,500 rcf for 30 minutes at 4
o
C. The supernatant 

was discarded and the pellet obtained, was resuspended first in 1 ml of M300 Buffer with a 

needle. 0.4 ml of MgCl2 was added to it and volume made up to 20 ml with M300 buffer. 

The mixture was incubated for 15 minutes on ice followed by another centrifugation step 

for 15 minutes at 2750 rcf at 4
o
C. The supernatant was poured into centrifuge tubes, 

weighed and centrifuged again at 32,500 rcf for 30 minutes at 4
o
C. The supernatant was 

discarded and the pellet obtained was resuspended in 30-50 µl of M300 buffer. 1 µl of 

PMSF was added to it. The mixture was homogenized with a needle. Aliquots were made 

and snap frozen in liquid nitrogen. 

2.2.11 In vivo mice experiments 

2.2.11.1 Mouse husbandry  

Mice were maintained at 22 ± 2
o
C and a 12:12 hour light/dark cycle with access to water 

and a chemically defined diet (Ssniff GmbH, S5745-E702) ad libitum unless otherwise 

stated. All procedures applied during this study were conducted according to the German 

guidelines for animal care and approved by the state ethics committee under reference 

number 55.2-1-54-2532-67-11. 
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2.2.11.2 Intraperitoneal (IP) injection of adipokines 

For acute experiments, the mice received only a single IP injection of the adipokine 

dissolved in 200 µl PBS while the control group received 200 µl PBS alone. For chronic 

experiments, they received 4 injections, a single injection on four consecutive days. 

Throughout this period, they had ad libitum access to food and water and mice were 

monitored for any adverse effects induced by the injections. 

2.2.11.3 Oral glucose challenge  

Mice were deprived of food for 6 hours usually from 7.30-13.30 with only ad libitum 

access to water. Mice were weighed. Fasting blood glucose was measured from the tail 

vein blood sample with a glucometer (FreeStyle Lite, Abbott). Mice were given orally with 

the help of a gavage feeding needle (Fine Science Tools), 6g/kg glucose immediately after 

the IP injection of adipokine/PBS. Control group received water. Another blood glucose 

measurement was done 10 minutes following glucose/water administration. 

2.2.11.4 Blood, organ collection and storage 

At the end of 10 minutes following the glucose/water administration, mice were 

anesthetized with isoflurane. Blood samples were obtained by puncturing the retro-orbital 

sinus with heparin coated capillaries (Neolab, Heidelberg, Germany) and collected into 

pre-cooled Na-EDTA coated tubes (Sarstedt, Nuembrecht, Germany). 20 µl/ml DPP-4 

inhibitor (Millipore) was added to the blood within 30 seconds of collection and tubes 

were inverted gently to allow mixing of the blood with the inhibitor. Blood was kept back 

on ice and centrifuged at 4
o
C at 3,200 rpm for 20 minutes. Plasma was collected, made 

into aliquots and stored at -80
o
C. The plasma was used to measure active GLP-1 

(Millipore, Germany), total GLP-1 (Yanaihara Institute, Japan), total GIP (Millipore, 

Germany) and Insulin (Crystal Chem, USA) by ELISAs. 

The abdominal cavity of the mouse was cut open by midline incision, and pancrea, liver, 

epididymal adipose tissue were collected and snap frozen in liquid nitrogen. The whole 

small intestine was isolated; mucosa scraped off and snap frozen. Tissue samples were 

then stored at -80
o
C. In another set of mice, rings were made from everted intestine and 

used for radiolabeled uptake experiments. 
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3 RESULTS 

3.1 Proof of concept 

3.1.1 Weight gain in C57BL/6 mice on a high fat diet 

C57BL/6 mice were fed a high diet (Ssniff
® 

EF, D12492 (II) mod.) for 12 weeks with 60% 

of the total energy coming from fat. Mice on normal rodent chow served as the control 

group. Body weight was measured throughout the feeding period. Mice on the high fat 

(HF) diet gained 16 ± 2g, while on the control diet (CD), 8 ± 2g over 12 weeks (Figure 9). 
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Figure 9: Weight gain on 60% high fat diet. Statistical significance determined by Student’s t test, *p < 0.05, 

n = 6 mice per group. 

 

3.1.2 Adipose tissue weight and morphology 

Epididymal, subcutaneous and mesenteric adipose tissue were collected and weighed in 

both the groups, HF and CD. All the three fat depots were significantly increased in the 

mice on HF diet (Figure 10).  
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Figure 10: Weight of (A) epididymal adipose tissue, (B) subcutaneous adipose tissue and (C) mesenteric 

adipose tissue in mice on CD and HF diet. Statistical significance was determined by Student’s t test, **p < 

0.01, **p < 0.001, n = 6 mice per group. 

 

Epididymal fat was sectioned and then stained with Hematoxylin and eosin (H&E) to 

observe the morphology of the adipocytes. Adipocytes were much larger in the obese 

animals (Figure 11) in accordance with literature suggesting hypertrophy and hyperplasia 

that occurs with progressive weight gain (6, 9). 

 

 

Figure 11: H&E staining of epididymal adipose tissue in lean (left) and obese (right) mice.  
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3.1.3 Macrophage infiltration in WAT in a mouse model of obesity and 

diabetes 

Epididymal fat was collected from db/db (model of diabetes, obesity and dyslipidemia due 

to deficient leptin receptor activity) mice and subjected to H&E, and immunofluorescent 

staining with an antibody against F4/80 which is a transmembrane protein present on the 

cell-surface of mouse macrophages and is associated with mature macrophages. 

Macrophages were found to surround dying or necrosing adipocytes in a ‘crown’ like 

structure as can be seen in the figures below. 

 

A                         B     

 

C           D 

 
 

Figure 12: (A) and (B) H&E staining of epididymal adipose tissue from db/db mouse. (C) and (D) IF 

staining with anti-F4/80 (green) for macrophages and propidium iodide (red) for nuclei. 
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3.1.4 Elevated circulating plasma cytokines in obese mice 

Adipokines were measured in plasma of lean and obese mice using a multiplex technology 

(MILLIPLEX
™

 MAP kit from Millipore). The kit is based on Luminex
®
 technology which 

allows simultaneous quantification of multiple analytes in the same sample by using color-

coded beads coated with a specific capture antibody. This allows the addition of multiple 

conjugated beads to each sample resulting in the ability to obtain multiple results from 

each sample. Leptin, MCP-1, IL-6, TNFα, tPAI-1 and resistin were measured.  

 

       A               B 
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Figure 13: Plasma adipokine levels in obese and lean mice. Data are shown as mean ± SEM. Each group 

consisted of 6 mice. Statistical significance was determined by Student’s t test, *p < 0.05., n.s. = non 

significant. 
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All the adipokines with the exception of MCP-1 (Figure 13A) showed a trend towards 

higher levels in the obese mice. IL-6 (Figure 13C), leptin (Figure 13D) and resistin (Figure 

13E) were significantly increased in obese mice. 

3.1.5 Reduced GLP-1 secretion in obese mice 

Mice were put on a high fat diet with 48% of the total energy coming from plant based oils 

(S5745-E702, Ssniff GmbH, Germany). Mice on normal chow served as the control group. 

The study was conducted for a period of 12 weeks during which body weight was 

regularly monitored. Mice on the high fat diet showed significant increase in body weight 

in comparison to mice on rodent chow. After culling, small intestine was excised and 

stimulated for GLP-1 secretion. Since, GLP-1 secreting enteroendocrine cells (EEC) show 

their highest density of distribution in the ileal segment of the small intestine, therefore, 

the distal half of the small intestine was everted and sliced into approximately 0.5 cm long 

rings. Rings were then incubated in glucose [50 mM], glycyl-glycyl [20 mM] and buffer 

alone (control) for 45 minutes to allow for GLP-1 secretion.  
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Figure 14: GLP-1 secretion in mouse intestinal rings in response to different nutrients. Data are shown as 

mean ± SEM. Each group consisted of 10 animals. Statistical significance was determined by two way 

ANOVA, *p < 0.05, n.s. = non significant. 

 

It was observed that the basal secretion of GLP-1 in obese mice was 0.010 ± 0.003 

pmol/mg while in the lean mice it was more than doubled with 0.025 ± 0.007 pmol/mg 

(Figure 14). Further, the increment in GLP-1 in the lean mice upon glucose stimulation 

(0.043 ± 0.015 pmol/mg) and glycyl-glycyl stimulation (0.042 ± 0.015 pmol/mg) was not 
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observed in the obese mice. In the obese group, GLP-1 secretion upon nutrient stimulation 

remained the same like with buffer alone. 

3.1.6 Proglucagon gene expression in db/db mice 

In order to investigate differences in the basal expression of GLP-1, the small intestine was 

excised from db/db mice which are a model of obese and diabetic mice and RNA was 

isolated from the distal half. cDNA was synthesized and qPCR performed for proglucagon 

(gcg), the gene that encodes GLP-1. There was an 89.6 ± 4.1% reduction in the expression 

of gcg in the db/db mice (0.00125 ± 0.00057) in comparison to control mice (0.00013 ± 

0.00002). 
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Figure 15: Proglucagon gene expression in db/db mice and control mice. Data are shown as mean ± SEM. 

Each group consisted of 5 animals. Statistical significance was determined by Student’s t-test, *p < 0.05,       

n = 6. 

3.2 Effect of preconditioned adipocyte media on GLP-1 secretion from 

NCI-H716 cells. 

Isolated mature adipocytes form human subjects undergoing plastic surgery were 

incubated in culture medium (DMEM:F12) for 16 hours to allow fat cells to secrete 

adipokines into the medium. Pre-conditioned adipocyte media (PAM) were prepared from 

primary adipocytes of lean and obese subjects and assigned to 2 groups, a lean group with 

a BMI ≤ 25 kg/m
2
 and an obese group with a BMI ≥ 25 kg/m

2
. The human 

enteroendocrine cell line, NCI-H716 was exposed to these media or DMEM:F12 (control 

medium) for 2 hours followed by 1 hour stimulation with glucose which is a potent 

stimulant of GLP-1 secretion. The response of the NCI-H716 cells to glucose diminished 

following incubation with pre-conditioned media from both lean and obese subjects with a 

lowering effect of 32.2 ± 17.0% in media of lean and a statistically significant reduction of 
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56.7 ± 20.0% with media obtained from cells of obese individuals as compared to control 

culture medium. This finding demonstrated that adipocyte-derived factors adversely affect 

GLP-1 output from endocrine cells with a reduction of GLP-1 secretion in a donor BMI-

dependent manner.  
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Figure 16: Glucose stimulation of NCI-H716 cells for GLP-1 secretion following two hours treatment with 

PAM. PAM prepared from adipocytes of obese and lean human subjects, or DMEM:F12 (adipocyte culture 

medium) was applied on NCI-H716 for 2 hours and then stimulated for 1 hour with 500 mM glucose for 

GLP-1 secretion. GLP-1 is expressed as a percent of control (basal secretion with buffer). Statistical 

significance was determined by one way ANOVA, followed by Bonferroni’s post test, *p < 0.05. vs. control, 

n = 5-6 conditioned media per group.  

3.3 Screening for potential adipokines with inhibitory roles on GLP-1 

secretion 

To identify which component/s of the pre-conditioned media could be responsible for the 

reduced response of the NCI-H716 cells to glucose, we screened few defined adipokines 

which have been shown to be predictive for the development of metabolic alterations. 

Leptin, MCP-1, IL-6, TNF-α, Angiotensin II and RANTES were individually applied on 

the NCI-H716 cells for defined time periods (2-24 hours) before stimulation with 10% 

glucose (1 hour). Supernatants were collected for GLP-1 determination by commercially 

available ELISA. The screening experiments revealed that RANTES (Figure 17D) and 

angiotensin II (Figure 17C) had the highest consistent and significant effects on the 

reduction of GLP-1 secretion in the NCI-H716 cells following stimulation with glucose. 

Leptin on the other hand had no effect on GLP-1 secretion (Figure 17A), while TNF-α 

(Figure 17B) showed a trend to reduce GLP-1 but was not significant. 
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Figure 17A: Leptin [10
-6

M] was incubated on the NCI-H716 cells for 2 hours in growth medium following 

which the cells were stimulated for 1 hour with 10% glucose made in PBS buffer, 1 mM CaCl2. Basal 

secretion corresponds to GLP-1 secretion observed with buffer alone. Data are represented as mean ± SEM. 

Bars represent absolute values of GLP-1 in pmol/mg, n = 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17B: TNF-α [10
-9

M] was incubated on the NCI-H716 cells for 2, 6, 12 and 24 hours before 

stimulation with 10% glucose. Data are represented as mean ± SEM. Bars represent absolute values of GLP-

1 in pmol/mg, n = 4. 
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Figure 17C: Angiotensin II [10
-6

M] was incubated on the NCI-H716 cells for 2, 6, 12 and 24 hours before 

stimulation with 10% glucose. Data are represented as mean ± SEM. Bars represent absolute values of GLP-

1 in pmol/mg, n = 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17D: RANTES [10
-8

M] was incubated on the NCI-H716 cells for 2, 6, 12 and 24 hours before 

stimulation with 10% glucose. Data are represented as mean + SEM. Bars represent absolute values of GLP-

1 in pmol/mg, n = 4. 
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3.4 Expression of nutrient transporters on enteroendocrine cells 

The inability to isolate enteroendocrine cells (EEC) from mouse intestinal tissue due to its 

sparse population limited our studies to the use of the NCI-H716 cells in the investigation 

of nutrient transporters on the L-cells. We aimed at identifying the glucose transporter, 

SGLT1 and peptide transporter PEPT1 on EEC cells. We used techniques such as RT 

PCR, Western blot and IF in quest of the transporter. 

 

SGLT1 

 

 

Figure 18: (A) SGLT1 gene expression in NCI-H716 and Caco-2 cells. Western blot was performed on (B) 

total protein fraction of NCI-H716, CHO cells over expressing SGLT1 and Caco-2 cells and (C) BBM 

fraction of mouse intestinal tissue with a custom made antibody raised in rabbit recognizing SGLT1 of 

human, mouse and rat origin (courtesy Prof Joana M. Planas, Barcelona, 1:1,000). (D) & (E) IF on NCI-

H716 cell and mouse villi respectively, with anti-SGLT1 (Millipore, cat. #07-147, 1:1,000). Nuclei were 

stained with propidium iodide.  
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PEPT1 

Further, we looked for the peptide transporter at message and protein level. 

 

 

Figure 19: (A) Gene expression of PEPT1 on the NCI-H716 cells and Caco-2 cells. (B) Western blot was 

performed on BBM fraction of mouse intestinal tissue with a custom made antibody raised in rabbit 

recognizing PEPT1. IF on (C) NCI-H716 cells for PEPT1 (red) and propidium iodide (blue) and on (D) 

mouse villi. 

 

From the RT-PCR and western blot analysis, it became clear that the NCI-H716 cells 

express both the transporters but have lower expression than the Caco-2 cells. 

 

Intracellular calcium imaging in NCI-H716 cells in response to glucose 

and phlorizin treatment 

It is known that secretion of GLP-1 from the EEC cells in response to nutrients succeeds 

the rise in intracellular calcium and cAMP. Intracellular calcium causes GLP-1 vesicles to 

fuse to the membrane with consequent exocytosis of the hormone (168). It is also 

postulated that, SGLT1 that transports glucose into the EEC is crucial for hormone 



Results 

 

52 
 

secretion. Transport of two sodium ions along with glucose causes membrane 

depolarization and this opens voltage gated calcium channels with subsequent influx of 

calcium and hormone secretion. 

Hence, we tried to monitor changes in intracellular calcium in the NCI-H716 cells after 

stimulation with glucose. Further, to assess the specific role of SGLT1, we used phlorizin, 

a highly selective inhibitor of SGLT1 and then challenged the cells with glucose.NCI-H16 

cells showed an increase in intracellular calcium which is reflected by the increase in the 

image ratio of the bound form of Fura-2 to the unbound form upon perfusion of 10 mM 

glucose solution containing 1.8 mM CaCl2. Cells were perfused with 1 mM phlorizin 

followed by glucose together with phlorizin. There was a smaller increase in intracellular 

calcium with glucose when phlorizin was applied on the cells (Figures 20 and 21). Lastly, 

ionomycin [2 µM] was added to the cells to elicit maximum response.  

 

 

Figure 20: Calcium response in NCI-H716 cells in response to glucose and phlorizin treatment. The above 

trace is a representative of 6 independent experiments. All solutions were perfused at a rate of 30 ml/h. 

Glucose 10 mM application (see arrows) induced an increase in [Ca
2+

]i which was seen as in increase in the 

image ratio (first peak) . Phlorizin application caused no change in the ratio. Glucose when applied together 

with phlorizin brought about a much lower increase in [Ca
2+

]i (second small peak). Ionomycin [2 µM] was 

used as a positive control and cells responded by showing increase in [Ca
2+

]i. 
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Figure 21: Left panel, Fold increase in [Ca
2+

]i, taking 2 µM ionomycin induced calcium response as 100%. 

10 mM glucose caused a 70.0 ± 5.8% increase in calcium while 10 mM glucose together with 1 mM 

phlorizin caused only 24.4 ± 1.5% increase. Right panel, Fold increase in [Ca
2+

]i, taking 10 mM glucose 

stimulated response as 100%. Phlorizin lowered glucose stimulation by 65.3 ± 2.2%. Data are shown as 

mean ± SEM from 6 independent experiments. Statistical significance determined by Student’s t-test, ***p < 

0.001. 

 

In the next chapters, I will focus on RANTES and Angiotensin II and describe their role 

and effects on GLP-1 secretion and nutrient transporters in different models. 
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3.5 Role of RANTES 

As RANTES, in combination with other chemokines might be predictive for the 

development of type 2 diabetes we focused on its effects on NCI-cells, ex vivo and in vivo 

models in the following experiments. 

3.5.1 Direct effects of RANTES on GLP-1 secretion in NCI-H716 cells 

To assess dose-dependent effects of RANTES on GLP-1 secretion in the absence of 

glucose, NCI-H716 cells were incubated with increasing concentrations of rh RANTES in 

PBS medium containing 1 mM CaCl2 for 1 hour. PBS alone served as a negative control 

and PMA [10
-6

 M] an activator of protein kinase C and known to cause GLP-1 secretion, 

served as positive control (169, 170). After the incubation period, supernatants were 

collected, centrifuged and stored at -80
o
C. Cells were homogenized in 0.1 M NaOH for 

protein determination by Bradford assay. While PMA stimulated GLP-1 secretion to 352 ± 

31.2% of control values, RANTES in concentrations of 10
-12

, 10
-8

, 10
-4

 M caused a small 

but significant increase in GLP-1 secretion (129.7 ± 15.2%, 173.6 ± 20.2% and 167.2 ± 

14.6%) as compared to buffer control (Figure 22).  
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Figure 22: Effect of increasing concentrations of RANTES on GLP-1 secretion. Data are given as mean ± 

SEM. Statistical significance was calculated by one way ANOVA followed by Dunnett’s post test, *p < 0.05, 

***p < 0.001, n = 4. 
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3.5.2 Effect of RANTES on glucose stimulated GLP-1 secretion from 

NCI-H716 cells 

To test the effect of RANTES on glucose stimulated GLP-1 secretion, a near physiological 

concentration of 10
-8 

M RANTES was used and cells were exposed for 2, 6, 12, and 24 

hours to the adipokine at 37
o
C. After that, the cells were stimulated with glucose for 1 hour 

and cells not exposed to RANTES served as control. RANTES significantly reduced GLP-

1 secretion following glucose stimulation by 63.4 ± 12.4%, 57.5 ± 7.5%, 52.8 ± 27.5% and 

54.3 ± 21.0% after 2, 6, 12 and 24 hour treatment, respectively when compared to control 

(Figure 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Effect of time dependent inhibition of RANTES on glucose stimulated GLP-1 response in NCI-

H716 cells. Data are expressed as percentage of control (untreated cells challenged with glucose) Data are 

given as mean ± SEM. Statistical significance was calculated by one way ANOVA followed by Bonferroni’s 

post test, ***p < 0.001, n = 4. 

3.5.3 Expression of receptors for RANTES on enteroendocrine cells 

After consistently demonstrating functional effects of RANTES in cell culture, the next 

question that arose was to identify how the inhibitory signals from RANTES were being 

transduced into the enteroendocrine cell. RANTES is known to bind to three types of 

chemokine receptors, CCR1, CCR3 and CCR5 (47).  
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mRNA expression of receptors 

All the three receptors are expressed at message level (real time PCR) on the NCI-H716 

cells (Figure 24). Additionally we looked for the more relevant CCR1 and CCR5 in mouse 

proximal and distal small intestine. Both CCR1 and CCR5 were found to be expressed in 

same amounts in the mouse intestine (Figure 24). 

 

 

Figure 24: Left panel, expression of CCR1, CCR3 and CCR5 in the NCI-H716 cells. Right panel, 

expression of CCR1 and CCR5 in mouse proximal and distal small intestine. RT-PCR was used to 

amplify CCR1, CCR3 and CCR5 mRNA transcript. 

Protein expression of the receptors 

Western blot 

We performed a western blot on whole cellular protein isolated from the NCI-H716 cells. 

Additionally, we also isolated cellular protein from the Caco-2 cells, an intestinal epithelial 

cell line. 25 µg of protein was loaded and run on a 10% gel and probed with anti-CCR1 

(1:200), anti-CCR5 (1:200) and β-tubulin (1:1,000). Appropriate infra-red dye coupled 

secondary antibodies, IRDYE 800 and IRDYE 680 (1:20,000) were used and the 

membrane was scanned with an Odyssey scanner (LICOR). We were able to only detect 

CCR1 by western blot on both the cell lines (Figure 25).  
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Figure 25: Western blot was performed on total protein fraction of NCI-H716 cells with anti-CCR1 

antibody. 

Immunofluorescence 

NCI-H716 cells and Caco-2 cells were fixed with 4% formalin and then incubated with 

rabbit anti-CCR1 (1:50), mouse anti-CCR5 (1:50) overnight at 4
o
C. The next day cells 

were washed and incubated with appropriate secondary antibodies, donkey anti-rabbit 

FITC (1:150) donkey anti-mouse cy5 (1:150) and DAPI (1:500) for nuclear staining for 1 

hour at room temperature. Omission of secondary antibodies served as negative control. 

Cells were washed with PBS, mounted and examined with a confocal fluorescent 

microscope. CCR1 was found to be expressed along the membrane of the cells with a 

spotty appearance (inside the cytosol which could probably be vesicular CCR1 (Figure 

26A, B and C). Negative control stained positive for DAPI alone. 

In mouse tissue, CCR1 was found to be present on both epithelial and enteroendocrine 

cells types. Enteroendocrine cells were distinguished from epithelial cells by co- staining 

for GLP-1 with a goat anti-GLP-1 antibody (1:50). Interestingly, CCR1 was found to be 

present on both the apical and basolateral membrane of the cells (Figure 26Dand E).  
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A       B         C 

 

 

     D            E 

 

Figure 26: Immunofluorescence staining of formalin fixed (A and B) NCI-H716 and (C) Caco-2cells for 

CCR1 (green) and DAPI (blue). (D and E) Double–immunofluorescent staining of mouse paraffin embedded 

7 µm sections from ileum with anti-GLP-1(green) and anti-CCR1 (red) as visualized by fluorescence 

microscopy. 

 

3.5.4 CCR1 gene expression in the intestine of obese animals 

We analyzed the mRNA expression of CCR1 and CCR5 in the proximal and distal small 

intestine of lean and diet-induced obese C57BL/6 mice. CCR1 expression was 

significantly increased with a 2 and 2.8-fold increase in proximal and distal small intestine, 

respectively (Figure 27). Additionally, CCR5 showed a trend towards higher expression in 

the obese group (Figure 27). 
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Figure 27: Gene expression of CCR1 and CCR5 in lean (white bars) and obese (black bars) mice 

in proximal and distal small intestine in mice. Statistical significance determined by two way 

ANOVA followed by Bonferroni‘s post test. Columns represent mean ± SEM of 6 mice, *p < 0.05, 

** p < 0.01 vs. lean. 

 

3.5.5 Effect of RANTES antibody and Met-RANTES on GLP-1 secretion 

To further demonstrate RANTES-induced inhibition of glucose stimulated GLP-1 

secretion, we used Met-RANTES which is a CCR1 & CCR5 receptor antagonist and a 

specific antibody raised against RANTES. NCI-H716 cells were pre-incubated with 

RANTES ± anti-RANTES or RANTES ± Met-RANTES for 2 hours followed by 1 hour 

stimulation with glucose. Incubation with anti-RANTES caused a significant recovery of 

60 ± 23.9% in GLP-1 secretion (Figure 28A) while antagonism with Met-RANTES 

resulted in complete recovery of GLP-1 secretion compared to untreated cells (Figure 

28B). These data demonstrate that the disturbances in GLP-1 secretion are specific for 

RANTES and are mediated by the RANTES receptors. 
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A       B 

 

Figure 28: (A) Effect of anti-RANTES [7 µg/ml] on glucose stimulated GLP-1 release by NCI-H716 cells. 

Cells were treated with 10
-8 

M RANTES and with or without anti-RANTES for 2 hours before stimulating 

with glucose. (B) Effect of Met-RANTES [2*10
-8 

M] on glucose stimulated GLP-1 release by NCI-H716 

cells. Cells were treated with Met-RANTES alone and together with RANTES [10
-8 

M] for 2 hours before 

stimulating with 500 mM glucose. Data are given as mean ± SEM. Statistical significance was calculated by 

one way ANOVA followed by Bonferroni’s post test, *p < 0.05, **p < 0.01, vs. control, n ≥ 4. 

 

3.5.6 siRNA silencing of CCR1 and its effect on GLP-1 secretion 

Subconfluent NCI-H716 cells were transfected with commercially obtained siRNAs 

targeting the CCR1 receptor. Three different siRNA (a, b, c) and a mixture of the three 

(abc) were used on the cells along with a mock siRNA (negative control) and monitored by 

probing for the CCR1 protein by western blot after 24, 48 and 72 hours. Silencing of 

CCR5 since was not performed as we were unable to detect the protein by both western 

blot and immunofluorescence. For CCR1, after 24 hours of treatment, an 80.2 ± 6.6% 

reduction of CCR1 protein levels was obtained with ‘a’ siRNA (Figure 29). At 48 and 72 

hours, protein levels already slightly recovered to levels of untransfected or mock 

transfected samples. Therefore CCR1 siRNA transfected cell were used after 24 hours to 

perform GLP-1 secretion experiments. Briefly, untransfected, mock and CCR1 siRNA 

transfected cells were incubated with 10
-8

 M RANTES for 2 hours followed by glucose 

stimulation for 1 hour. Cells were homogenized and protein determined by Bradford. Cells 

not treated with RANTES responded to glucose stimulation with an increase in GLP-1 

output of 303 ± 25% over basal levels (buffer alone). In CCR1 siRNA-treated cells, a 

significant improvement in GLP-1 secretion upon glucose stimulation was observed 
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accounting to 48.0 ± 12.2% more than in RANTES treated but untransfected cells. A full 

recovery was not seen in silenced cells which may be explained by remaining functional 

CCR1 receptors still present. 

 

 

Figure 29: Top panel, western blot analysis showing siRNA mediated diminution of CCR1 protein 24 hours 

after transfection and recovery after 48 and 72 hours in the NCI-H716 cells. Untransfected (U) and mock 

transfected (M) cells showed normal CCR1 levels. Bottom panel, GLP-1 secretion in the transfected cells 

following RANTES treatment and glucose stimulation. Data are given as mean ± SEM. Statistical 

significance was calculated by one way ANOVA followed by Bonferroni’s post test, *p < 0.05, vs. control,   

n ≥ 4. 

 

3.5.7 RANTES and cAMP 

Adenosine 3’, 5’ cyclic monophosphate (cAMP) is a ubiquitous cellular second messenger 

that is a critical component of signal transduction pathways linking membrane receptors 
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and their ligands to the activation of intracellular pathways affecting enzymatic activity 

and gene expression. An elevation of cAMP levels has been repeatedly demonstrated to 

increase GLP-1 secretion in several models of intestinal EEC (171-174). There are also 

reports that cAMP via CREB increases proglucagon-gene expression in EEC cells (175). 

 

 

 

Figure 30: (A) RANTES caused a dose dependent reduction in the accumulation of basal intracellular cAMP 

after 5 minutes incubation in in vitro cultured NCI-H716 cells. (B) RANTES [10
-8 

M] significantly reduced 

the glucose [500 mM] induced increase in cAMP after 20 minutes incubation. (C) Treatment with forskolin 

[10 µM] for 1 hour significantly increased [cAMP]i in NCI-H716 cells whereas RANTES [10
-8 

M] blunted 

this stimulated increase completely. Data are expressed as mean ± SEM and are expressed as fold change 

with only buffer treatment taken as 100%. Statistical significance determined by one way ANOVA followed 

by Bonferroni’s post test, **p < 0.01, *** p < 0.001, n = 3. 

 

To assess the involvement of cAMP on RANTES mediated suppression of GLP-1 

secretion, NCI-H716 cells were incubated with or without different doses of RANTES  
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[10
-8

, 10
-9

 and 10
-11 

M] for 5 minutes. In another set of experiments, cells were first 

stimulated with 10 µM Forskolin (fsk) for 1 hour and then treated with 10
-8 

M RANTES 

for 5 minutes. Cells were also treated with 500 mM glucose with and without 10
-8 

M 

RANTES for 20 minutes. RANTES treatment showed a dose dependent reduction in 

intracellular cAMP levels accounting to 33 ± 9% at 10
-8 

M RANTES (Figure 30A). 

Furthermore, 10
-8

M RANTES significantly reduced the glucose and forskolin induced 

increase in intracellular cAMP by 48.5 ± 10% and 88.1 ± 20% respectively (Figure 30B 

and C). 

3.5.8 RANTES and PKA 

Protein Kinase A (PKA) is the primary mediator of cAMP action and a key regulatory 

enzyme responsible for many cellular processes by catalyzing phosphorylation in response 

to hormonal stimuli. As we observed that RANTES lowers cAMP in the NCI-H716 cells at 

basal conditions and after glucose and forskolin stimulation, we next addressed its effects 

on PKA activity. PKA was described to mediate the stimulatory effect of cAMP on GLP-1 

secretion (173). Everted mouse intestinal tissues were incubated with glucose [50 mM] in 

the absence or the presence of 7.5*10
-8 

M RANTES for 10 minutes. At the end of the 

incubation period, the mucosa was scraped, homogenized and the cytosolic fraction was 

obtained after centrifugation. PKA activity was measured in the supernatant with an 

ELISA. RANTES incubation along with glucose significantly reduced relative PKA 

activity by 40.4 ± 4.7% after 10 minutes of incubation (Figure 31). 

 



Results 

 

64 
 

0.00

0.25

0.50

0.75

1.00

glucose [50mM]    +  +

RANTES  [7.5*10-8M]    -               +

***

re
la

ti
v

e
 u

n
it

s
 o

f

P
K

A
 a

c
ti

v
it

y

 

Figure 31: Relative units of protein kinase activity after incubation of glucose [50 mM] with and without 

RANTES [10
-8 

M] for 10 minutes in mouse everted intestinal rings. Data are expressed as mean ± SEM and 

statistical significance determined by Student’s t-test, *** p < 0.001 vs. buffer.  

3.5.9 RANTES increases [Ca
2+

]i in NCI-H716 cells  

In our quest to understand how RANTES lowers GLP-1 secretion, we assessed the effects 

of RANTES on changes in [Ca
2+

]i in the NCI-H716 cells alone and cells exposed to 

glucose. Levels of [Ca
2+

]i were quantified by fluorescence imaging, using the calcium 

indicator dye, Fura 2-AM employing a Leica Life cell imaging system. Application of 10
-8 

M RANTES in buffer containing 1 mM CaCl2 for 2 minutes produced an increase in 

[Ca
2+

]i. which accounted to 63.3 ± 11.3% of the maximal ionomycin [2 µM] induced 

response that was set to 100% (Figure 32A). To determine if RANTES stimulates Ca
2+ 

influx through plasma membrane calcium channels, we first performed experiments using 

RANTES in calcium-free media (in the presence of 100 µM EGTA). Another set of 

experiments employed 10 µM Nifedipine (dihydropyridine-sensitive calcium channel 

blocker) with cells exposed for 15 minutes to the channel blocker prior to adding 

RANTES. Removal of extracellular Ca
2+ 

completed abolished the RANTES response 

(Figure 32B) and similar effects were obtained for Nifedipine treatment (Figure 32C). This 

strongly suggested that RANTES can affect L-type channels that mediate a Ca
2+ 

influx 

across the plasma membrane leading to an increase in [Ca
2+

]i.  
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Figure 32: (A) RANTES [10
-8 

M] in a buffer containing 1 mM CaCl2 increases [Ca
2+

]i in NCI-H716 cells. 

Changes in intracellular calcium were measured using FURA-2 based life cell imaging. Addition of effectors 

to the cells is indicated by arrows. (B) After an initial control response to RANTES with Ca
2+

, EGTA (100 

µM) was applied for 2 minute prior to and during a second application of RANTES without calcium. (C) 

RANTES applied to the cells after a 15 minute perfusion with 10 µM Nifedipine failed to evoke calcium 

changes. Traces shown are a representative of 4-6 individual experiments. 
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3.5.10 RANTES lowers the glucose mediated increase in [Ca
2+

]i and Met-

RANTES alleviates this effect 

When NCI-H716 cells were exposed to glucose, [Ca
2+

]i levels increased as shown in 

Figure 33A and B for an individual recording. This glucose-mediated increase in [Ca
2+

]i 

for various measurements accounted to around 71.8 ± 10.5% of the maximal ionomycin [2 

µM] induced response that was set to 100% (Figure 33C & D). When cells after a wash-

out of glucose were perfused with 10
-8

 M RANTES for two minutes, we again observed an 

increase in [Ca
2+

]i but a second exposure of cells to glucose following this RANTES pre 

treatment, caused now a much smaller [Ca
2+

]i response (Figure 33A). The average fold-

change in [Ca
2+

]i induced by RANTES and RANTES plus glucose as compared to 

ionomycin defined as 100% is provided in Figure 33C. RANTES pre-treatment reduced 

[Ca
2+

]i responses by 74.5 ± 5.4% in comparison to first glucose treatment (Figure 33C).  
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Figure 33: (A) RANTES [10 
-8 

M], in a buffer supplemented with 1 mM CaCl2 reduced glucose induced 

increase in [Ca
2+

]i.. (B) Met-RANTES [2*10
-8 

M] dramatically reduced RANTES evoked increase in [Ca
2+

]i 

and improved glucose induced increase in [Ca
2+

]i. (C) Fold changes in [Ca
2+

]i after glucose, RANTES, 

glucose + RANTES treatment with ionomycin-induced response set as 100%. (D) Fold changes in [Ca
2+

]i 

after glucose, Met-RANTES, Met-RANTES + RANTES, glucose + Met-RANTES + RANTES treatment 

with ionomycin response set as 100%. (E) Fold change in glucose after RANTES and Met-RANTES + 

RANTES treatment with glucose induced response set as 100%. Data are shown as mean ± SEM and 

statistical significance calculated by one way ANOVA followed by Bonferroni’s post test. 

 

We next employed Met-RANTES as a CCR1/CCR5 receptor antagonist. Met-RANTES at 

2*10
-8 

M was applied on cells 2 minutes either before or together with RANTES followed 

by glucose administration (Figure 33B). For the mean changes in [Ca
2+

]i, treatment with 
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Met-RANTES abolished the RANTES-induced effects on [Ca
2+

]i by 89.1 ± 9% (Figure 

33D). In repeated experiments the recovery of the glucose mediated [Ca
2+

]i change by 

Met-RANTES accounting to 47.7 ± 4.5% of glucose-control (Figure 33E).  

3.5.11 RANTES lowers fsk/IBMX induced increase in [Ca
2+

]i  

cAMP has been demonstrated to directly modulate ion channel activity in the plasma 

membrane that leads to membrane depolarization and calcium entry in GLUTag 

enteroendocrine cells (173). When we applied 10 µM forskolin (fsk) and 10 µM IBMX to 

elevate cAMP levels, glucose-mediated [Ca
2+

]i changes in perfused NCI-H716 cells was 

higher than with glucose treatment alone as shown for an individual recording in Figure 34 

A and this effect was maintained even after a wash-out of fsk and IBMX. Whereas 

fsk/IBMX treatment elevated the mean glucose-mediated change in [Ca
2+

]i by two-fold, 

they modestly reduced the RANTES-effects on intracellular calcium levels as shown in 

Figure 34B. This experiment further supports the previous findings that RANTES can 

lower intracellular cAMP levels.  
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Figure 34: (A) fsk/IBMX enhanced glucose induced increase in [Ca
2+

]i.. (B) RANTES [10 
-8 

M] reduced 

fsk/IBMX induced increase in [Ca
2+

]i. Traces shown are the image ratio of the calcium bound (F340) to 

unbound form (F380) of Fura-2AM dye and are a representative of 4-6 experiments.   

 

3.5.12 Effect of RANTES on SGLT1 transport activity 

SGLT1 has been demonstrated to be pivotal for GLP-1 secretion and SGLT1
-/-

 mice 

showed a reduced GLP-1 secretion after an oral glucose bolus (146, 148). These recent 

findings suggest that the Na
+
-dependent glucose transporter SGLT1 may act as a sensor in 

gut endocrine cells. We therefore studied next whether RANTES has an effect on α-MDG 

transport mediated by SGLT1in mouse intestine. Everted intestinal rings of mouse jejunum 

were incubated with 1 mM radiolabeled α-MDG either in the absence or the presence of 

7.5*10
-8 

M RANTES by pre-exposure for 5 minutes. Specificity for SGLT1 mediated 

transport was demonstrated by use of 0.5 mM phlorizin that reduced α-MDG uptake by 

89.9 ± 3.9%. RANTES pre treatment of mucosal tissues resulted in a dose-dependent 

reduction of SGLT1-mediated α-MDG uptake with a maximal effect for inhibition by 61.7 

± 4.6% as compared to controls. Further, to elucidate if the inhibitory action of RANTES 

was specific to SGLT1 or involved other nutrient transporters, we performed similar 

experiments to investigate the role of RANTES on uptake capacity of PEPT1. No 

difference was seen in PEPT1 transport when rings were incubated with gly-sar alone 

(4,523 ± 256 pmol/cm/min) or together with RANTES (4,707 ± 229 pmol/cm/min).  
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Figure 35: Uptake of α-MDG by SGLT1 in the presence and absence of different concentrations of 

RANTES. Data are shown as mean ± SEM from 5 independent experiments. Statistical significance 

determined by one way ANOVA followed by Dunnett’s post test, *p < 0.05, **p < 0.01, ***p < 0.001. 

 

3.5.13 In vivo experiments  

Mice were purchased at 14-15 weeks of age from Charles River, Germany and then 

allowed two weeks acclimatization at an open facility with ad libitum access to rodent 

chow and water. We performed two sets of experiments to investigate the acute and 

chronic effects of RANTES on incretin hormone secretion. 

3.5.13.1 Acute RANTES treatment 

Following 6 hours of fasting, mice received a single injection of RANTES 

intraperitoneally [10 µg in 200 µl PBS] (176). Control group received PBS. Immediately 

after the injection, mice from both groups received either water or glucose as an oral bolus 

[6 g/kg]. Ten minutes later, blood was collected as described in section 2.2.11.4. Uptake 

experiments were performed with the intestinal tissue as described in section 2.2.2. 

 

Blood glucose, insulin and gut hormones after chronic treatment 

To test if RANTES would show the same inhibitory effect on GLP-1 in mice, we injected 

mice with 10
 
µg RANTES in 200 µl PBS and soon after, gavaged them with glucose bolus 

[6 g/kg]. Blood glucose was measured before and 10 minutes after glucose administration. 
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Blood was collected and used to measure gut hormones and insulin. RANTES significantly 

decreased blood glucose levels by 30.9 ± 9.3% in comparison to PBS treated mice that 

received glucose. However, GLP-1 and GIP levels were unaffected but insulin showed a 

trend towards lower levels than the control group.  

 

Figure 36: (A) Delta blood glucose ten minutes after receiving glucose bolus [6 g/kg] in saline and 

RANTES injected mice. Active GLP-1 (B), total GIP (C) and insulin (D) in plasma of saline (white bars) and 

RANTES injected mice (black bars) at fasting state and 10 minutes after glucose bolus [6 g/kg]. Bars are 

shown as mean ± SEM. Each group contained 6-10 mice. Statistical significance determined by one way 

ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001. 

3.5.13.2 Chronic RANTES administration 

For chronic treatment of RANTES, mice received the same dosage of RANTES as in the 

acute experiment over consecutive 4 days, 1 injection/day. On the fourth day, immediately 

after the last injection, they received either water or glucose load by gavage. The rest of 

the experiment was performed in the same fashion as during the acute treatment (see 

3.5.13.1). 
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Blood glucose, insulin and gut hormones after chronic treatment 

We wanted to investigate if the chronic administration of RANTES via intraperitoneal 

route would cause changes in the secretion pattern of GLP-1 after a glucose bolus.  

 

 

Figure 37: (A) Plasma RANTES levels in saline (white bars) and rm RANTES injected mice (black bars). 

(B) Delta blood glucose ten minutes after receiving glucose bolus [6 g/kg] in saline and RANTES injected 

mice. Active GLP-1 (C), total GLP-2 (D), total GIP (E) and insulin (F) in plasma of saline (white bars) and 

RANTES injected (black bars) mice at fasting state and 10 minutes after glucose bolus. Bars are shown as 

mean and SEM. Each group contained 6-10 mice. Statistical significance determined by one way ANOVA 

*p < 0.05, **p < 0.01, ***p < 0.001. 

 

Mice that received rm RANTES over 4 days showed high levels of circulating RANTES in 

the plasma (432.6 ± 71.3 pg/ml) against saline injected (25.6 ± 1.8 pg/ml) mice (Figure 
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37A). Along with GLP-1, we also measured GIP, another incretin hormone and GLP-2 

which is co-secreted together with GLP-1 from L-cells and also insulin. Blood glucose was 

also measured in the mice before and after the oral glucose bolus. RANTES treated mice 

showed no difference in basal blood glucose levels (data not shown) to saline injected 

mice. However after glucose bolus (6g/kg body weight), the mice that received RANTES 

showed a trend towards lower blood glucose than saline treated mice (Figure 36B) 

suggesting a defect in absorption by the intestine. Active GLP-1 and total GLP-2 were not 

different in the basal state in both groups, however following glucose bolus, both GLP-1 

and GLP-2 hormones were significantly lowered in the RANTES group by 70.4 ± 1.3% 

and 36.3 ± 4.1%, respectively, (Figures 37C and D). Plasma GIP and insulin also showed a 

trend towards lower levels in the RANTES group after glucose load, but was not 

significant (Figures 37E and F). 

3.5.14 Effect of IP RANTES treatment on the uptake of isotope labelled 

substrate by SGLT1 and PEPT1 

We performed α-MDG uptake experiments in mouse intestinal everted rings from animals 

that received an IP-injection of RANTES or saline control over 4 consecutive days with or 

without a subsequent glucose gavage on the last day. No difference was seen in uptake 

rates of α-MDG in control and RANTES treated mouse tissues in vitro as compared to 

controls. 

 

Figure 38: Uptake of α-MDG in untreated (white bars) and RANTES treated animals (black bars) by SGLT1 

(left panel) and gly-sar by PEPT1 (right panel) by intestinal everted rings made from mice that received IP 

saline and RANTES with and without glucose bolus. Columns represent the mean ± SEM of 10 mice. 

Statistical significance calculated by one way ANOVA followed by Bonferroni’s post test, p** < 0.001. 
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However, when animals received an oral glucose bolus [6g/kg], RANTES treated mice 

showed a 34.8 ± 2.1% reduction in uptake of α-MDG in comparison to saline treated 

controls (Figure 38). No such difference was obtained when using gly-sar as a substrate 

suggesting that the RANTES specifically affects SGLT1.  

 

3.6 Angiotensin II 

Angiotensin II is well described as a peptide hormone with distinct pro-inflammatory 

actions (177) (59). During our screening study with adipokines on GLP-1 secretion on the 

NCI-H716 cells, Angiotensin II also showed a lowering effect on GLP-1 secretion after 

glucose stimulation. 

 

In the next part of my results, I will describe findings with Angiotensin II on different 

models with respect to hormone secretion and nutrient transporters. 

 

3.6.1 Effect of Angiotensin II on glucose stimulated GLP-1 secretion from 

NCI-H716 cells 

To test the effect of Angiotensin II on glucose stimulated GLP-1 secretion, 10
-6 

M 

Angiotensin II was incubated on the cells along with normal growth medium in a time 

dependent manner ranging from 2 to 24 hours and maintained at 37
o
C throughout the 

incubation period. After that, the cells were stimulated with glucose 10%. Glucose 

stimulation without any Ang II pre-incubation served as the control. The rest of 

experiment was performed in a similar fashion as with RANTES and has been previously 

described. Ang II significantly reduced GLP-1 secretion following glucose stimulation to 

67.1 ± 15.2%, 54.2 ± 9.2%, 66.9 ± 5.3 % and 59.8 ± 17.7% after 2, 6, 12 and 24 hour 

treatment, respectively (Figure 39) 
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Figure 39: Effect of time dependent inhibition of Angiotensin-II on glucose stimulated GLP-1 secretion in 

NCI-H716 cells. Data are expressed as percentage of basal secretion (buffer alone) and are given as mean ± 

SEM. Statistical significance was calculated by one way ANOVA followed by Bonferroni’s post test, ***p < 

0.001. 

 

3.6.2 Expression of receptors for Ang II on enteroendocrine cells 

After demonstrating functional effects of Ang II on cell culture and ex vivo models, the 

next question that arose was to identify the receptors of Ang II on EEC. Effects of Ang II 

on peripheral tissues are mediated through two receptors, the more prevalent AT1 receptor 

and the AT2 receptor.  

 

mRNA expression of receptors 

We identified both AT1 and AT2 to be present at message level on the NCI-H716 

cells.Additionally we looked for the expression of the receptors in mouse intestinal tissue. 

Both AT1 and AT2 were found to be expressed (Figure 40). 

 

Protein expression of the receptors 

Western blot 

We performed a western blot on total protein isolated from the NCI-H716 cells. 

Additionally, we also isolated cellular protein from the Caco-2 cells, an intestinal epithelial 

cell line. 25 µg of protein was loaded and run on a 10% gel and probed with anti-AT1 
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(1:200) and GAPDH (1:1,000). Appropriate infra red dye coupled secondary antibodies, 

RDYE 800 and IRDYE 680 (1:20,000) were used and the membrane was scanned with an 

Odyssey scanner (LICOR).  

 

 

Figure 40: Left panel, expression of AT1 and AT2 receptor in NCI-H716 cells. Right panel, western blot 

analysis of AT1 in total protein fraction of NCI-H716 and Caco-2 cells. 

Immunofluorescence 

NCI-H716 cells were fixed with 4% formalin and then incubated with anti-AT1 (1:50) and 

anti-AT2 (1:50) overnight at 4
o
C. The next day cells were washed and incubated with 

appropriate secondary antibodies, donkey anti-goat FITC (1:150) and donkey anti-rabbit 

FITC (1:150) and DAPI (1:500) for nuclear staining for 1 hour at room temperature. 

Omission of secondary antibodies served as negative control. Cells were washed with 

PBS, mounted and examined with a confocal fluorescent microscope. Both AT1 and AT2 

were abundantly expressed on the NCI-H716 (Figure 41).  
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Figure 41: Left panel, IF staining on the NCI-H716 cells for AT1 (red) and DAPI (blue). Right panel, IF 

staining on the NCI-H716 cells for AT2 (green) and DAPI (blue). 

 

In mouse tissue, AT1 was found to be present on both epithelial and enteroendocrine cells 

types. Enteroendocrine cells were distinguished from epithelial cells by co-staining for 

GLP-1 with a goat anti-GLP-1 antibody (1:50). Again, the receptor was found to be 

present on both the apical and basolateral membrane of the cells (Figure 42).  
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Figure 42: IF staining of mouse villi for AT1 (red), GLP-1 (green) and DAPI (blue) 

 

3.6.3 Effect of AT1 and AT2 receptor blockers on GLP-1 secretion 

To confirm the role of Ang II on GLP-1 secretion, we wanted to see if the effect could be 

blocked by using antagonists for its receptors. Since we found both the receptors AT1 and 

AT2 expressed by the NCI-H716 cells at message and protein level, we used Candesartan 

and PD123 319 which are Ang II- type 1 and 2 receptor antagonists, respectively. Briefly, 

NCI-H716 cells were pre-incubated with Ang II ± Candesartan or PD123 319 for 2 hours 

followed by 1 hour stimulation with glucose. Candesartan and PD123 319 treatment 

seemed to have a beneficial effect on the NCI-H716 cells causing more GLP-1 secretion in 

comparison to glucose stimulation. Together with Ang II, they recovered the cells from the 

detrimental effect that was seen in cells when treated with Ang II (Figure 43 A and B). 

Combination of both the blockers together with Ang II significantly improved the cell’s 

response to glucose (Figure 43C). From these data, it is still quite early to designate which 

of the two receptors is involved in signal transduction following Ang II activation.  
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Figure 43: (A) Effect of Candesartan [10
-4

M] on glucose stimulated GLP-1 release by NCI-H716 cells. (B) 

Effect of PD123 319 [10
-4

M] glucose stimulated GLP-1 release by NCI-H716 cells. (C) Effect of 

Candesartan [10
-4

M] and PD123 319 [10
-4

M] on glucose stimulated GLP-1 release by NCI-H716 cells. Cells 

were treated with 10
-6 

M Ang II and with or without blockers for 2 hours before stimulating with glucose. 

Data are given as mean ± SEM. Statistical significance was calculated by one way ANOVA followed by 

Bonferroni’s post test, **p < 0.01, vs. control, n = 3. 

 

3.6.4 Preliminary in vivo mice experiments 

3.6.4.1 Acute Angiotensin II treatment 

To test if Ang II would show the same inhibitory effect on GLP-1 in vivo, we injected 

mice with 10
-7 

M Ang II in 200 µl PBS (178) and soon after, gavaged them with glucose [6 

g/kg]. Blood glucose was measured before and 10 minutes after glucose administration. 

Blood was collected and used to measure gut hormones and insulin. Ang II significantly 

decreased blood glucose levels by 33.9 ± 8.1% (Figure 44A) in comparison to PBS treated 

B 

C 
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mice that received glucose. However, GLP-1, GIP and insulin plasma levels were not 

affected by acute Ang II treatment (Figure 44B, C and D). 

 

Figure 44: Delta venous blood glucose (A), active GLP-1 (B), total GIP (C) and insulin (D) in plasma of 

saline (white bars) and Ang II injected mice (black bars) at fasting state and 10 minutes after glucose bolus. 

Bars are shown as mean ± SEM from 6-10 mice. Statistical significance was determined by one way 

ANOVA *p < 0.05, **p < 0.01, ***p < 0.001. 

 

 

3.6.4.2 Chronic Angiotensin II treatment 

Since, acute Ang II treatment did not reduce GLP-1; we subjected the mice to a longer 

duration of Ang II treatment. Mice were injected for 4 consecutive days. On the last day, 

blood glucose was measured, glucose administered and blood collected after 10 minutes. 

Mice in the Ang II test group again showed significantly lower blood glucose which was 

49.3 ± 3.1% (Figure 45A) lower than control group after glucose administration. 

Chronically treated mice also showed impaired GLP-1 secretion after glucose gavage 

which was 56.4 ± 1.0% (Figure 45B) lower than control group. GIP however was not 
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affected and insulin showed a trend towards lower levels after glucose gavage in the test 

group (Figures 45C and D). 

 

 

Figure 45: Delta venous blood glucose (A), active GLP-1, (B) total GIP (C) and insulin (D) in plasma of 

saline (white bars) and Ang II injected mice (black bars) at fasting state and 10 minutes after glucose bolus. 

Bars are shown as mean ± SEM from 6-10 mice. Statistical significance was determined by one way 

ANOVA *p < 0.05, **p < 0.01, ***p < 0.001. 
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4 DISCUSSION 

4.1 Impaired GLP-1 secretion from the intestine of obese mice 

The ex vivo gut ring experiment that was conducted using mouse intestinal tissue from 

control and diet induced obese mice revealed a clear reduction in GLP-1 secretion from the 

obese mice’s intestinal tissue. It became apparent that this reduction although small at 

basal state (no nutrient stimulation) became large and significant upon nutrient stimulation 

(glucose and glycyl-glycyl). This suggested some sort of blockage or inhibition preventing 

exocytosis of more GLP-1 molecules which is a normal occurrence when the L-cells are 

stimulated. This experiment helped to reinforce the observation that has already been 

described in literature demonstrating a decrement in GLP-1 secretion in obese and type 2 

diabetic subjects (116, 123, 179), although they have been some literature contrasting this, 

showing normal GLP-1 responses in type 2 diabetic subjects in comparison to healthy 

subjects (180). With regard to GIP, the data is rather baffling, showing elevated, normal or 

even reduced GIP responses in diabetics compared to healthy subjects (181-183) .One 

reason for this could be the assay techniques that were employed in the early 90s that 

showed high cross reactivity to substances in plasma unrelated to the peptide (184). But 

using COOH-terminal GIP assays without such cross-reaction, Toft-Nielsen et al. (116) 

found slightly decreased postprandial GIP concentrations in a large group of type 2 

diabetic patients compared with a control group of carefully weight, age and sex matched 

individuals. In obesity, however, GIP is even increased (185).  

4.2.1 Preconditioned adipocyte media and impairment in GLP-1 

secretion 

The reasons underlying the loss of these incretins are still not completely comprehended 

and what remains still to be elucidated is, if this defect is the consequence of the 

diabetic/obese state or primary pathogenetic factors. To answer this question, we simulated 

conditions in the obese state where the intestine is exposed to pro-inflammatory factors 

secreted from the adipose tissue, in particular mesenteric adipose stores because of its 

close proximity to the intestine in a cell culture model of enteroendocrine cells, the NCI-

H716 cell line. The NCI-H716 cell line is derived from a poorly differentiated 

adenocarcinoma of human colon and has been described to display endocrine features, in 
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particular the formation of secretory granules and chromogranin A expression (186). 

Furthermore, this cell line expresses several neurohormonal receptors, including receptors 

for gastrin, serotonin, and somatostatin, nutrient transporters and taste receptors (140, 144) 

and responds to a host of GLP-1 secretagogues (171, 187). The NCI-H716 cells line has 

the advantage of being the only GLP-1 secreting cell line of human origin. In the 

experiment where we treated the NCI-H716 cells with preconditioned media prepared 

from mature adipocytes of obese and lean subjects, we clearly saw a harmful effect of 

these media on glucose stimulated GLP-1 secretion and the effect was exacerbated with 

the media prepared from subjects with BMI ≥ 25 kg/m
2
. This experiment revealed to us 

that the reduced GLP-1 came secondary to the disease which was in fact even shown 

indirectly in a study done with first degree relatives of type 2 diabetic patients, where the 

former exhibited normal GLP-1 profiles (120). Further studies that were done on GLP-1 

secretion in T2D, identified obesity (116), insulin resistance (188) and glucose intolerance 

(189) as factors associated with decreased secretion. What also came out of other studies 

were that, long duration and severity of type 2 diabetes are associated with lower GLP-1 

responses (189). BMI is a powerful regulator of the GLP-1 response and comes out as a 

significant determinant in larger studies (123, 190, 191). It has been suggested that it is 

particularly the GLP-1 response to carbohydrates that is impaired in obesity (123). 

4.2.2 Pro-inflammatory factors and GLP-1 secretion 

Although a relation between obesity and lowered GLP-1 secretion has been observed in 

many studies, not much has been done to point out if proinflammatory factors from 

adipose tissue (chemokines and hormones), collectively known as adipokines, which are 

secreted from the adipose tissue could interfere with the secretion of incretin hormones. 

There is data relating adipokines to insulin resistance where they are known to interfere 

with insulin signal transduction pathways (13, 34, 36, 192, 193). To the best of my 

knowledge, only two studies have been conducted showing a relation between adipokines 

and GLP-1. One was done with leptin, where the authors showed the involvement of this 

adipose tissue derived hormone in GLP-1 secretion in different cell culture models (NCI-

H716, GLUTag, FRIC cells) and demonstrated impaired secretion in mice exhibiting 

insulin and leptin resistance associated with obesity (169). More recently, another 

cytokine, IL-6 which circulates in higher levels in obesity, diabetes and exercise was 

shown to increase GLP-1 secretion not only from the intestine but also from the pancreatic 
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α-cells by increasing GLP-1 exocytosis, proglucagon and prohormone convertase 1/3 gene 

expression (194). These findings prompted us to explore more in detail the role of other 

adipokines on GLP-1 secretion, specifically since they display altered patterns in obesity. 

We started out by screening adipokines which have been described in literature to be 

involved in the pathogenesis of T2D, such as TNF-α (13, 192, 193), RANTES (53), MCP-

1 (34), angiotenisn II (177) and included leptin (169) as a control since its role was already 

described.  

4.3 RANTES and its involvement in GLP-1 regulation 

From our own previous work, we have seen that the adipose tissue secretes RANTES in a 

BMI dependent fashion and the secretion is dependent on adipocyte cell size (50). Our data 

with RANTES treatment on the NCI-H716 cells revealed two effects. Firstly, RANTES 

itself caused a small but significant increase in GLP-1 secretion (although not as potently 

as glucose), secondly, exposure to the chemokine for 2-24 hours caused a dramatic 

reduction in glucose stimulated GLP-1 from the same cell (which normally responded to 

glucose with a strong secretion of the incretin). RANTES treatment in mice (4 day 

intraperitoneal injection) reduced GLP-1 secretion following a glucose bolus and this 

reduction was significantly reduced in comparison to saline injected mice. RANTES 

however, did not affect the expression of proglucagon since the basal level of GLP-1 in 

the plasma remained unchanged. This observation raised an interesting point as to whether 

different signaling pathways could account for this ambiguous effect on the L- cells. 

Basolateral as well as apical expression of the receptor (CCR1) suggested that RANTES 

might also be secreted into the lumen from gut micro flora or immune cells. Despite the 

expression of the RANTES gene and its receptors by the intestine, we were not able to 

detect the protein from healthy mouse intestine tissue culture supernatants. It is known, 

however, that the expression of RANTES rises in granulomatous conditions such as colitis 

and might be involved in the progression from acute to chronic colitis in rats (195). On 

exposure to salmonella dublin, Caco-2 (intestinal epithelial model cell line) cells respond 

by increasing the expression of cytokines, including RANTES to ward off infection as was 

also seen in rotavirus infection of HT29 and Caco-2 cells as an immune response to the 

virus (196). Diet induced obese mice in our study responded with an up regulation in 

CCR1 in proximal and distal segments of the small intestine. RANTES was described to 

be secreted from mesenteric adipose tissue and from creeping fat in Crohn’s disease (197) 
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confirming our observation that animals respond to increased RANTES secretion in 

obesity by up-regulating the receptors for RANTES. 

4.4 Mechanism of action 

To perceive alterations in signalling that follow RANTES treatment, we first need to 

understand signalling in normal healthy cells. 

4.4.1 Calcium homeostasis in cells 

Ionized calcium is an important regulator of a variety of cellular processes, including cell 

movement, cell differentiation, muscle contraction and secretion of hormones like insulin 

and GLP-1. The concentration of calcium [Ca
2+

] in the cytoplasm is maintained in the 

range of 1-100 nM. Substantial amounts of calcium are associated with intracellular 

organelles such as the endoplasmic reticulum, mitochondria and lysosomes. In spite of 

high Ca
2+

 concentrations (2.5-5 mM) in the extracellular fluid, Ca
2+

 is restrained from 

entering the cell to ensure that the intracellular Ca
2+

 is maintained as prolonged elevations 

of Ca
2+

 in the cell is very toxic. A considerable amount of energy is expended to ensure 

that intracellular Ca
2+

 is controlled. A Na
+
/Ca

2+
 exchange that has high capacity but low 

affinity pumps Ca
2+

 out of the cell. There also is a Ca
2+

/proton ATPase-dependent pump 

that extrudes Ca
2+

 in exchange for H
+
. This has a high affinity for Ca

2+
 but low capacity 

and is responsible for fine tuning cytosolic of Ca
2+

. Furthermore, sarco/endoplasmic 

reticulum Ca
2+

 ATPases (SERCA) pumps Ca
2+

 from the cytosol to the lumen of the 

endoplasmic reticulum. Cells also have systems to increase the concentration of free Ca
2+  

 

in the cytoplasm. These systems generate a diffusion flux of Ca
2+ 

either from the 

extracellular medium or from intracellular compartments, by increasing membrane 

permeability. These calcium channels are divided into two classes, the voltage – dependent 

Ca
2+ 

channels (VDCC) and ligand gated Ca
2+ 

channels (LGCC) are activated by 

extracellular ligands. There are also cyclic nucleotide –gated Ca
2+ 

channels (CNG) that 

function in response to binding of cAMP. The VDCC are activated by depolarization of 

the membrane. Different types of voltage-sensitive Ca
2+ 

channels can be distinguished on 

the basis of activation and inactivation voltage, kinetic parameters, single channel 

conductance and pharmacological properties. At physiological or resting membrane 

potential, the VDCC are normally closed. They are activated (opened) when the membrane 

depolarizes. Normally, the resting membrane potential is established when the movement 
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of K
+
 out of the cell equals the K

+
 movement into the cell. A summary of calcium 

homeostasis in cells has been depicted in the figure below. 

 

 

 

Figure 46: Regulation of intracellular calcium in mammalian cells. Upon receiving appropriate stimuli, Ca
2+ 

enters the cell through voltage dependent calcium channels (VDCC), ligand gated calcium channels (LGCC) 

and cyclic nucleotide gated calcium channels (CNG). Additionally, Ca
2+ 

can
 
enter the cytoplasm from 

intracellular stores (ER) through the activation of inositol triphosphate receptor (IP3R) by inositol 

triphosphate (IP3) or ryanodine receptor (RyR) by cyclic ADP-ribose and other agonists. Calcium leaves the 

cell through exchangers or ATPase pumps or re-enters the ER through sarco/endoplasmic reticulum Ca
2+

 

ATPase pump (SERCA). 

4.4.2 Glucose mediated GLP-1 secretion 

Glucose is a potent stimulant of GLP-1 secretion and has been well documented to trigger 

GLP-1 secretion in in vivo, whole intestinal preparations, GLUTag and NCI-H716 cells 

(198) (132, 171, 199). Glucose stimulation of the L- cell brings about increase in cytosolic 

calcium concentration, which could arise either by Ca
2+

 release from intracellular stores or 

by influx across the plasma membrane. There is more evidence pointing towards the influx 

pathway following glucose application on L-cells which proceeds membrane 

depolarization and opening of voltage dependent L-type calcium channels (131). Increase 

in cytosolic calcium causes fusion of GLP-1 vesicles to the plasma membrane and 
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subsequent GLP-1 exocytosis (132). The group of Ohara-Imaizumi et al using total 

internal reflection fluorescent (TIFR) microscopy strongly validated glucose stimulated 

GLP-1 secretion by imaging the motion of GLP-1 granules labelled with yellow 

fluorescent protein (Venus) in the STC-1 enteroendocrine cell line (168). They found that 

glucose stimulation caused a biphasic GLP-1 granule exocytosis. During the first phase, 

within 3 minutes of glucose application, fusion events occurred from two types of 

granules, the previously docked granules and newcomers, and thereafter, continuous fusion 

was observed mostly from newcomers during the second phase.  

 

 

 

Figure 47: Histogram showing the number of fusion events of GLP-1 granules labeled with Venus at 1-min 

intervals after 22 mM glucose application viewed by TIFR. The red column shows fusion events from 

previous docked granules and the green columns shows those from newcomers (168).  

 

We confirmed in our studies on the NCI-H716 cells that glucose in the same concentration 

as that used in our GLP-1 secretion experiments evoked an increase in intracellular 

calcium which was monitored by an increase in F340/F380 ratio with the life cell imaging 

system. In the GLUTag cell line, application of glucose resulted in membrane 

depolarization, action potential firing, a rise in intracellular calcium and the release of 

GLP-1, suggesting that L-cells might themselves contain the necessary glucose-sensing 

machinery to trigger GLP-1 release in vivo (147). The L-cell possesses all the glucose 

sensing machinery as was shown in a detailed study using a transgenic mouse with L-cell-

specific expression of fluorescent protein (131). Venus positive L-cells were FACS sorted 

from the rest of the intestinal cell population and found to express the Kir6.2 and SUR1 

subunits of the KATP channel, glucokinase, facilitative glucose transporters (Glut1, Glut2, 

Glut5), SGLT1, taste receptors (subunits Tas1R2 and R3) and α-gustducin. Glucose causes 
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membrane depolarization both by closing the ATP sensitive potassium channel (KATP) 

caused by its metabolism and consequent ATP production and by its uptake by Na
+
 

coupled glucose transporter SGLT1.  

 

 

Figure 48: A model of the L-cell showing glucose mediated GLP-1 secretion. Entry of glucose via Na
+ 

coupled transporters, SGLT1 combines with metabolic signals (ATP) signals to trigger membrane 

depolarization (ΔΨ) and the opening of voltage gated Ca
2+

channels (VDCC). The consequent elevated Ca
2+ 

concentration stimulates secretion of GLP-1. Hormonal and other nutritional signals enhance secretion 

downstream of membrane depolarization by, e.g., increasing cAMP production or triggering Ca
2+ 

release 

from intracellular stores. 

 

In the NCI-H716 cells, we required a concentration of 500 mM glucose to stimulate GLP-1 

secretion as was reported in previous studies (144). Considering the 2,000-fold lower 

expression of Sglt1 mRNA in this cell line compared with the mouse small intestine, the 

concentration we used is justifiable. Reimann et al. reported the GLUTag cells to be 

responsive to 100 mM α-MDG in contrast to 10 mM which stimulated secretion in primary 

L-cells and accounted this to the 11-fold lower expression of Sglt1 mRNA in the GLUTag 

cells in comparison to primary L-cells (131). In our in vivo studies conducted in C57BL/6 

mice, an oral bolus of 2g glucose/kg mouse body weight failed to increase GLP-1 in the 

plasma, however it elicited a good GIP and insulin response, 15 minutes after oral 

administration. Although, some groups have reported this glucose concentration to 
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stimulate GLP-1 secretion in mice, there have been other groups, more recently, 

confirming our observation (148). Accordingly, others also tried higher concentrations of 

glucose like 3 g/kg (200) and 5 g/kg (144) to stimulate GLP-1 secretion. A glucose bolus 

of 6 g/kg showed the most promising effects with respect to secretion of both the incretins 

and insulin (148, 201). We were able to reproduce the same in our experiments. One 

explanation for this high concentration of glucose that was required to elicit GLP-1 

secretion could be deduced from the observation of Tanja J. Little et al where they 

demonstrated in humans that GLP-1 is released in the blood stream when carbohydrates 

enter the duodenum at rates that exceed the absorptive capacity of the proximal small 

intestine to reach more GLP-1 bearing mucosa more distal in the small intestine (202). 

Accordingly, their study revealed that exposure of > 60 cm of the human small intestine to 

glucose was required for GLP-1 secretion. To the best of my knowledge, no such study 

was conducted in rodents. 

4.4.3 RANTES signalling in L-cells 

There have been no reports or studies conducted so far describing any effect of RANTES 

on enteroendocrine cells, let alone GLP-1 secretion. For this part of my discussion, I will 

compare RANTES signalling to what is known in other cell types, namely eosinophils, T-

cells and microglia to data I obtained in the NCI- cells. The receptors of RANTES (CCR1 

and CCR5) have a seven transmembrane domain architecture and are linked to G proteins. 

Studies conducted with monocytes and granulocytes have suggested that the receptors are 

associated with pertussis toxin-(PTX) sensitive G proteins. In microglia cells (resident 

macrophages of the CNS), application of 0.5*10
-8 

M RANTES evoked an influx of Ca
2+

 

and the authors described a pharmacologically unique voltage-insensitive, nimodipine-

sensitive route and channels in the transient receptor potential (TRP) as possible 

candidates involved (203). The response rapidly desensitized which was indicated by the 

rapid return of [Ca
2+

]i  to basal levels in the maintained presence of RANTES. The removal 

of extracellular Ca
2+ 

blocked the RANTES-elicited increase in [Ca
2+

]i and nimodipine (L-

type channel antagonist belonging to the dihydropyridine family) inhibited RANTES 

mediated increase in [Ca
2+

]i by 80% (203). Six years later, the same group followed up 

with another paper delineating the signalling pathway linking receptor activation with 

elevation in [Ca
2+

]i .They showed that the RANTES-induced elevation in [Ca
2+

]i  is 

mediated by an inhibitory G protein coupled to its receptor CCR5 and demonstrated this 
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by treating the cells with PTX .They showed a multistep cascade involving 

phosphatidylinositol 3-kinase (PI3K), Bruton’s kinase (Btk), phospholipase C (PLC) 

mediating calcium release from intracellular stores, and NAD metabolites, ADP ribose 

evoking calcium influx via a nimodipine-sensitive channel (204). In T-cells, RANTES 

mediated calcium influx when used at concentrations between 1-100 nM (10
-10 

- 10
-8

M) 

and at higher concentration of 1 µM (10
-7 

M) elicited a biphasic [Ca
2+

]i profile consisting 

of a small early transient and a secondary larger and prolonged increase (205). 

In our experiments on the NCI-H716 cells, 10
-8

M RANTES caused an increase in [Ca
2+

]i 

which solely came from extracellular stores via a nifedipine sensitive channel. 

Interestingly, RANTES mediated calcium entry through the nifedipine sensitive L-channel 

does not follow cell depolarization as was revealed to us using the membrane potential 

dye, Di-Bac 3, suggesting it operates via voltage insensitive, nifedipine sensitive L-type 

channels like in microglial cells. Further, RANTES is known to open Ca
2+

 - activated K
+
 

channels (CaK) (206). Taking these data into account, it suggests that RANTES fails to 

cause depolarization of cells because K
+
 efflux compensates Ca

2+
 influx keeping the net 

charge of the membrane unchanged and this accounts for the rather low GLP-1 secretion 

from the NCI-H716 cells that is seen after RANTES stimulation.  

On the other hand, pre-treatment of the NCI-H716 cells with RANTES for as short as 2 

minutes lowered the glucose mediated increase in cytosolic calcium. Glucose causes 

membrane depolarization both by closing the ATP sensitive potassium channel (KATP) 

caused by its metabolism and consequent ATP production and by its uptake by Na
2+

 

coupled glucose transporter, SGLT1. But, RANTES on account of opening of CaK 

channels prevents glucose from sufficiently depolarizing the membrane and causing GLP-

1 secretion.  
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Figure 49: Working model of RANTES signaling in L-cells. Activation of CCR1 by RANTES stimulates 

Ca
2+

 influx via a nifedipine sensitive calcium channel. Additionally, RANTES activates the calcium 

activated potassium channel (CaK) causing K
+
 efflux hence maintaining the cell at the resting membrane 

potential state. Glucose causes depolarization of the cell by its entry along with Na
+ 

via SGLT1 and 

metabolism to ATP which closes the ATP sensitive potassium channel KATP. Under normal conditions, this 

depolarization is strong enough to cause calcium influx via the voltage dependent calcium channel and 

thereafter GLP-1 secretion. But since RANTES opens CaK channels, efflux of K
+ 

prevents the cell from 

sufficiently depolarizing to induce further opening of VDCC and hence the net result is lowered [Ca
2+

]i and 

hence lowered GLP-1 secretion from the cell. 

 

4.4.5 cyclic AMP (cAMP) and GLP-1 secretion 

Adenosine 3’, 5’ cyclic monophosphate (cAMP) is a ubiquitous cellular second messenger 

that is a critical component of signal transduction pathways linking membrane receptors 

and their ligands to the activation of internal cellular enzymatic activity and gene 

expression. cAMP is synthesized from ATP by adenylyl cyclase located on the inner side 

of the membrane. Adenylyl cyclase is activated by a range of signalling molecules through 

the activation of adenylyl cyclase stimulatory G (Gs)-protein-coupled receptors and 

inhibited by agonists of adenylyl cyclase inhibitory G (Gi)-protein-coupled receptors. 

cAMP decomposition into AMP is catalyzed by the enzyme phosphodiesterase. Elevation 

of cAMP has been repeatedly demonstrated to increase GLP-1 secretion in several models 

of intestinal EEC (171-174). Further, there are also reports that cAMP via CREB (cAMP 

response element-binding) increases proglucagon-gene expression in EEC cells (175). 

cAMP has been demonstrated to directly modulate ion channel activity in the plasma 
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membrane, leading to membrane depolarization and calcium entry in GLUTag cells and 

thereafter GLP-1 secretion (173). Elevation of cAMP produces a very rapid increase in the 

number of L-type channels available for voltage activation during excitation and increases 

the probability of a Ca
2+

 channel opening and the mean open time of the channel (207). In 

our calcium imaging experiments with the NCI-H716 cells, cAMP elevating agents, 

forskolin (activator of adenylyl cyclase) and IBMX (inhibitor of phosphodiesterase) 

potentiated glucose induced increase in [Ca
2+

]i and the effect on glucose lasted even after 

fsk/IBMX was washed out. This experiment proved that cAMP indeed has an effect on the 

VDCC and increases calcium influx in enteroendocrine cells. Cellular targets of cAMP are 

protein kinase A (PKA, cAMP-dependent protein kinase), nucleotide gated channels 

(CNG) and the more recently described exchange proteins activated by cAMP (Epac). 

PKA is the primary mediator of cAMP action and a key regulatory enzyme responsible for 

many cellular processes by catalyzing phosphorylation in response to hormonal stimuli. 

PKA is normally inactive as a tetrameric holoenzyme, consisting of two catalytic and two 

regulatory units (C2R2), with the regulatory units blocking the catalytic centres of the 

catalytic units. cAMP binds to specific locations on the regulatory units of the protein 

kinase, and causes dissociation between the regulatory and catalytic subunits, thus 

activating the catalytic units and enabling them to phosphorylate substrate proteins. PKA 

was described to mediate the stimulatory effect of cAMP on GLP-1 secretion (173). In 

mouse pancreatic islets, PKA rapidly senses glucose and brings about insulin exocytosis 

(208). Additionally, PKA has been found to modulate [Ca
2+

]i by affecting voltage-gated 

Ca
2+

 channels (209, 210). The other target of cAMP, Epac (Exchange protein activated by 

cAMP) mediates cAMP-dependent mobilization of Ca
2+

 from intracellular Ca
2+

 stores. 

This is a process of Ca
2+

-induced Ca
2+

 release (CICR), and it generates an increase of 

[Ca
2+

]i that may serve as a direct stimulus for insulin secretory granule exocytosis from 

pancreatic β-cells (211). In intestinal L-cells, Epac mediates the stimulatory effects of 

cAMP on proglucagon transcription and was shown to stimulate the production but not the 

release of glucagon and GLP-1 in cultured endocrine cell lines, in contrast to PKA which 

enhances the production and secretion of both the hormones (212). Considering the 

importance of this molecule in GLP-1 secretion, it warranted interest to assess the effect of 

RANTES on cAMP accumulation in the L-cells. 
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4.4.6 RANTES and cAMP 

The receptors of chemokines are seven transmembrane spanning G protein coupled 

receptors and are typically linked to inhibitory (Gi) G proteins (213). Activation of CCR5 

releases Gi which inhibits adenylyl cyclase and reduces accumulation of intracellular 

cAMP (213). In a previous study conducted in primary cultures of mouse astrocytes, 

RANTES stimulation was shown to modulate intracellular cAMP levels and its 

downstream target PKA (214). In our experiments, we showed that RANTES dose 

dependently reduced basal cAMP concentrations in the NCI-H716 cells after just 5 

minutes of incubation. Further, 10
-8 

M RANTES even reduced glucose induced cAMP 

levels and forskolin stimulated cAMP. PKA was also reduced after incubation of mouse 

intestinal tissue with RANTES. The activity of calcium channels is regulated by protein 

kinases. cAMP-dependent phosphorylation, initiated by protein kinase A (PKA), are one 

pathway implicated in the control of ion channels, including the dihydropyridine-sensitive 

Ca
2+ 

channels of many excitable cells (207, 215). Whether Epac is reduced after RANTES 

treatment has still to be investigated. Taking into account the above pathways, it appears 

that although RANTES evokes calcium signal in the NCI-H716 cells, its inhibitory effect 

on cAMP overplays its stimulatory effect and hence lowers the overall calcium current in 

the cells after glucose stimulation. 
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Figure 50: A working hypothesis of the disruption of cAMP mediated GLP-1 secretion by RANTES in the 

intestinal L-cells. RANTES binding to its receptor inhibits adenylyl cyclase via a Gi protein and thereby 

lowers accumulation of intracellular cAMP. The targets of cAMP include protein kinase A, which 

phosphorylates VDCC and increases the open probability of the channel causing more calcium influx (215). 

Additionally, PKA activates proglucagon gene (gcg) transcription and thereby GLP-1 production by 

phosphorylating CREB, which stimulates gcg transcription via binding to CRE or CRE-like elements (216). 

The other target of cAMP, Epac stimulates the expression of transcriptional activators of gcg, such as Cdx-2 

(217, 218). cAMP directly activates cyclic nucleotide gated channel (CNG) and can cause calcium influx. 

The net effect of these pathways activated by cAMP is increased intracellular calcium, proglucagon gene 

expression and GLP-1 secretion. Inhibition of cAMP production by RANTES hence results in lowered GLP-

1 secretion from the L-cell. 

4.4.7 Involvement of SGLT1 in GLP-1 secretion 

Dietary sugars are transported from the intestinal lumen into absorptive enterocytes by the 

sodium-dependent glucose transporter (SGLT1). SGLT1 mediates glucose transport and 

triggers incretin secretion in mice (148). Co-administration of the SGLT1 inhibitor 

phlorizin and glucose in the upper intestine completely inhibited glucose absorption and 

glucose-induced incretin secretion, demonstrating that glucose absorption via SGLT1 is 

essential for glucose-induced GLP-1 secretion (146). Our data show that luminal 
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application of RANTES to mouse intestine reduced the transport of α-MDG by SGLT1 

and suggests that RANTES could contribute to the malabsorption which is characteristic of 

inflammatory bowel diseases since RANTES is up regulated in colitis (195). There have 

been other cytokines described in literature to influence SGLT1 activity. In 2000, Hardin 

et al described the effect of 3 pro-inflammatory cytokines (IL-6, IL-1α and IL-8) and the 

anti-inflammatory IL-10 on jejunal nutrient transport and expression of SGLT1 (219) and 

demonstrated that while IL-6, IL-1α and IL-8 significantly increased glucose transport, IL-

10 had no effect. They concluded that the increase was due to an increase in mucosal to 

serosal flux and found no difference in the brush border membrane abundance of SGLT1. 

Barrenetxe et al showed that leptin inhibited galactose absorption in vitro by acting on 

SGLT1 (220-222). Another study demonstrated that while luminal leptin induced rapid 

inhibition of glucose entry into enterocytes which was associated with a parallel decrease 

in brush border membrane abundance of SGLT1, serosal leptin on the other hand acted 

more slowly and inhibited SGLT1 indirectly most likely by endogenous CCK (222). TNF-

α also was also shown to decreases D-galactose absorption both in rabbit intestinal tissue 

preparations and brush-border membrane vesicles by reducing the amounts of the SGLT1 

protein in the plasma membrane attributable to the cytokine (223). The above mentioned 

studies show that pro-inflammatory factors influence SGLT1 either positively or 

negatively and thereby could regulate the secretion of GLP-1.  

The role of protein kinases in the regulation of SGLT1 has been well documented. In 

oocytes expressing rabbit SGLT1, the activation of PKA increased the maximum rate of 

SGLT1 by 30%, and the activation of protein kinase C (PKC) decreased the maximum rate 

of transport by 60%. Changes in maximum transport rates were accompanied by 

proportional changes in the number of co-transporters in the plasma membrane and by 

changes in the area of the membrane protein (224, 225). Since RANTES reduced PKA 

activity in mice intestinal tissue, it could suggest that lower kinase activity brought upon 

by RANTES treatment reduces the transport rate of SGLT1 seen by reduced uptake of α-

MDG. 

GLP-2 is another enteroendocrine hormone which is co-secreted with GLP-1 from L-cells 

upon nutrient ingestion. Proglucagon undergoes post-translational proteolytic cleavage to 

liberate GLP-1 and GLP-2. Unlike GLP-1, GLP-2 is not an incretin but an intestinal 

growth factor and induces intestinal epithelial proliferation and bestows protective 

function by inhibition of enterocyte and crypt cell apoptosis (81). GLP-2 increases hexose 

absorption via GLUT2 and SGLT1 (226, 227). A study in rats demonstrated that a 1 hour 



Discussion 

 

96 
 

vascular infusion of GLP-2 was sufficient to insert GLUT2 in the BBM and doubled the 

rate of fructose absorption (226). The same positive effect was seen with SGLT1 in rats 

where 30 minutes of vascular infusion was sufficient to increase SGLT1 transport activity. 

In animals treated with RANTES, we observed that glucose-dependent GLP-2 secretion is 

blunted which in turn could prevent the increase of SGLT1 activity thereby causing the 

reduction in glucose uptake into the epithelium as shown in mice with α-MDG and hence 

the slightly lowered blood glucose levels in the RANTES group following glucose 

bolus.These finding suggest that there may be a feed-forward loop by which SGLT1-

mediated glucose transport increases GLP-1 and GLP-2 secretion with GLP-2 increasing 

sugar uptake capacity while GLP-1 simultaneously affects ß-cells to increase insulin 

secretion to control glucose disposal.  

4.5 Angiotensin II and GLP-1 

Angiotensin II (Ang II) is the main effector of the renin-angiotensin system (RAS). A local 

renin-angiotensin-system was described to be present in the gastrointestinal tract (56, 57). 

The effects of Ang II on peripheral tissues are mediated by two receptors, the more 

prevalent AT1, and the AT2 receptor. The wide distribution of the receptors (type 1 and 2) 

in the GIT is an indication of potential physiological actions of Ang II in this tissue (228). 

Although groups have found the receptors to be expressed on the enterocytes, there is no 

study till date demonstrating them on the EEC. In our study, we found both the receptors 

AT1 and AT2 at message (mRNA) and protein level (western blot and 

immunofluorescence) on the model EEC line NCI-H716. Additionally, by co-staining AT1 

with GLP-1, we confirmed that EECs in mouse intestine also express the receptor on their 

apical and basolateral membrane raising questions as to the possible effects of Ang II on 

the endocrine cells. Ang II pre exposure (2-24 hours) significantly inhibited glucose 

stimulated GLP-1 secretion from the NCI-H716 cell and we able to partially abolish the 

inhibition when AT1 and AT2 receptor blockers were used individually and completely 

when used together, suggesting the involvement of both the receptors in Ang II mediated 

disruption of GLP-1 secretion.  

In vivo, Ang II exerts a dose-dependent dual action upon intestinal absorption. At low 

doses, Ang II stimulates sodium and water absorption from the  intestine and at high doses, 

Ang II inhibits absorption (229). Further, depending on the site of contact (apical or 

basolateral), Ang II shows different effects as well (230). With regard to the glucose 
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transporter SGLT1, there has been a lot of work done. Application of Ang II to the 

mucosal fluid dose dependently inhibited jejunal glucose uptake and antagonism with 

losartan (specific AT1 receptor blocker) abolished the inhibitory effect (228). Furthermore, 

Ang II treatment reduced the brush border membrane (BBM) expression of SGLT1 within 

4 minutes of exposure (228). The effect was specific to glucose, since uptake of L-leucine 

was unaffected. In a previous study, where the authors observed a much greater reduction 

in glucose uptake, Ang II was treated in vitro and given in the luminal fluid. This hints that 

basolateral Ang II acts much slower or, that other signalling pathways are activated when 

basolateral Ang II receptors are activated. With respect to signalling involved with Ang II 

and decreased SGLT1 activity, Kawano et al. demonstrated in renal proximal epithelial 

cell line LLC-PK that Ang II prevented translocation of SGLT1 to the membrane indicated 

by reduced BBM abundance of the protein but unaltered total SGLT1. Further they saw 

that Ang II blocked the formation of cAMP and thereby inhibited translocation of SGLT1 

to the membrane by inactivation of cAMP dependent protein kinase A (PKA) and  

decrease in phosphatidylinositol 3- kinase (PI3) (231). 

Ang II evokes increase in intracellular calcium which comes from extracellular or 

intracellular stores depending on cell type. In cardiac myocytes, Ang II mediates 

extracellular calcium influx through transient receptor potential channels. In vascular 

smooth muscle, Ang II binding to AT1 receptors activates phospholipase C (PLC). PLC 

breaks down phosphoinositol into diacylglycerol (DAG) and IP3 and IP3 goes on to 

stimulate the release of Ca
2+

 from intracellular stores (232). 

Chronic administration of Ang II intraperitoneally to mice (basolateral exposure of Ang II 

to the EEC) showed a significant trend towards lowered GLP-1 after glucose gavage 

administration, but the effect was not as big as compared to chronic RANTES treatment. 

Plasma insulin on the other hand was only slightly reduced in the chronic group vs. saline. 

The other incretin GIP was unaffected in both acute and chronic groups.  

Looking back at the experiments that were conducted and results obtained so far, it 

undeniably argues to a significant effect of Ang II on GLP-1 secretion and further 

investigations will have to be conducted to confirm the effect. 

 

  



Conclusion and Outlook 

 

98 
 

5 CONCLUSION AND OUTLOOK 

To the best of our knowledge, this study is the first to demonstrate an effect of RANTES 

(CCL5) on the secretion of GLP-1 from enteroendocrine cells in mammalian intestine via 

CCR1 receptors. The mechanisms of action of RANTES are dual by affecting intracellular 

[Ca
2+

]i causing a modest stimulation of GLP-1 output but blocking completely and 

specifically the GLP-1 secretion in response to glucose and thus to nutrient intake most 

likely via a reduced PKA activation by preventing a proper increase in cAMP levels. Our 

findings suggest that the rheogenic glucose transporter SGLT1 in the intestinal epithelium 

is a target of RANTES that could counteract on a feed-forward loop on glucose transport 

via GLP-2 while GLP-1 elicits its incretin effects. As circulating RANTES levels are 

increased in obese and insulin-resistant individuals, this chemokine could contribute to the 

reduced secretion of incretins following meal-stimulation in these subjects and antagonism 

of its receptors could serve as a potential target in diabetes therapy. 

Angiotensin II, as well seems like a prospective candidate to be further studied since its 

effect in causing disturbances in GLP-1 secretion has already been recognized in the NCI-

H716 cell line. Further in vivo experiments in mice will need to be conducted with a higher 

concentration of Ang II or by prolonging the duration of treatment to see more pronounced 

and significant effects. Intracellular signalling upon Ang II activation of its receptors will 

have to be investigated. [Ca
2+

]i and cAMP are two likely candidates that need further 

examination in the NCI-H716 cells to elucidate possible mechanisms by which Ang II 

causes GLP-1 reduction. Other targets worth studying are PKA and PI3-K. Lastly, a 

human study has been proposed wherein drug naive hypertensive patients will be 

challenged with nutrients and GLP-1 output measured.  

In the end, I would like to conclude that while the above two mentioned adipokines seem 

most promising in the course of GLP-1 disturbances in obesity/T2D, there are still many 

more adipokines to be explored and provide exciting ventures for future research.  
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6 APPENDIX 

6.1 NCI-H716 cells 

 

 

Figure 51: Left panel, NCI-H716 cells in suspension culture and right panel, seeded on Matrigel. 

 

6.2 Isolated primary mouse adipocytes 

 

 

 

 

 

 

Figure 52: Left panel, primary adipocytes isolated from mouse epididymal fat pads and right panel, primary 

adipocytes stained with Calcien-AM to determine cell viability. 
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6.4. CCR1, CCR3 and CCR5 gene expression in NCI-H716 cells after 24 

hour incubation with 10
-8 

M RANTES 

 

 

Figure 53: Gene expression of CCR1, CCR3 and CCR5 in control (white) and 10
-8 

M RANTES treated NCI-

H716 cells for 24 hours. CCR1 was increased by 8 fold and CCR5 by 2 fold. CCR3 showed no difference 

after RANTES treatment. Statistical significance determined by One way ANOVA followed by Students t-

test, *p < 0.05, **p < 0.01, n = 4. 

6.5 GLP-1 secretion along the length of the small intestine 

 

Figure 54: GLP-1 secretion along the length of the small intestine. The small intestine was isolated and cut 

into 5 cm section starting from the duodenum to the ileum. Sections were incubated in PBS for 45 minutes 

and GLP-1 measured in the supernatant by ELISA. GLP-1 secretion was highest in section 5 which 

corresponded to the distal most part of the small intestine and is in accordance with literature.  
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