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SUMMARY 

Different diets have a great impact on our health. HFD (High fat diet) have been linked to 

epidemic development of various metabolic disorders. Manifestation of metabolic disorders 

in the gut may be causally associated with several chronic diseases such as IBD, IBS, insulin 

resistance and ultimately with cancer. Thus, the effects of HFD on various aspects of the gut 

structure and physiology were studied using the fruit fly Drosophila melanogaster as a 

model.  

HFD induces substantial changes in the gut. Most importantly, it activates regeneration of the 

intestinal epithelium. This nutritional intervention induced stem cells to divide and produce 

enteroblasts with a small time delay. These enteroblasts develop into enterocytes and 

enteroendorine cells. The structure of the intestine is different following HFD, as the number 

of enteroendocrine cells was increased for longer periods indicating modified hormonal 

system in response to this intervention. Structural changes in the intestine were seen even 

after a short period of HFD. Apparently, the induction is triggered by HFD mediated 

expressioj of the cytokine upd3. This induction appears to be meditaed via the JNK-pathway. 

This induction is independent on the microbiota, as gnotobiotic animals show the same effect. 

Nevertheless, HFD has a strong impact on the structure of the microbiota, meaning that the 

number of bacteria is much higher following HFD.  

In addition to the JNK-Upd3 axis, other signaling pathways are also activated in response to 

HFD. Ca
2+

-signaling, indicated by the CaLexA system was chronically increased. Moreover, 

the stress sensing pathway Nrf2 as well as the Notch-pathway were activated in enterocytes 

in response to HFD. An activation of the intestinal innate immune response could not be 

observed. 

Physiologically, the consistency and structure of defecation products was changed in 

response to HFD. The pH range was shifted towards more neutral values. Moreover, the 

defecation rate was reduced, indicative for constipation and a reduced intestinal transit 

process.  

Taken together, HFD has a major impact on various aspects of the intestinal physiology, 

including a long lasting modification of the intestinal hormonal system. 
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Zusammenfassung 

Unterschiedliche Nahrungsbestandteile haben starke Einflüsse auf unsere Gesundheit. 

Hochfett Diäten (HFD) konnten mit der als epidemisch zu bezeichnenden Zunahme 

metabolischer Erkrankungen verknüpft werden. Das Entstehen unterschiedlicher sich primär 

im Darm manifestierender Erkrankungen kann ebenfalls in mit HFD assoziiert werden. Zu 

diesen Erkrankungen gehören entzündliche Erkrankungen des Darm, Krebs und Typ2 

Diabetes. Um ein besseres Verständnis dieser Vorgänge zu ermöglichen wurden 

Untersuchungen an einem einfachen Modell, der Taufliege Drosophila melanogaster 

durchgeführt. 

HFD induziert starke Änderungen in der Struktur des Darms der  Taufliege. Diese 

Intervention induziert die regenerative Kapazität des Darmepithels. Die Stammzellen des 

Darms teilen sich vermehrt als Antwort auf eine HFD und produzieren vermehrt 

Enteroblasten. Aus den Enteroblasten entwickeln sich Enterocyten und Enteroendokrine 

Zellen. Die Struktur des Darms ändert sich, da die Anzahl der Enteroendokrinen Zellen 

langfristig erhöht bleibt. Das lässt vermuten, dass die Hormonfunktion des Darms eine 

chronische Änderung erfährt, ein Befund, der auch nach sehr kurzer HFD zu beobachten ist. 

Verantwortlich für diese Induktion ist eine Steigerung der Upd3 Expression, die wiederum 

direkt von einer Aktivierung des JNK-Signalwegs abhängt. Diese Induktion ist nicht 

abhängig von der endogenen Microbiota, da keimfreie Tiere eine sehr vergleichbare 

Induktion zeigen. Nichtsdestotrotz hat eine HFD einen Effekt auf die Microbiota, sie führt zu 

einer Vermehrung der Anzahl dieser Bakterien. 

Zusätzlich zu der Aktivierung der JNK-Upd3-Achse werden weitere Signalwege aktiviert. 

Dazu gehört der Ca
2+

-Signalweg, was mit Hilfe des CaLexA-Systems gezeigt wurde. 

Außerdem werden der Nrf2- sowie der Notch-Signalweg in den Enterozyten aktiviert.  Eine 

Aktivierung des intestinalen Immunsystems konnte nicht beobachtet werden.  

HFD führte auch zu wesentlichen Änderungen des physiologischen Zustands des Darms. Der 

pH-Wert der Defäkationsprodukte änderte sich hin zu einem eher neutralen Wert. Außerdem 

wurde die Defäkationsrate reduziert, was auf Verstopfungen hinweist. Das lässt auf einer 

Verzögerung der Darmmotilität schließen. 
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Zusammengefasst kann gesagt werden, dass HFD zu wesentlichen Änderungen der 

Darmphysiologie und Darmstruktur führt, wobei die langfristige Änderung des 

Hormonsystems herauszuheben ist. 
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INTRODUCTION 

A special type of immune response against various forms of injury, infection that involves the 

recruitment of professional immune cells to the site of injury/infection is known as 

inflammation. Although inflammatory responses are very important to fight infections, their 

deregulation may lead to multiple complex diseases and disorders such as cardiovascular 

diseases, cancer, neurodegenerative and metabolic disorders as well as autoimmune diseases. 

Inflammation can occur as an acute and chronic form. Acute inflammation has a very quick 

onset and is fast, while chronic inflammation is the continuation of the acute inflammation 

and may last for very long periods, even if the primary reason for launching an inflammation 

is resolved (Toshio H and Masaaki M in 2012; Ferrero ML et al., 2007). Chronic 

inflammation of the intestine for example underlies various forms of disorders and composite 

diseases, like Crohn's disease and ulcerative colitis. Crohn’s disease and ulcerative colitis are 

the two major forms of chronic inflammatory diseases of the gut, which are known as 

inflammatory bowel disease (Hugot JP., et al 2001; Masaaki M and Toshio H., 2012).   

 

1.1 Intestinal epithelium 

The intestinal epithelium makes the barrier between the lymphoid tissues associated with the 

gut and the outside world, most importantly, with the endogenous microbiota resident in the 

gut lumen of vertebrates and invertebrates. It is not only a physical but also a chemical barrier 

that has to block entry of e.g. microbes, antigens and toxins. IECs (Intestinal epithelial cells) 

are the most important cell population as they make the majority of cells within the 

epithelium (David A and Lance WP in 2014). 

Homeostasis of the intestinal epithelium depends upon the equilibrium between self 

proliferation and differentiation of epithelial cells during the entire lifetime. The intestinal 

epithelium niche is made by the closely association cellular part with the sheath of intestinal 

pericryptal fibroblasts, which are also known as sub epithelial myofibroblasts (Mills JC and 

Gordon JI in 2001; Schofield R in 1978). It is established that these cells releases various 

types of important growth factors, hormones and cytokines that are essential for the induction 

of epithelial proliferation (Powell DW et al., 1999; Bjerknes M and Cheng H in 

2006, Marshman E et al., 2002). In mammals it is believed that six stem cells are in each 
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crypt. Stem cell resides from position +4 from the crypt bottom, while the Paneth cells 

contain the first 3 positions (Potten CS et al., 1974). 

Paneth cells are important epithelial cells and play pivotal roles in the innate immunity of the 

small intestine. Paneth cells release proteins and peptides with antimicrobial activities such 

as, defensins and lysozymes. Releasing of this specific antimicrobial peptides and lysozymes 

into the gastrointestinal flora is required to shape the microbial community while fighting 

against potential invaders. The life span of a Paneth cell is approximately three weeks (Van 

Es JH et al 2005). In addition to their location at the position 1-3, the positions 5-7 relative to 

the crypt base can be taken. Paneth cells are the only differentiating cells that can change in 

direction to the crypt’s bottom (Bastide P et al., 2007). 

Goblet cells are secretory cells of the gut epithelium. Mucin and trefoil proteins are secreted 

by them. Both products play pivotal roles in gut movement and ejection of the gut contents 

into the intestine towards lower parts of the gut. It also provides protection against chemical 

and physical damage of the epithelium. The division and distribution of the Goblet cells 

throughout the intestine is variable. It is approximately 4 % in duodenum and approximately 

16% in the descending colon relative to all epithelial cells (Karam SM 1999). 

Notch signalling plays a vital role in differentiation of goblet cells. Huge numbers of 

epithelial cells differentiate into goblet cells after the loss of Notch function in the epithelium 

(Katz JP et al., 2002; Van Es JH et al., 2005 and Crosnier C et al., 2005). 

Enterocytes (ECs) are also knows as columnar cells and are extremely polarized. Enterocytes 

(ECs) contains brush border on the apical surface through which absorption takes place and 

are also responsible for nutrient movement in the entire epithelium. About 80% of the whole 

intestinal epithelium consists of enterocytes (ECs) (Jensen J et al., 2000). 

Enteroendocrine cells (EEs) are also secretory cells that release different hormones and also 

Known as neuroendocrine cells. They contribute to gut functioning through the release of 

various peptide hormones. On the basis of marker gene expression, morphology and release 

of various specific hormones they can be differentiating into 15 various subtypes. 

Enteroendocrine (EEs) responsible for approximately 1% of the total epithelial cell lining and 

they are distributed through the whole intestinal epithelium organized as single cells. 

(Schonohoff SE et al., 2004). 
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The notch signalling pathway plays a pivotal role in differentiation of various epithelial cells 

as well as the development of enteroendocrine cells (EEs) or other secretory epithelial cells 

such as goblet cells. The bHLH transcription factor Beta 2, which is also known as NeuroD is 

very important for secretin and cholecystokinin producing enteroendocrine cells. Different 

types of other genes such as, homeodomain transcription factors Pdx-1, Nkx2.2, Pax4, and 

Pax6 are also relevant for the fate of specification of enteroendorine cells (EEs) (Naya FJ et 

al., 1997; Desai S et al., 2008; Larsson LI et al., 1998).  

1.2 Intestinal immune system 

The immune system protects multicellular organisms against various types of pathogenic 

bacteria, viruses, fungi, protozoan and parasites. Most animals depend on their innate 

immune system including engulfment of invaders through the process of phagocytosis or 

encapsulation of larger invaders (Lemaitre et al., 1996; Silverman et al., 2008; Leclerc et al., 

2004). The innate immune system is the most ancient, fast and active type of immune defence 

system, which protects the intestinal epithelium and the whole individual from pathogens 

trying to invade the body. In all epithelia throughout the animal kingdom the major 

characteristics appear to be similar. Even humans depend on this ancient and very active 

immune system against infection caused by pathogens (Miller et al., 2007; Glaser et al., 2005; 

Lemaitre et al., 2007). The intestinal epithelium also provides the physical barrier against 

every pathogen. Epithelial cells are tightly bound to each other and leave no space for the 

entry of pathogens. This physical barrier function is impaired in inflammatory responses, 

where the tight junction between epithelial cell are damaged, making a pathogen entry 

through this path possible (Turner JR in 2006). Moreover, some pathogens have the ability to 

utilizing different enzymes such as proteases to disturb the tight junctions of the epithelium. 

This route allows the penetrators and other types of compounds to penetrate this barrier 

(Hackett et al., 2011; Sajjan et al., 2008; Jacquet A et al., 2011; Xiao et al., 2011). 

PAMPs (pathogen associated molecular patterns) are invariable products of microorganisms. 

They are being recognized by various receptors of the innate immune system located on 

epithelial cells. These PRRs (Pathogen recognition receptors) comprise TLRs (Toll-like 

receptors), NLRs (Nucleotide-binding domain and leucine-rich repeats), C-type lectins, 

peptidoglycan recognition proteins (PGRPs) and also the retinoic acid-inducible gene I-like 

receptors (Rakoff N S et al., 2008). The response of the epithelium to confrontation with 

pathogen is the production and release of antimicrobial compounds such as AMPs 
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(antimicrobial peptides) or the production and release of cytokines to alert other parts of the 

immune system. Usually, any type of alteration or deregulation of the homeostasis may 

follow activation of immune responses and the onset of inflammation. As pointed out above, 

inflammation may lead to recovery or it persists towards a chronic inflammation of the 

epithelium (Weber B et al., 2009; Rakoff NS et al., 2008). The intestinal immune system is 

unable to differentiate between pathogens and beneficial microbes regarding their PAMPs. 

Other products also have the ability to activate intestinal responses comprise uric acid, 

nucleic acid, mitochondrial and ribosomal components released after tissue necrosis or 

damage (Cavassani KA et al., 2008; Shi Y et al 2003) thus acting as danger signals. Various 

mechanisms aim to reduce immune and inflammatory responses in the gut. Alkaline 

phosphatase and acyloxyacyl hydrolase are released by the enterocytes. These enzymes can 

diminish the inflammation through degradation of LPS, which is the most relevant PAMP 

(Van SM et al., 2006; McVay et al., 2006). Moreover, enterocytes maintain homeostasis 

through the production of various cytokines to activate different mobile cells of the immune 

system (Zaph C et al., 2007; Nenci A et al., 2007). Macrophages are among these mobile 

cells that have the potential to phagocytose invaded pathogens taking place in the intestinal 

lamina propria (Smythies LE et al., 2005; Weber B et al., 2009).   

In mammals adaptive immune responses play a highly important role for fighting intestinal 

infections. B cell-mediated release of various types of different antibodies against pathogens 

plays a central role in this context (Mac pherson AJ et al., 2008). T helper cell and the 

cytokine IL-23 contribute to cause inflammation at the site of infection especially during 

chronic inflammatory diseases, although they hold the ability to protect the intestinal 

epithelium against bacteria and other types of harmful pathogens (Abraham C and Cho J., 

2009; Hue S et al., 2006). IL23, IL17 and other cytokines likewise are required to maintain 

homeostasis in the gut and to regulate the immune system (Deretic V and Levine B in 2009).  
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1.3 Metabolic disorder caused by imbalances in metabolic profiles and the microbiota 

The gastrointestinal tract (GIT) is the only single passage for food, water and drug 

administration. GIT is generally the first organ to be exposed directly to foreign particles, 

microbes, pathogen and other kinds of compounds through the diet (Srigiridhar K et al., 200; 

Brown ED et al., 1995; Aw TY in 1998; Gopaul NK et al., 2000; Kanner J and Lapidot T in 

2001; Halliwell B et al., 2000; Zhao K et al 2001; Long LH et al., 1999; Long LH et al., 

2000; Hiramoto K et al., 2001). High fat diet specially has been reported to activate mast 

cells and Toll-like receptors (TLRs) (Chamulitrat W in 1999). 

Various types of metabolites are in a diet and particularly high fat diets appear to have a 

massive impact on the commensal microbiota and on the epithelial layer of gut. High fat diet 

changes the motility of the small intestine but also plays an important role to deposit fat 

droplets in epithelial cells with yet almost unknown consequences (Qin et al., 2010; Tasnya 

JT et al., 2007). Maintaining the homeostasis in the intestine is very important to keep the 

balance in the commensal microbiota. Imbalanced microbiota can cause several diseases, 

including gastrointestinal infections, metabolic imbalances, inflammatory bowel diseases 

(IBDs), colorectal cancer (Garrett et al., 2010; Ryu et al., 2008). Microbiota hold the potential 

to alter gut morphology and function (Nichole A et al., 2014). 

1.3.1 Inflammatory bowel disease 

IBD (Inflammatory bowel disease) collectively describes two clinical forms, Crohn’s disease 

(CD) and Ulcerative colitis (UC). IBDs are complex and composite disorders showing high 

prevalence’s. Individuals are on high risk to develop colorectal cancer (CRC) if they are 

suffering with inflammatory bowel disease (IBD) (Ekbom A et al., 1990; Langholz E et al., 

1992; Choi PM et al., 1994; Gyde S et al., 1982; Carter MJ et al., 2004). Generally 1-2 % of 

the total cases of ulcerative colitis and Crohn’s disease converts into colorectal cancer (CRC).  

The rate of death is one in six of all death in IBD individuals. Patients with the disease 

located to the rectum only are at low risk to develop CRC, while those patients where the 

whole colon (Pancolitis) is involved are more prone to develop CRC (Satsangi J et al., 2006; 

Choi PM et al., 1994; Gyde SN et al., 1982; Gyde SN et al., 1988; Eaden JA et al., 2001). 
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Colorectal cancer is the second leading cause of deaths among all cancers in the United States 

according to the American Cancer Society. 

1.3.2 Obesity 

High fat diet is not only characterised by the high calorie intake, but if taken permanently, it 

promotes to consume higher intake volumes. Thus, hyperphagia is one of the side-effects of 

high-fat dieting. It has been discussed that the increased availability of nutritionally 

unbalanced diets favours an increase in especially high-caloric nutrients. This hypothesis is 

called “protein leverage hypothesis” and means that protein consumption is directly regulated 

by the consumption of carbohydrates and fat. Lowering the consumption of protein in a diet 

will provoke higher levels of consumption of carbohydrates and fat. Increasing the level of 

protein consumption will lower the consumption of fat and carbohydrates. Studies have 

revealed that ad libitum feeding for animals on high fat diet progress to hyperphagia and 

consequently cause obesity. This is associated with leptin and insulin resistance (Wood SC et 

al., 2003; Simpson SJ and Rauben H D in 2005; Lissner L et al., 1987; Tremblay A et al., 

1989). 

Obese patients are more susceptible to a great variety of different disorders including those of 

the oesophageal motility, such as GERD (Gastroesophageal reflux disease) or diffuse 

oesophageal spasm (less spasm) and nutcracker oesophagus. Similar results are seen in the 

group of the morbidly obese patients. Obese patients have higher prevalence’s of 

malfunctioning in magnitude of contraction in the middle oesophagus (Schneider JM et al 

2009; Fornari F et al 2011; Biccas BN et al., 2009; Hong D et al., 2004; Jaffin BW et al., 

1999).  Patients with GERD that lose weight show a generally beneficial development (Djarv 

T et al., 2012; Friedenberg FK et al., 2008). 

A great number of hormones play pivotal roles for the body’s response to high fat diet 

consumption. Faster gastric emptying is mediated by ghrelin. A delay in gastric emptying and 

appetite inhibition is induced by CCK, Peptide YY (PYY), leptin and glucagon like peptide 

(GLP-1). Fat in the diet stimulates production e.g. CCK, PYY and GLP-1 (Stewart JE et al., 

2011; Hellstrom PM et al 2006; Camilleri M et al., 2009; Delgado AS et al., 2002; Schirra J 

et al., 2002). Basal pyloric pressure is increased due to the infiltration of fatty acids in the 

intraduodenal tract. More important are the CCK and PYY levels in the blood stream. Free 

fatty acids can provoke appetite, as well as release and inhibition of various gastrointestinal 

hormones (Little TJ et al., 2007).  
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1.4 Model organisms 

 The use of model organisms to explore and understand human diseases has been out forward 

for a long period (Hergovich et al., 2006; Rogina and Helfand in 2003). Suited models should 

be easy to handle and amenable to genetic manipulation. Moreover, they should have a short 

life cycle and they should be cost effective.  In addition to murine models there are different 

other model organisms used frequently, such as yeast, Caenorhabditis elegans, and 

Drosophila melanogaster. Drosophila melanogaster, commonly referred to as the fruit fly, 

was first used for genetic experiments more than a century ago by William Earnest Castle and 

his colleagues, who studied breeding and selection, which was published in 1906. It was 

through Castle’s influence that Drosophila melanogaster became known to the geneticists 

T.H. Morgan culminating in the 1933 Nobel Prize in Medicine for identifying chromosomes 

as the vector of inheritance for genes (Snell and Reed in 1993). The major advantage of the 

fly compared to other invertebrate model organisms in the organ composition that is similar 

to vertebrates. Drosophila melanogaster has been used extensively for investigating 

fundamental biological processes such as cell proliferation, growth, cell death and cell 

migration. In addition, behavioural studies have shown that Drosophila can perform complex 

behaviour such as learning and memory, circadian rhythms, sleep and aggression (Bellen et 

al., 2010). Some of which were previously assumed to be exclusively performed by mammals 

(Adams and Sekelsky, 2002; Venken and Bellen, 2005; Venken and Bellen, 2007). 

Drosophila melanogaster has a short generation time of approximately 10-12 days at 25 ºC 

and an average life span of 50-60 days. The fly genome has been completely sequenced and 

annotated (Adam et al., 2000). It requires only little labour and is cost effective to maintain 

fly stock. Mutant flies and transgenic flies are available from public stock centres at low cost 

and only small space is required for their maintenance. Importantly, it has been estimated that 

nearly 75% of all human disease associated genes are conserved in Drosophila melanogaster 

(Bier in 2005). The fruit fly has evolved an intricate defence system against various microbes. 

Fruit fly and other insects have strong innate immune responses to fight invading pathogens.  

The primary defence is located at various barriers including the peritrophic membrane the 

cuticle and the airway epithelium utilizing either the physical barriers (Dessens et al., 2001; 

Gooday and Sampson in 1998; Granados and Wang in 1997) or chemical barriers based on 

the production of antimicrobial peptides (AMPs), lysozymes, dual oxidases and other 

antimicrobial compounds (Apidianakis et al., 2005; De G et al., 2001; Ha et al., 2005). The 

response of the fruit fly to any kind of wound is very sophisticated and quick. This response 
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to wound is not only at locally but also raises a systemic response as well (Buchon et al 

2009b; Hoffmann and Lemaitre in 2007; Apidianakis et al., 2007).  

There are several tools and techniques available in Drosophila, but I will only mention those 

that are relevant for disease models particularly for those of metabolic disorders. One very 

important tool is the transposon-mediated transgenesis. The fly community has generated a 

number of transposon insertion lines that can be used for insertional mutagenesis. Another 

powerful and versatile approach in Drosophila is the GAL4/UAS system. It is a bipartite 

transcription activation system (Perrimon and Brand in 1993; Rubin and Spradling, 1982), 

which allows a gene of choice to be expressed in a defined set of cells or tissue of interest. In 

this system one transgene consists of a yeast transcriptional factor (GAL4), driven by a tissue 

specific promoter such as specific driver for Intestinal cell’s Dl (ISC), Notch (EB), Amon 

(EE) and NP1 (EC). The second transgene consists of a gene of interest that is under the 

control of the UAS (upstream activation sequence), which drives transcription in response to 

GAL4 binding. This could be for example a reporter gene such as green fluorescent protein 

(GFP), or an RNAi construct. RNAi stands for RNA interference, which is very attractive and 

useful method that enables to knock down the gene of interest. This approach capitalizes on 

the finding that double stranded RNA (ds-RNA) molecules corresponding in sequence to 

endogenous transcripts can trigger the degradation of the endogenous transcripts. It requires 

the construction of a transgenic construct bearing an inverted repeat sequence corresponding 

to the target transcript (Kalidas and smith, 2002; Whitworth, 2011; Guo, 2012). This, in 

combination with the GAL4/UAS system to target expression of the dsRNA to the desired 

tissue, can simply be achieved by performing the appropriate cross diagram below, 
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Figure1. In Drosophila the UAS/Gal4 expression system has been used to over express genes of interest in 

the tissue of interest. The transcript of the targeted gene will be expressed in the F1 generation in the cells of 

interest. RNAi lines have been used in Drosophila to silence genes of interest. The transcript of the targeted 

gene will be in the silenced in F1 generation after crossing of G      UAS.  

 

Different specific GAL4 cell markers are convenient because they collectively mark all 

midgut cells, without detectable overlap between them. An accurate percentage of each cell 

type can thus be calculated (by obtaining the ratio, multiplied by 100, of cells stained 

positively for a given cell type over the total number of stained cells) as a function of a 

particular experimental condition.  

It has been suggested that Drosophila melanogaster is an ideal to monitor for the biology of 

stem cells. The gut of adult flies contains different types of cell population. The mother cell is 

called ISC (Intestinal stem cell), which is scattered through the entire gut on the basal 

membrane (Perrimon and Micchelli in 2006; Spradling and Ohlstein in 2006; Batlle and 

Casali in 2009). Under normal condition the ISC divides and give rise to another daughter 

ISC cell and an enteroblast (EB). EBs further differentiates into ECs (Enterocyte) or EEs 
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(Enteroendocrine). ECs are bigger in size and occupy the entire gut, while EEs are smaller in 

size (Perrimon and Micchelli in 2006; Spradling and Ohlstein in 2006).   

1.5 Intestinal epithelium of Drosophila melanogaster 

Gastrointestinal tissues in human and fruit fly share various anatomical and physiological 

similarities (Pitsouli et al., 2009; Hertenstein and Tepass in 1994; Kedinger et al., 1987; 

Rubin in 2007; Amcheslavsky A et al., 2014). The intestinal epithelium consists of a 

monolayer of cuboidal or columnar cells known as ECs (Enterocyte). In the midgut of 

Drosophila there are no crypts or villi, as they are present like in the mammalian systems, but 

cytoplasmic villi-like structures on the apical surface of the ECs have the same functional 

role (Tripathi and Shanbhag in 2009; Crosnier et al., 2006; Amcheslavsky A et al., 2014).  

To protect the mid- and hindgut of insects from direct contact with the gut contact, including 

microbes, a chitinous layer known as pritrophic membrane is produced by the proventriculus 

(Vodovar et al., 2005; Gooday in 1999; Baumann in 2001; Garner in 1970; Tripathi and 

Shanbhag in 2009, Hegedus et al., 2009).  

A network of circular and longitudinal muscles are present directly adjacent to the basal 

membrane. These longitudinal and circular muscles are responsible for the peristaltic 

movements in the gastrointestinal tract and both types of muscles are innervated and 

oxygenated (Jiang and Edgar in 2009; MacDonald and Sengupta in 2007; Kvietys and 

Granger in 1986; Rhee et al., 2009). In addition, to the immune competence of epithelial 

cells, hemocytes, macrophage-like cells in Drosophila play a vital part in the intestinal 

immunity (Komuro and Hashimoto in 1990; Hoffmann and Lemaitre in 2007).  

Intestinal stem cells are located at the basal membrane. ISCs proliferate and give rise to 

another daughter ISCs and one EB. ISCs can be identified by their smaller nuclear size and 

their expression of the Notch ligand Delta (Dl) (Spradling and Ohlstein in 2006; Perrimon 

and Micchelli in 2006). EBs is smaller in size than ECs but bigger in size then ISCs and EEs. 

EBs and ISCs are also known as midgut precursor cells and both e press the transcription 

factor escargot (esg), which is a member of the snail   slug family of transcription factors 

(Perrimon and Micchelli in 2006). 

EBs (Enteroblast) undergoes further differentiation into ECs. ECs can be differentiated by 

their larger size. ECs express Pdm1 and have large endoreplicating nuclei. EBs differentiates 

approximately at a rate of 90% into ECs (Perrimon and Micchelli in 2006; Singh et al., 2012). 
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EBs differentiates also into smaller cells known as EEs. They are small and have secretory 

function. EEs can be identified on the basis of Prospero (Pros) expression and their smaller 

size. EEs release different hormones (Spradling and Ohlstein in 2006; Perrimon and 

Micchelli in 2006; Singh et al., 2012; Scopelliti A et al., 2014).  

It is been established that the Hippo signalling pathway has a vital role for ISC proliferation 

under normal and stress conditions (Herranz et al., 2012a and Herranz et al., 2012b; 

Poernbacher et al., 2012; Ren et al., 2010; Shaw et al., 2010; Staley and Irvine in 2010). ISC 

proliferation is under the inhibitory control of the Hippo pathway (Huang et al., 2005). The 

exact role of microRNAs for ISC renewal and differentiation is still not known, but it plays a 

role for proliferation and differentiation within the intestinal epithelium. Bantam microRNA 

is one of these microRNAs and regulation of ISC proliferation is directly related to the 

activity of bantam in the gut epithelium. Injury induces Bantam microRNA over expression. 

EGFR and Notch signaling pathways influence the activity of Bantam microRNA (Herranz et 

al., 2010a; Cohen and Thompson in 2006; Becam et al., 2011; Herranz et al., 2012b).  

Increased proliferation of the ISCs can also be seen following over expression of the Wnt 

signaling pathway in the intestinal epithelium. Hyper proliferation and hyperplasia of ISCs 

may result in multilayering of the intestinal epithelium. This reaction may be the first in a 

series leading to cancer in the gut epithelium (Lee et al., 2009; Cordero et al., 2009). 

Signaling systems such as the JNK, INSR (insulin receptor pathways) and Wnt signaling 

pathway collaborate to control proliferation of ISCs in the gut. JNK activates the Wnt 

signaling pathways, while as INSR activates Wnt signaling for ISCs proliferation (Scoville et 

al., 2008; Nateri et al., 2005). Moreover, mutations or deregulation in K-Ras/Ras1 gene 

outcome can result in the formation of intestinal cancer (Pagliarini and Xu in 2003; Uhlirova 

et al., 2005). It has been noted that mutation in the Ras1 gene cause abnormal growth of the 

epithelium, oncogenesis, multilayering, impaired differentiation as well as change in apical 

and basal polarity (Apidianakis et al., 2009; Jiang and Edgar in 2009).  

 

1.6 Intestinal immune system of Drosophila melanogaster 

The intestinal immune system of Drosophila precludes the entry and infection from various 

microbes through physical and chemical barriers (Ferrandon 2013). The first protection to 

block the microbial entry is made by the peritrophic membrane or peritrophic matrix. 
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Damaged peritrophic membrane increase the frequency of successful infections via the oral 

route (Kuraishi et al., 2011; Hegedus et al., 2009).  

The host microbe interaction in the fly gut depends on various signaling pathways such as, 

Wingless,  A    S A , JNK and Notch (Liu et al., 2010; Jiang et al., 2009; Lin et al., 2008; 

Ohlstein and Spradling in 2007). Principally, the primary immune response to any type of 

infection and injury of the epithelium is local, but may develop into a systemic response 

(Girardin and Philpott in 2004; Lemaitre and Hoffmann in 2007; Lemaitre et al., 1996; 

Nehme et al., 2007; Rosetto et al., 1995). After infection, various signaling pathways 

including those acting on NF-κB (nuclear factor kappa B) will be activated) (Buchon et al., 

2009b). In response to infection in the gut epithelium production of AMPs (Antimicrobial 

peptides) could be observed. AMPs are most important for the gut immunity to fight back 

various harmful pathogens. It is established that Imd pathways has role in maintaining 

homeostasis by controlling long term activation of various immune responses. PGRP-LB is 

released in gut lumen to control the response to an infection by inhibiting the activation of the 

Imd pathway. Permanent activation of the NF-κB pathways would have catastrophic effects 

for the gut homeostasis (Zaidman R et al., 2006; Berkey et al., 2009). 

 

The most important part of the intestinal immune system is the local production of Reactive 

Oxygen Species (ROS) by the enzyme dual oxidase (Duox). To activate the membrane bound 

Duox, cytosolic Ca
2+

 is necessary. Calcium levels are increased through activation of G-

protein coupled receptors that recognise bacterial uracil. This reaction activates the PLC-ß 

that in turn activate the production of IP3 and there with the release of Ca2+ from 

intracellular stores (Razzell W et al., 2013; Sung HK and Won JL in 2014, Ha et al., 2009b). 
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Figure2. Calcium signaling pathways play a role in the local release of ROS. Uracil activates a GPCR that 

leads in turn to activation of the PLCß and there with to Ca
2+

 release, which activates Duox. This figure is 

modified after (Sung HK and Won JL2014).  

 

Stress mediated signals in the intestinal epithelium 

Various compounds have been shown to be able to induce ISC proliferation (Biteau et al., 

2008; Choi et al., 2008a; Choi et al 2008b). Drosophila feeding of dextrin sodium sulphate, 

bleomycin and hydrogen peroxide induce strong cell damages leading to proliferation and 

differentiation of cell progenitors in the gut epithelium (Biteau et al., 2008; Chatterjee and Ip 

in 2009; Choi et al., 2008b; Amcheslavky et al., 2009). The effect on the gut epithelium is 

different according to severity and damage to the epithelium. Some agents are cytotoxic and 

damage the cell so the response of the epithelium in regeneration through activation of ISCs 

(Biteau et al., 2008). INSR plays a role in regeneration of the intestinal epithelium after injury 

or cytotoxic effect caused by dextrin sodium sulphate or bleomycin (Amcheslavsky et al., 

2009).  
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 he above mentioned stressors will activate the  A    S A  pathway, induced by the  

secretion of different cytokines (Upd, Upd2, Upd3) from the damaged epithelial cells 

(Buchon et al., 2009b; Cronin et al., 2009; Jiang et al., 2009).  In response to these cytokines 

from the injured or damaged ECs a higher rate of proliferation and differentiation of ISCs is 

induced. Huge activities ISCs cause multilayering in the gut epithelium. The homolog in 

mammals of these cytokines is IL-6 (Buchon et al., 2009b; Ha et al., 2009b; Ha et al., 2009a). 

Nrf2 is a family of CnC (cap and collar) transcription factors (Lee et al., 2005; Maher and 

Yamamoto in 2010; Hayes and McMahon in 2009). The role of Nrf2 is vital under stress 

conditions (Inoue et al., 2005; Sykiotis and Bohmann in 2008). SKN1 is involved in life span 

extension and maintenance of tissue homeostasis (Curran et al., 2009). Keap 1 (Kelch-like 

ECH-associated protein 1) is a cytoplasmic repressor and that negatively regulates Nrf2 in 

Drosophila as well as in vertebrates (Hayes and MaMahon in 2009; Nguyen et al., 2009; 

Sykiotis and Bohmann in 2008; Toledano in 2009). Nrf2 degradation occurs through the 

Cul3-uniquitin ligase and its adapter Keap1. Life span is increased if Keap1 is inhibited. It 

has a direct role in activating of tolerance towards stress factors (Sykiotis and Bohmann in 

2008).  
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Figure3. Nrf2 pathway plays an important role under stress conditions. Antioxidant agents and detoxifying 

enzymes are activated following Nrf2 signaling. This figure is modified after (Hyun J K and Nosratola DV, 

2010). 

 

Keeping the homeostasis in the gut epithelium of Drosophila is one of the tasks of Notch 

signaling. ISC proliferation and differentiation is important to maintain homeostasis after 

activation of Notch signaling (Perrimon and Micchelli in 2006; Spradling and Ohlstein in 

2006; Spradling and Ohlstein in 2007). Notch signaling is especially important for 

differentiation of ISCs (Crosnier et al., 2006; Ligoxygakis et al., 1999; Perrimon and 

Micchelli in 2006; Spradling and Ohlstein in 2006). Over expression or inactivation of Notch 

signaling results in critical changes of the gut epithelium. Inactivation of Notch signaling will 

result in the multilayering of the epithelium (Ren et al., 2010; Poernbacher et al., 2012; Staley 

and Irvine in 2010; Shaw et al., 2010). 
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Figure 4, Both Notch and Delta are single-pass transmembrane proteins. Both play their role for controlling 

proliferation by the interaction between Delta and Notch. Notch and Delta require proteolysis process to 

function. This figure is modified after Amsen D et al 2009. 

JNK (c-Jun N-terminal kinase) signaling pathways are important in response to stress or 

apoptotic signals. JNK pathways are also activated in response to various cytokines such as 

TNF (Tumor necrosis factor), which is one of the proinflammatory cytokines after stress 

situations (Liu et al., 1996; Moreno et al., 2002; Ryoo et al., 2004; Xia et al., 1995). JNK 

signaling requires different kinases cascades to form a signaling pathway (Neisch et al., 

2010). Activation of JNK depends on one important factor, named Hipks (homeodomain-

interacting protein kinase), which belongs to the family serine   threonine kinases (Hoffmann 

et al., 2003; Lan et al., 2007; Li et al., 2005; Choi et al., 2005; Kim et al., 1998; Sung et al., 

2005; Zhang et al., 2003). Although Hipk factors play important roles in morphogenesis and 

apoptosis, the link in between JNK and Hipk is not yet understood (Inoue et al., 2010; Isono 

et al., 2006; Link et al., 2007; McEwen et al 2000; Zhang et al., 2003). JNK signaling has a 

vital role in ISCs activation and proliferation especially under oxidative stress conditions and 

during aging (Biteau et al., 2008; Choi et al., 2008b). 
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Figure5. JNK signaling is a Map Kinase signaling. Stress factors can activate this signaling cascade. Figure is 

modified after (Kathleen AG and Gary LJ in 2002). 
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1.7 Aim and significant of study 

The major aim of this study was to elucidate the role of high fat diet and metabolic disorder 

utilizing the model organism Drosophila melanogaster. Metabolic imbalances cause 

pathological condition in the intestine. I choose high fat dieting as this very obvious type of 

metabolic imbalance. In this context I studied the effects of high fat feeding and the response 

of the intestinal epithelial layer.  A major aim was to monitor the response of the intestine to 

these conditions. More precisely is to evaluate the responses of different cell types to this 

insult and to identify the underlying mechanisms as well as to elucidate the role of indigenous 

microbiota in this response. 
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Materials and Methods 

2.1 Material  

2.1.1 Devices 

 All listed necessary materials and use of different methods in lab for to study the effect of 

high fat diet on gut epithelium and its consequences.  

Table 1: Name and source of laboratory devices 

Heraeus Fresco 17 Centrifuge Osterode, Germany 

Heraeus Fresco 17 Centrifuge  Osterode, Germany 

Unitek HB 130 thermo plate                  scientific plastic, Great Britain. 

Ika Vortex Genius 3           Staufen, Germany 

Sensoquest Lab cycler        Goettingen Germany 

Thermo Electric Corporation Incubator    Goettingen, Germany 

Hybrid mini-oven, Biometra,               Goettingen, Germany 

Molecular Imager, Bio-Rad              Munich, Germany 

Microscope SZX12 + camera DP 71, Olympus,        Hamburg, Germany 

My Cycler thermal cycler, Bio-Rad,              Munich, Germany 

NanoDrop ND-1000 Spectrophotometer, Peqlab  Erlangen, Germany 

Microwave       AFK,Hamburg Germany 

Magna Rack       Invitrogen, Karlsruhe, Germany 

Incubator       Thermo electron Cooperation, 

Germany 

Thermo cycler   Robocycler 96                              Stratagene, Heidelberg, Germany 

Blotting Paper       A.Hartenstein GmbH, Germany 

Cover slips (24×40mm)     Roth, Karlsruhe, Germany 

Vial Stoppers       Greiner Bio-One, Germany 

Microscope slides      Roth,Karlsruhe, Germany 

Cell Filter 30µm      Miltenyi Biotec, Germany 

Dynabeads MyOne Streptavidin T1    Invitrogen, Oslo, Norway 

Plastic Vials 22ml, 68ml, 178ml    Greiner Bio-One, Germany 

Water  bath (thermostat 2761)    Eppendorf, Hamburg, Germany 

Thermo mixer HTMR-2-133, Haep laboratory Consult 

(HLC), 

Bovenden, Germany 

 



 
 

38 

Micro centrifuge Thermo Electron Corporation 

Dreieich, Germany 

 

 

2.1.2 Microscopy 

Table 2: Microscope 

Stereo light microscope WILD M3, Heerbrugg 

Germany 

Stereo light microscope SMZ 745T Nikon, Toyko, Japan. 

Stereo microscope SZX12 with 

U-CMAD3 camera   

Olympus GmbH,Hamburg 

 

Inverted microscope Axiovert S 100 Zeiss, Oberkochen 

Germany.  

Flourescence microscope Imager.Z1 with Apotome and 

AxioCam Mrmcamera also HXP 120 lamp 

Zeiss Oberkochen 

Germany. 

 

 2.1.3 Chemicals 

Table 3: Name and source of chemicals 

Agar Carl Roth, Karlsruhe, Germany 

Agarose Biozym, Oldendorf, Germany 

Alexa Fluor (555/647) Molecular Probes Invitrogen, Karlsruhe,Germany 

Aminoallyl-UTP Ambion, Applied Biosystems, Darmstadt, 

Germany 

Boric acid Carl Roth, Karlsruhe, Germany 

Chloroform AppliChem Darmstad, Germany 

DIG Easy Hyb Roche Diagnostics GmbH, Mannheim, 

Germany 

DSS Dextrin sulfate sodium salt  MP Biomedicals , Ohio USA 

DMSO Sigma, Steinheim, Germany 

dNTPs Invitrogen, Karlsruhe, Germany 

Dopamine HCl Sigma Steinheim, Germany 

EDTA disodium salt AppliChem, Darmstadt, Germany 

Ethanol Carl Roth, Karlsruhe, Germany 
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Ethidium bromide AppliChem, Darmstadt, Germany 

Copper Chloride Merck, Darmstadt, Germany 

Glycerol Carl Roth, Karlsruhe, Germany 

Glucose Carl Roth, Karlsruhe, Germany 

Isopropanol Merck, Darmstadt, Germany 

Methyl-4-hydroxybenzoate  Sigma, Steinheim, Germany 

Sodium citrate Carl Roth, Karlsruhe, Germany 

Sodium chloride Carl Roth, Karlsruhe, Germany 

Sodium acetate trihydrate AppliChem, Darmstadt, Germany 

Palm Fat Palmin, Germany 

Peptones Becton Dickinson GmbH,                                                         

Heidelberg, Germany 

Phenol red  Sigma-Aldrich, Germany 

RNAmagic Bio budget, Krefeld, Germany 

Sucrose Carl Roth, Karlsruhe, Germany 

Propionic acid Sigma, Steinheim, Germany 

Tris HCl Carl Roth, Karlsruhe, Germany 

Schneider’s medium Genaxxon eBioscien GmbH, Germany. 

Fetal Bovine Serum Biochrom, AG Berlin, Germany 

LB agar medium Invitrogen, Karlsruhe, Germany 

            

2.1.4 Antibiotics  

Table 4: Name and source of antibiotics and antifungal 

Penicillin/Streptomycin Biochrom, AG Berlin, Germany 

Gentamycine sulfate Biochrom, AG Berlin, Germany 

Kenamycin sulphate Sigma, Steinheim, Germany 

Streptomycin sulphate Sigma, Steinheim, Germany 

Chloramphenicol AppliChem GmbH, Darmstadt, 

Germany. 

Tetracycline Sigma, Steinheim, Germany 

Amphoyericine B Invitrogen, Karlsruhe, Germany 
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2.1.5 Reagent systems 

Table 5: Name and source of reagents 

Sure clean kit Bio line GmbH, Luckenwalde, Germany. 

MEGA script T7 Ambion Applied Bio systems, Darmstadt, Germany. 

NucleoSpin RNA II,  Macherey Nagel, Duren, Germany. 

DNA isolation kit, Power Soil Mo Bio Laboratories Ltd, Carlsbad, 

 USA. 

Super script ll Invitrogen, Karlsruhe, Germany 

 

2.1.6 Enzymes 

Table 6: Name and source of enzymes 

RiboLockTM ribonuclease inhibitor  Fermentas, GmbH, St. Leon-Rot 

Prime Script reverse transcriptase Takara Bio Europe/SAS, Saint-Germain-en-

Laye, France. 

LaTaq DNA polymerase Invitrogen, Karlsruhe, Germany 

Taq DNA polymerase  Fermantas, ST. Leon-Rot, Germany 

Pwo DNA polymerase Peqlab Biotech, Erlangen, Germany 

 

2.1.7 Oligonucleotides 

 

Table 7: Name and source of oligonucleotides 

All oligonucleotides listed below were supplied by Invitrogen, Karlsruhe, Germany 

Dm-RPL32, 

CG7939 F 

5ˊ-CCGCTTCAAGGGACAGTATC -3ˊ 

Dm-RPL32, 

CG7993 R 

5ˊ-GACAATCTCCTTGCGCTTCT-3ˊ 

 

Dm unpaired 

III F CG 

5963 

5ˊ-GAGAACACCTGCAATCTGAA-3ˊ 

 

Dm unpaired 

III R CG 

5963 

3ˊ-AGAGTCTTGGTGCTCACTGT-5ˊ 

Biot-ODT-T7 5'-GAG AGA GGA TCC AAG TAC TAA TAC GAC TCA CTA TAG G-3’ 

https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCEQFjAA&url=http%3A%2F%2Fwww.weather.com%2Fweather%2Ftoday%2Fl%2FCarlsbad%2BCA%2B92010%3A4%3AUS&ei=9uuLVLODDIfuPMv4gcgM&usg=AFQjCNFXQoN1YEB-SJFCidBUf01VGrZs-Q&bvm=bv.81828268,d.ZWU
http://www.takara-bio.eu/
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II 

SP6 adapter-

PCR 

5'-GAC GCC TGC AGG CGA TGA ATT TAG G-3’ 

OdTT7 I 

 

5'-GAG AGA GGA TCC AAG TAC TAA TAC GAC TCA CTA TAG GGA 

GAT TTT TTT TTT TTT TTT TTT TTT TTT-3 ' 

CF SP6rG1 5'-CAG CGG CCG CAG ATT TAG GTG ACA CTA TAG GTG ACA CTA 

TAG-3’  

V2 F 5ˊ-AGAGTTTGAGCCTGGCTCAG-3ˊ 

V2 R 3ˊ-TGCTGCCTCCCGTAGGAGT-5ˊ 

BskCG5680F 5ˊ-GAGAGGATCCACTAGTGGTCGGAGTACTGTCCTCC-3ˊ 

Bsk CG5680 

R 

3ˊGAGA C AGAACGCG GC AGCGCGGCCGCAAGA C G  AACG 

-5ˊ 

DM-ImmrEC 

Stat93E F 

5ˊ-TTTTGTGAAACGCCAAAACA-3ˊ 

DM-ImmrEC 

Stat93E R 

3ˊ-TGTCACAGACGAACACGTCA-5ˊ 

Dm domless 

CG 14226 F 

5ˊ-CGGCACGTCCTCTAAGATAC-3ˊ 

Dm domless 

CG 14226 R 

3ˊ-ATATGCGGCTGAAGATGAGT-5ˊ 

1086-12SBI 

F 

5ˊ-AAGAGCGACGGGCGATGTGT-3ˊ 

1086-12SBI 

R 

3ˊ-AAACTAGGATTAGATACCCTATTAT-5ˊ 

 

2.1.8 Buffers and stock solutions 

Table 8: Name and stock solutions 

10x TBE               108g Tris, 55 g boric acid and 40 ml of 0.5 M Na 2 EDTA (pH 8), lL and with 

ddH2O 

10x PBS 80g NaCl, 2g KCl, 26.8 g Na2HPO4-7H2O and 2.4 g KH2PO4 add 1L with 

ddH2O pH adjusted to 7.4 with HCl, autoclaved 

20x SSC 175.3 g NaCl and 88.2 g sodium citrate ad 1L with ddH 2 O, pH adjusted to 7 

with HCl, autoclaved. 

1%Sucerose        1g sucrose diluted in 99 ml ddH2O. 
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10%Glucose     10g glucose diluted in 90 ml ddH20. 

HL3 Hemolymph-like 3-Saline (HL3): 70 mM NaCl, 5 mM KCl, 1.5 mM CaCl    

2.2H 20, 20 mM MgCl 2.H 20, 10mM NaHCO3, 5mM Trehalose, 115mM 

Sucrose, 5mM HEPES(pH7.1). 

PFA 4%                 Paraformaldehyde (4%PFA): 4g in 100 ml of 1×PBS+0.3% Triton ×-100. 

 

                   

2.1.9 DNA Ladder 

Table 9: Name and source of Gene Ruler 

Ikb-Gene ruler  Fermentas GmbH,St, Leon-Rot 

100bp Gene Ruler Fermentas GmbH,St, Leon-Rot 

50bp Gene Ruler Fermentas GmbH,St, Leon-Rot 

 

2.1.10 Primary Antibodies 

Table 10: Name and source of primary antibodies 

Rabbit α-delta Developmental studies Hybridoma Bank.Iowa, USA. 

Rabbit α-GFP  Invitrogen,Karlsruhe, Germany. 

Rabbit α-Notch Developmental studies Hybridoma Bank.Iowa USA. 

Mouse α-Propero (MR1A) Developmental studies Hybridoma Bank.Iowa, USA. 

Mouse ɑ-coracle             Developmental studies Hybridoma Bank.Iowa, USA 

 

2.1.11 Secondary Antibodies 

Table 11: Name and source of secondary antibodies 

Goat α-rabbit Dylight 488 Jackson ImmunoResearch Europe Ltd, 

Suffolk, UK. 

Goat α-mouse Dylight 549 Jackson ImmunoResearch Europe Ltd, 

Suffolk, UK. 

Goat α-rabbit Dylight 549 Jackson ImmunoResearch Europe Ltd, 

Suffolk, UK. 

Rat α-mouse CD8a Biotin eBioscience, Frankfurt am Main  

Germany. 

 

2.2. Fly Media 
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2.2.1 Fly medium  

2.5 g of agar-agar, 16.75 g brewer’s yeast, 16.75 g corn meal and 5 g glucose were mixed in 

250 ml of cold tap water and brought to a boil under stirring. 7.5 g molasses and 7.5 g sugar 

syrup were added and the solution was boiled until it thickened, then autoclaved for 15 min 

and afterwards was cooled to approx. 60 °C in a water bath. 7.5 ml Nipagin (10% w / v) and 

0.75 ml of Propionic acid (10 % v / v) were added and the medium was transferred to 68 ml 

culture vials. 

 

2.2.2 High Fat medium 

2.5 g of agar-agar, 16.75 g brewer’s yeast, 16.75 g corn meal and 5 g glucose were mixed in 

250 ml of cold tap water and brought to a boil under stirring. 7.5 g molasses and 7.5 g sugar 

syrup were added. Subsequently, 37.5g Palm fat was added to the medium and the solution 

was boiled until it thickened, then autoclaved for 15 min and afterwards was cooled to 

approx. 60 °C in a water bath. 7.5 ml Nipagin (10% w / v) and 0.75 ml of Propionic acid 

were (10 % v / v) added and the medium was transferred to 68 ml culture vials. 

 

2.2.3 High Fat medium with Phenol red 

Medium was prepared as described above (2.2.2) and supplemented with 0.5% phenol red 

prior to transferring to culture vials. 

 

2.2.4 Normal medium with Phenol red 

Medium was prepared as described above (2.2.1) and supplemented with 0.5% phenol red 

prior to transferring to culture vials. 

 

2.2.5 Normal medium with Bromophenol blue 

Medium was prepared as described above (2.2.1) and supplemented with 0.5% bromophenol 

blue prior to transferring to culture vials. 

 

2.2.6 High Fat medium with Bromophenol blue 

Medium was prepared as described above (2.2.2) and supplemented with 0.5% bromophenol 

blue prior to transferring to culture vials. 

 

2.2.7 Normal medium with Copper chloride 
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Medium was prepared as described above (2.2.1) and supplemented with 1mM copper 

chloride prior to transferring to culture vials. 

 

2.2.8 Apple Medium 

2.5 g of agar-agar mixed with 100 ml of cold tap water and brought to boiling under magnetic 

stirring. Cooking proceeded for 10-15 minutes. Afterwards the medium was autoclaved for 

15 minutes and to 60°C in a water bath with stirring. Subsequently, 30ml apple juice was 

added and the medium transferred into petri dishes. 

 

2.2.9 LB medium 

Dissolve 10 g tryptone, 5 g yeast extract, 10 g NaCl and 15gm agar in 950 ml deionized 

water. Adjust the pH of the medium to 7.0 using 1N NaOH and bring volume up to 1 liter. 

Autoclave on liquid cycle for 20 min. allow solution to cool to 55°C,  

and pour into petridishes and store at +4°C in the dark. 

 

2.2.10 Flies 

Fly lines 

The following lines of flies were used in the experiments. 

Table 12: Name, function and source of fly lines 

 

Name Function Source 

Intestine Copper 

Cell Gal4 

Expresses GAL4 in Copper Cells. DGRC Japan 113192 

amon-Gal4 Drives expression in enteroendocrine cell 

in intestine. 

Gift from C. Wegner, 

Marburg Germany 

NP1-Gal4 Drives expression in enterocytes in 

intestine. 

Gift from D. Ferrandon 
STRASBOURG, France 

Su(H)GBE-Gal4 Promotor for labeling enteroblasts in the 

intestine 

Gift from S. Hou, Boston 

USA. 

Su(H)GBE-Gal4 Promotor for labeling enteroblasts in the 

intestine 

Gift from S. Hou Boston 

USA. 

Dl-Gal4 promotor for labeling stem cells in the 

intestine 

Gift from S. Hou, Boston 

USA. 

puckered 

reporter-Gal4 

Expresses GAL4 in pattern of puckered 

gene expression.  

Bloomington 6762 

Drosomycin-

GFP 

Expression of antimicrobial peptide 

Drosomycin. 

AG Roeder Lab 

Defensin-GFP Expression of antimicrobial peptide 

Defencin. 

AG Roeder Lab 
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Drosocin-GFP Expression of antimicrobial peptide 

Drosocin. 

AG Roeder Lab 

Attacin-GFP Expression of antimicrobial peptide 

Attacin. 

AG Roeder Lab 

Metchnikowin-

GFP 

Expression of antimicrobial peptide 

Metchnikowin. 

AG Roeder Lab 

Diptericin-GFP Expression of antimicrobial peptide 

Diptericin. 

Lemaitre Lab Lausanne, 

Switzerland. Lab 

2x STAT-GFP w: 2x STAT-GFP 3rd Gift from Erika A. Bach 

10x STAT-GFP 

2nd 

w: 10x STAT-GFP 2nd Gift from Erika A. Bach 

10x STAT-GFP 

3rd 

w: 10x STAT-GFP 3rd Gift from Erika A. Bach 

10x STAT-

DGFP 2nd 

w: 10x STAT-DGFP 2nd Gift from Erika A. Bach 

upd3-Gal4;UAS-

GFP 

unpaired-3 Gift from Perrimon 

GST D, Nrf2 GSTD-Gal4 UAS-GFP Gift from Dirk Bohmann, 

Rochester 

Wnt-ERFP fz3-RFP/CyO Gift from DasGupta NY 

University 

Wt Canton S Wild type Bloomington Drosophila 

stock center 

Wt Oregon Wild type Bloomington Drosophila 

stock center. 

w1118
 Wild type Bloomington Drosophila 

stock center 5905 

UAS.GFP Cameleon GFP 2.1 Bloomington Drosophila 

stock center 6901 

UAS-basket Expresses dominant negative bsk protein Bloomington Drosophila 

stock center 9311 

UAS-basket Expresses dominant negative bsk protein Bloomington Drosophila 

stock center 6409 

pUAST foxo 

GFP 

pUAST foxo-GFP St mme 2-5, 10 

Localisation. 

BestGene OrderNr: 3154-

2 

UAS-GFP Expresses mCD8-tagged GFP under the 

control of 20 UAS sequences with an 

intron (IVS) interposed between the UAS 

and coding sequences, B.P. 

Bloomington Drosophila 

stock center 32194 

UAS-PLC-ß-

mRFP 

 Visualization of PLC-ß activation 

(translocation) from the cytoplasm to the 

membrane 

Gift from HW Lee 

Dome-RNAi KK Expresses dsRNA for RNAi of Domeless 

under UAS control. 

VDRC 106071 

Dome-RNAi DG Expresses dsRNA for RNAi of Domeless 

under UAS control. 

VDRC 36356 

STAT92E-RNAi Expresses dsRNA for RNAi of STAT92E 

under UAS control. 

VDRC 106980 
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2.3 Methods 

2.3.1 Performing crosses 

Virgin females (how many) from the corresponding responder line were crossed with 6 – 8 

males from the different promoter lines in conventional culture tubes. Crosses were kept for 

more than a week at room temperature. 

Unless otherwise stated, flies were reared on a standard Drososphila medium at room 

temperature (RT, between 20°C and 23°C). Flies were transferred into new vials before 

emergence of F1 adults. In case of breeding, flies were maintained in a controlled incubator 

with a 12h/12h light/dark cycle at 29 ºC. Adult progenies were maintained at 25ºC for 5 days 

before subjected to different experiments. 

2.3.2 Manual dissection of the midgut 

Flies were placed at the center of a sylgard coated 35mm petri dish plate. Petri dishes 

contained ice cold HL-3 buffer. The posterior part of the fly has to be cut. The fly head was 

grabbed with forceps and pulled outward together with the whole intestine. It has to be 

secured that the whole intestine is prepared. Subsequently, the head is detached from the 

intestine and removed together with the crop. The midgut has to be placed into a 1.5 ml 

eppendorf tube containing ice cold HL-3 buffer. 

 

2.3.3 RNA isolation 

Isolation of RNA from the midgut of the Drosophila adult was performed manually. The 

extracted tissue was transferred to 1ml RNAmagic and initially frozen in liquid nitrogen. (NO 

REAL PHYSICAL SEPARATION?) After thawing, the samples were again frozen in liquid 

nitrogen. After thawing 250 µl of pure chloroform were added, vortexed and incubated for 10 

min on ice in order to achieve a better phase separation. The samples were centrifuged at 4° C 

and 15.000g for 5min. The upper aqueous phase was then transferred into a 1.5 ml Eppendorf 

tube and mixed with an equal volume of isopropanol. The samples were precipitated 

overnight at -20 °C or for a minimum for 30 minutes. This was followed by centrifugation at 

4 °C (15.000g) for about 30-60min. Subsequently, the resulting pellet was washed twice with 

EtOH (70%). The pellet was resuspended after drying in 5-10µl RNase-free H2O. To verify 

the successful isolation 1µl of the obtained RNA was run on a 1% agarose gel. 
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2.3.4 cDNA synthesis 

The synthesis of cDNA was performed using the Prime Script RT (0.5µl per batch = 100U). 

The reaction contained in a final volume of 10ul; 2µl of the first-strand buffer (Prime 

5xBuffer script), 0.25µl MnCl2 (40 mM), 0.25µl RiboLock
TM

RNase inhibitor, 1µl dNTPs (10 

mM), 0.5µl Cap Finder primer SP6rG1 (100pmol), 0.5µl I-ODT T7 primer (10pmol), 1µl of 

the corresponding RNA. The synthesis was carried out for 60min at 42 °C in an incubator. As 

a primer for RNA-binding, the oligo dT-T7 I (see Section 2.1.5) was used.  

 

2.3.5 Amplification of the cDNA by PCR 

To conduct further experiments with the sample, it is recommended to amplify the cDNA by 

PCR (polymerase chain reaction). Since the cDNA-PCR is to increase the total DNA 

material, LaTaq DNA polymerase was used. For the first PCR I used 1µl cDNA, 5µl La PCR 

buffer, 2µl dNTPs (10 mM), 1µl adapter-Sp6 PCR primer (10pmol), 1µl oligo-dT primer T7 

II (10pmol) and 0.5 µl of LaTaq polymerase mixture together, filled with 50µl ddH2O and 

amplified under the following conditions. Initial denaturation at 95°C for 1 min 1 cycle and 

then again denaturation at 95°C for 20 sec 28 cycles. Annealing is at 58°C for 20 sec 28 

cycles, extension is at 72°C for 2 min 30 sec 28 cycle, elongation at 72°C for 5 min 1 cycle 

and finally hold on at 4°C.   

 

2.3.6 Gel electrophoresis 

By means of agarose gel electrophoresis, nucleic acids can be separated according to their 

size. The agarose is cooked in a fitting volume TBE buffer (1x) in the microwave oven. For 

separation of nucleic acids, the samples to be tested are mixed with loading buffer (6x) and 

placed in the pockets of the agarose gel. In the experiments described here, the agarose gel 

electrophoresis was used only for determining the quality of DNA and RNA. Therefore, for 

1% agarose gel combined with ethidium bromide staining were used. 
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2.3.7 Purification of the amplified cDNA 

The cleaning of the amplified cDNA was performed using the Sure clean PCR Purification 

Kit . Here, according to the protocol, the PCR product was transferred into an eppendorf tube 

and the same volume of sure clean was added and incubated for 10 minutes. Then, the sample 

was centrifuged at 21,000× g for 10 minutes and the supernatant discarded. Subsequently, the 

same volume of ethanol (70%) was added. After vortexing for 10 second and centrifugation, 

this step was repeated, the pellet dried and taken into 10µl of RNase free ddH2O. The 

concentration and quality of cDNA was checked. 

 

2.3.8 Reverse Transcriptase PCR (RT-PCR) 

For RT-PCR 0.5µl dNTPs were mixed with 2.5 µl F101 buffer. Forward and reverse primers 

(0.5 µl each) and amplified cDNA in a concentration of 100ng µl were used. After adding 

25µl ddH2O and 0.25 µl Taq-polymerase the PCR was run with the following program. 

Cycling parameters were as follows: Initial denaturation at 95°C for 1 min 1 cycle, 

denaturation at 95°C for 30 sec 28 cycles. Annealing is at 58°C for 20 sec 28 cycles, 

extension is at 72°C for 1 min 28 cycle, elongation at 72°C for 5 min 1 cycle and finally hold 

on at 4°C.   

 

 2.3.9 q-RT-PCR 

Materials for q-RT PCR were treated under the UV light for 30 min. The cDNA required for 

each reaction was 20ng/µl and primers were used at a 1:20 dilution from a 5 µM solution.  

For each reaction 0.25µl ROX and 5µl Dynamo Flash Master Mix were added into each 

valve. Then, 10 µl HPLC-water was added, the reaction mixed and used for q-RT-PCR: 

 

A fold change of expression of a gene was calculated according to Pfaffl (2001) that put the 

primer efficiencies of the both target and reference genes into consideration. The primer 

efficiencies were obtained by using (1:2) serial dilutions of cDNA from 50 ng to 3.125 ng. 

After runs of primer efficiency the corresponding program of the StepOne gives the standard 
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curve and the slope. Then the slope was used to calculate the efficiency with the following 

formula, 

E = 10 –1/slope 

From this the relative expression ratio of the target gene to reference gene (Rpl32) was 

calculated as follow, 

ΔC  = C  target – CT reference 

Where ΔC  is change of cycle threshold (C ) calculated by the StepOne program during 

amplification. 

 

2.3.10 qPCR for gDNA 

The gDNA required for each reaction is 20ng/µl and primers were used at a 1:20 dilution 

from a 5 µM solution.  For each reaction 0.25µl ROX and 5µl Dynamo Flash Master Mix 

were added into each valve. Then, 10 µl HPLC-water was added to the reaction mix and used 

for q-RT-PCR. Initial denaturation at 95°C for 10 min 1 cycle and then again denaturation at 

95°C for 10 second 40 cycles. Annealing is at 60°C for 20 sec 40 cycles, extension is at 72°C 

for 2 min 35 sec 40 cycle, melting curve at 95°C for 15 sec, melting curve 60°C + 0.3°C  

until 95°C. 

 

2.3.11 qPCR analysis 

The analysis of the q-RT-PCR results is used to verify the results obtained from the 

Microarray analyses. The analysis is based upon the mean CT values. These values are 

calculated with an inherent program of the StepOne. Mean values are calculated with 

Microsoft Excel . 

 

2.4. Immunohistochemistery 

After dissection, the gut of the fly was fixed in PFA (4% paraformaldehyde in PBS) for 30 

minutes at room temperature. The fixed intestine was washed three times with PBT (0.3% 

triton in PBS) for 5-10 minutes each. Subsequently, the tissue was blocked with 10% NGS 
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(in PBT) at room temperature for 30 minutes. Then, the blocking buffer was removed and 

primary antibodies were added. Incubation with primary antibodies was overnight at 4°C. 

After removal of the primary antibodies the tissue was washed five times with PBT, they 

were incubated with a secondary antibody in PBT over night at 4°C or 4 hrs at RT. Washing 

was done six time 10 mins each with PBT. The following antibodies were used, Primary 

antibodies were used as described in section 2.1.10 and 2.1.11 above. Primary antibodies: 

Rabbit α-delta (1:100), Mouse α-prospero (1:10), Rabbit α-notch (1:10), Rabbit α-GPF 

(1:400), Mouse α-coracle (1:100) and secondary antibodies were: Dylight 488 conjugated 

Goat α-Rabbit (1:500), Dylight 549 conjugated Goat α-Mouse (1:200), Dylight 549 

conjugated Goat α-Rabbit (1:500). Mounting was done in RotiMount containing DAPI for 

nuclei staining and glass slides and cover slips with Rapi clear. Fluorescent z-series images 

were acquired by Zeiss Axio Imager Z1 with Apotome. Next, images were processed with 

AxioVision Rel.4.8 and corrections for brightness. 

 

2.5. Dechoroination method 

 
Eggs were washed off from the medium using a soft brush and tap water and filtered using a 

fine sterile nylon gaze disc (mesh size 50µm, diameter 55mm). The gaze disc bearing the 

eggs was placed for 10 minutes into a beaker containing 50% sodium hypochlorite solution. 

Most of the eggs will float on the surface of the solution. Then, the eggs were filtered 

again through a second sterile gaze disc. Subsequently, the eggs were rinsed in tap water 

and transferred with a soft and sterile brush onto a Petri dish (diameter 55mm) with Nipagin-

Agar medium. 
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2.6 Fat staining 

2.6.1 Oil red staining 

Dissected guts were fixed it with 4%PFA (Paraformaldehyde). Fixed intestines were briefly 

washed with running tap water for 1-10 min followed by a rinse with 60% isopropanol. Then, 

the intestines were stained with freshly prepared Oil Red O working solution for 15 min and 

rinsed again with 60% isopropanol. After washing with tap water and spreading on a glass 

slide they were mounted using Roti-mount (contains DAPI). 

 

2.6.2 Nile red staining 

Dissected and fixed intestines were washed with tap water 3 times and placed on glass slide 

together with one drop of Nile red (concentration?) and viewed under the microscope. 

 

2.6.3 BODIPY staining 

Dissected intestines were fixed with 4%PFA (paraformaldehyde) and washed with 1×PBS for 

3 times. After removal of PBS 20µl BODIPY working solution and incubate for 1 h in the 

dark at RT. After removal of the dye and washing with 1×PBS for 3 times intestines were 

viewed under the microscope.  

 

2.7. gDNA isolation for microbiota analysis 

Dissected guts from the fly were placed into power bead tube and placed in the BioRupture to 

completely homogenized and follow the further step as below,  

1.  Vortex the power bead tube containing gut for complete mixing.  

2. Add 60 l Solution C1 + 20 l Proteinase into power bead tube and short vortex.  

3. Incubate the power bead tube for 2 hours at 50°C and 750 rpm shaker. 

4. After incubation vortex for 10 min at high speed  

5. Centrifuge the power bead tube at 10.000 x g for 30 sec at RT. 

6. Carefully move the supernatant into a fresh 2 ml collecting tube.  

7. Add 250 l C2 into the 2 ml collecting tube, vortex for 5 sec and incubate for 5 min at 

4°C.  

8. Centrifuge the tube at 10.000 x g for 60 sec at RT. 

9. Transfer only 550 l in a fresh collecting tube.  

10. Add 200 l C3 solution into the 550 l collecting tube, vortex shortly and incubate for 

5 min at 4°C.  
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11. Centrifuge the tube containing 550 l +C3 solution at10.000 x g for 60 sec at RT. 

12. Transfer only 600 l from collecting tube into a fresh collecting tube  

13. Add C4 approximately 1200 l to the 600 l collecting tune and vortex for 5 sec. 

14. Add 675 l of the mixture into a filter tube each time.   

15. Centrifuge the filter tube at 10.000 x g for 60 sec at RT. 

16. Repeat step 14 & 15 until all solution being filtered through Spin Filter column. 

17. To clean the filters from any contamination add 500 l C5 solution to the Spin Filter 

column. 

18. Centrifuge the filter column at 10.000 x g for 30 sec at RT. 

19. Discharge the flow through centrifugation at 10.000 x g for 60 sec at RT. 

20. Place this Spin Filter column into a fresh collecting tube.  

21.  Add 30 l H2O (sterile HPLC 65°C) on the middle of the Spin filter column and keep 

it for 1 min at 65 °C. 

22. Centrifuge the collecting tube containing the Spin filter at10.000 x g for 30 sec at RT. 

23. Dispose of  Spin filter and the collecting tube containing gDNA in solution now (keep 

preserve at -20°C or -80°C) 

 

2.7.1 Midgut microbiota culture 

Approximately 10 guts from males and females from animals held under different conditions 

were homogenized in approximately 100µl HL-3 and spread on to petri dishes containing LB 

medium. Plates were incubated at 29º C for 24 h or 48 hours.  
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3.0 Results 

Different diets have a great impact on our health. High fat diet (HFD) is a major reason for 

the epidemic development of various metabolic disorders. Manifestation of metabolic 

disorder in the gut may be causally associated with several chronic diseases such as IBD, 

IBS, insulin resistance and ultimately cancer. HFD are well-known to modulate the 

metabolisms of lipids and carbohydrates being a major cause of obesity. In contrast, the 

effects of HFD on the intestine itself, the first organ that is confronted with this nutritional 

intervention, much less is known. Thus, the effects of HFD on various aspects of the gut 

structure and physiology were studied using the fruit fly Drosophila melanogaster as a 

model.  
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3.1. Effect of HFD on fat deposition in enterocytes (ECs) of the midgut. 

3.1.1. Visulization the fat using BODIPY staining to assess the effect of HFD in flies.  

 

Figure 6. A is the overview merged picture of DAPI and bodipy staining (GFP) under control medium. B 

higher magnification of expression level of fat droplets after staining with bodipy (GFP) in the midgut under 

normal medium while as the C is the overview of merged picture of DAPI and bodipy staining (GFP) under 

high fat medium. D, higher magnification of expression level of fat droplets after staining with bodipy (GFP) in 

the midgut under high fat medium. 

Fig. 6 and 7 shows the effects of HFD in comparison to feeding on a normal diet for the fat 

deposition in enterocytes. For both males (Fig. 6) and females (Fig. 7) HFD led to dramatic 

increases in the deposition of fat droplests in the intestine, more specifically in the 

enterocytes. While under normal nutritional conditioans, almost no fat droplets could be 

identified, the majority of enterocytes of both sexes contained a huge amount of fat droplets.  
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Figure 7. A is the overview merged picture of DAPI and bodipy staining (GFP) under control medium. B 

higher magnification of expression level of fat droplets after staining with bodipy (GFP) in the midgut under 

normal medium while as the C is the overview of merged picture of DAPI and bodipy staining (GFP) under 

high fat medium. D higher magnification of expression level of fat droplets after staining with bodipy (GFP) in 

the midgut under high fat medium. 
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3.2. Effect of HFD on the regenerative potential of the intestine 

3.2.1. Using esg-Gal4 to assess the effects of HFD. 

 

Figure 8. A is the overview merged picture of DAPI and anti GFP (Green) positive ISC and EBs B higher 

magnification of expression level of ISC and EBs after using anti GFP (Green) positive ISC and EBs s in the 

midgut under normal medium while as the C is the overview merged picture of DAPI and anti GFP (Green) 

positive ISC and EBs D higher magnification of expression level of ISC and EBs after using anti GFP (Green) 

positive ISC and EBs in the midgut under high fat medium. 

The F1-generation of the cross esg-Gal4 (Rachael LS et al., 2010; Amcheslavsky A et al., 

2014) X UAS-gfp labels ISCs and enteroblasts in the midgut of the fly. Challenge with HFD 

compared to confrontation with normal medium induced a significant increase in the number 

of GFP-positive cells. Figure 8 gives an overview of the entire midgut (A, B), and a close up 

at higher magnification (C, D). In contrast to controls, where usually single stem cells are 

visible, HFD induced the generation of groups of GFP-positive cells, presumably consisting 

of an ISC and newly produced enteroblasts. 
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3.2.2. Using esg-GFP labelling (ISC and EBs) to assess the effects  under different 

conditions.  

 

Figure 9. A is the overview merged picture of DAPI and anti GFP (Green) positive ISC and EBs B higher 

magnification of expression level of ISC and EBs after using anti GFP (Green) positive ISC and EBs s in the 

midgut under normal medium while as the C is the overview merged picture of DAPI and anti GFP (Green) 

positive ISC and EBs. D higher magnification of expression level of ISC and EBs after using anti GFP (Green) 

positive ISC and EBs in the midgut after bleaching E is the overview merged picture of DAPI and anti GFP 

(Green) positive ISC and EBs. F higher magnification of expression level of ISC and EBs after using anti GFP 

(Green) positive ISC and EBs in the midgut after bleaching and treated medium with antibiotic. Scale bar is 50 

µm. 

Expression level of esg-GFP positive ISCs and EBs cells in the midgut epithelium. Control 

flies are kept on normal medium and in comparison there is two other group design to rate the 

expression level of esg-GFP. In B group all the flies are bleached and F1 generation kept on 

normal medium while in the third group after bleaching if eggs and F1 generation kept on 

normal medium containing antibiotic. Observe the effect of antibiotic and effect of bleaching. 

The rate of expression of esg-GFP positive cell in over view of the entire midgut epithelium 

is almost equal. Use of anti GFP (Green) protein for esg-GFP positive cells and measuring 

bar is 50µM. Results prove that bleaching or antibiotic has not significant effect on the entire 

gut epithelium. Closer view of the midgut for the esg-GFP positive cells expression level 

under 3 conditions. The level of expression under control in comparison to flies after 

bleaching and F1 generation kept on normal medium and control in comparison the bleaching 
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and treated with antibiotic in the medium. By close view the expression level in the all 3 

different condition express no significant different in between them. Use of anti-GFP (Green) 

protein for esg-GFP positive cells. 

 

Figure 10. A counting of GFP positive cells in the midgut  normal medium B  counting the GFP positive cells 

after dechorionized in normal medium C Counting the GFP postive cells after dechorionized and kept under 

medium containing antibiotic. 

In the following graph express the true picture of the esg-GPF positive cells rate after 

counting in the midgut epithelium. After 7 biological replicates the esg-GPF positive cells in 

the all three condition show no significant difference. Results elaborate, as the rate of 

expression under normal medium as compared to bleaching or after bleaching treatment with 

the antibiotics has no significant role to cause destruction on the gut epithelium to increase 

the rate of intestinal stem cell proliferation and differentiation.  

 

3.3. Effect of HFD on ISCs number in the midgut. 

3.3.1. Effect of HFD on the number of stem cells (ISCs) in the midgut 

To assess if the increase in esg positive cells following HFD is due to an increase in ISCs or 

enteroblasts, specific driver for either cell type were analysed. Dl-Gal4 selectively labelling 

the ISCs were used and crossed to UAS-gfp., 
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Figure 11. A Over view of the DAPI stain the nuclei and anti GFP (Green) protein against the GFP positive 

Delta-Gal4::UAS-GFP (labelling the ISCs) under normal medium while as, C Over view of the DAPI 

stain the nuclei and anti GFP (Green) protein against the GFP positive Delta-Gal4::UAS-GFP (labelling 

the ISCs) under HFD. B and D are the closer view of DAPI stain the nuclei and anti GFP (Green) protein 

against the GFP positive Delta-Gal4::UAS-GFP (labelling the ISCs) under normal and HFD 

respectively. Scale bar is 50µm. 

Delta-Gal4 positive cells (F1 generation of the cross between delta-Gal4 (Zeng X et al., 2010) 

and UAS-gfp are shown in the midgut from flies held on control medium or on HFD. In A, 

expression of Dl-GPF positive cells in normal medium, while in B Dl-GPF positive cells 

following HFD are shown. Gross observation revealed very similar numbers of cells. At 

higher magnification, it became apparent that the number of Dl-Gal4 positive cells (ISCs) is 

indeed not different between both experimental groups indicating that the increase in esg-

positive cells is not due to an increase in intestinal stem cell numbers. 
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Next, I evaluated if the increased number of esg-positive cells following HFD is due to an 

increased number of enteroblasts.  
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3.3.2. Effect of HFD on the number of enteroblasts (EBs) in the midgut 

 

 

Figure 12. A Over view of the DAPI stain the nuclei and anti GFP (Green) protein against the GFP positive 

Su(H)GBE-Gal4::UAS-GFP (labelling the EBs ) under normal medium while as, C Over view of the DAPI 

stain the nuclei and anti GFP (Green) protein against the GFP positive Su(H)GBE-Gal4::UAS-GFP (labelling 

the EBs ) under HFD. B and D are the closer view of DAPI stain the nuclei and anti GFP (Green) protein 

against the GFP positive Su(H)GBE-Gal4::UAS-GFP (labelling the EBs ) under normal and HFD respectively. 

Scale bar is 50µm. 

To label enteroblasts specifically, the Su(H)GBE-Gal4 (Zeng X et al., 2010) was used and 

crossed to UAS-gfp. At low magnification, it became apparent that the number of EB-

positive cells increased in response to HFD. This is seen throughout the entire intestine. At 

higher magnification, this difference became apparent, meaning that the number of 

enteroblasts (EBs) in HFD treated animals is much higher than in matching controls.  
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Figure 13.  GPF positiveEBs cell counting on different days under normal miedium in comparison with the 

high fat medium.  

To quantify this response and to learn more about the temporal component of this response, I 

counted GFP positive EBs in control treated anmimals and those subjected to HFD. As 

shown in the graph, the number of GFP-positive cells started to increase from the second day 

on HFD. The increase peaked on the 3
rd

 day. From the 4
th

  day onwards, the differences in 

numbers between HFD treated and control treated animals dropped to roughly 1.3 fold on the 

9
th

 day.  
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3.3.3. Effect of a short term (1d) HFD on cell proliferation in the intestine.  

 

 

 

Figure 14. A Over view of the DAPI stain the nuclei and anti GFP (Green) protein against the GFP positive 

Su(H)GBE-Gal4::UAS-GFP (labelling the EBs ) under normal medium while as, C Over view of the DAPI 

stain the nuclei and anti GFP (Green) protein against the GFP positive Su(H)GBE-Gal4::UAS-GFP (labelling 

the EBs ) under HFD. B and D are the closer view of DAPI stain the nuclei and anti GFP (Green) protein 

against the GFP positive Su(H)GBE-Gal4::UAS-GFP (labelling the EBs ) under  normal and HFD respectively. 

Scale bar is 50µm. 

Even a high fat diet for a short period (24 hours) followed by a transfer to normal medium in 

comparison to control medium induced an increase in the number of enteroblasts. Using the 

(Su(H)GBE-Gal4) driver line (Zeng X et al., 2010) crossed to UAS-gfp, this increase became 

apparent (Fig 14). 
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Figure 15.  GPF positiveEBs cell counting on different days under normal miedium in comparison with the 

high fat medium. 

 

A quantitative evaluation of the number of GFP-posistive cells revealed a similar kinetic as 

seen for chronic HFD. For the second and third day a significant increase compared to 

matching controls could be seen. From the 4
th

 day onwards, this increase was not detectable 

anymore. 
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3.3.4. Labeling ECs (Enterocytes) in control and HFD treated animals. 

 

 

 

Figure 16. A Over view of the DAPI stain the nuclei and anti GFP (Green) protein against the GFP positive 

NP1-Gal4::UAS-GFP (labelling the ECs) under normal medium while as, C Over view of the DAPI stain the 

nuclei and anti GFP (Green) protein against the GFP positive NP1-Gal4::UAS-GFP (labelling the ECs ) under 

HFD. B and D are the closer view of DAPI stain the nuclei and anti GFP (Green) protein against the GFP 

positive NP1-Gal4::UAS-GFP (labelling the ECs) under normal and HFD respectively. Scale bar is 50µm. 

The use of NP1-Gal4 (Nicolson S et al., 2012) line, which specifically labels intestinal ECs 

(enterocytes), allowed visualizing effects of HFD on this cell population. ECs are larger in 

size and are equipped with larger nuclei if compared with all other classes of cells in the 

intestine. They occupy the majority of the intestinal epithelium (Jensen J et al., 2000). It is 

almost impossible to quantify if more EC are made in response to HFD as they make the vast 

majority of all cells in the intestinal epithelium. Although a quantification of ECs is almost 
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impossible, it has to be mentioned that the structure of the intestine is different following 

HFD, indicative for structural changes of this cell compartment. 

 

3.3.5. Effect of HFD on the number of EEs (Enteroendocrine). 

 

 

 

Figure 17. A  Over view of the DAPI stain the nuclei and anti GFP (Green) protein against the GFP positive 

amon-Gal4::UAS-GFP (labelling the EEs) under normal medium while as, B Over view of the DAPI stain the 

nuclei and anti GFP (Green) protein against the GFP positive amon-Gal4::UAS-GFP (labelling the EEs) under 

HFD. C and D are the closer view of DAPI stain the nuclei and anti GFP (Green) protein against the GFP 

positive amon-Gal4: UAS-GFP (labelling the EEs) under normal and HFD respectively. Scale bar is 50µm. 

EEs represent only a small proportion (1%) of all intestinal cells (Schonohoff SE et al., 

2004). Using the EE-specific amon-Gal4-driver (Jeanne MR et al., 2010), this cell population 

was unequivocally labelled. The number of EEs was higher following HFD as compared to 

animals held on control medium. At low magnification, it is obvious that this effect of 

increasing the number of EEs is not restricted to a certain region of the intestine, but seen 
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throughout the entire midgut. This difference becomes more visible if higher magnifications 

were used for analysis.  

 

 

 

 

Figure 18.  GPF positive EEs cell counting on different days under normal miedium in comparison with the 

high fat medium. 

 

Counting the number of GFP positive EEs in the intestinal epithelium after HFD challenge 

revealed an increased number showing a maximal difference at day 7 with almost 4 times the 

number of cells if compared to matching controls. The increase was significant from day 5 

onwards and even after 15 days slightly more EEs are seen if compared to matching controls. 
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3.3.6. Short term HFD affects the number of EECs. 

The same experimental approach as outlined before was used and HFD was applied for only 

24h. A quantitative evaluation of the data revealed a comparable kinetic with a much 

shallower increase reaching a maximal difference at day 7 with roughly 20% more EECs than 

the matching controls. From day 9 onwards, these differences were not detectable anymore. 

 

 

 

Figure 19.  GPF positive EEs cell counting on different days under normal miedium in comparison with the 

high fat medium. 

A quantitative evaluation of the number of GFP-posistive cells revealed a similar kinetic as 

seen for chronic HFD. For the third and fifth day a significant increase compared to matching 

controls could be seen. From the 7
th

 day onwards, this increase not seen anymore. But here is 

significant different as expression pattern is similar but after attaining the peak there is sharp 

declining. This sharp declining equalizer to control on day 10.  
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3.4. Activation of signalling pathways in the fly’s intestine following HFD 

3.4.1. Using the CalexA system to monitor the effects of HFD on Ca
2+

-signalling 

 

 

 

Figure 20. A is the over view where DAPI stain blue the nuclei and anti GFP (Green) protein specific for the 

GPF positive NP1-GAL4:: CaLexA UAS-GFP under normal medium while as, C over view where DAPI stain 

the nuclei blue and anti GFP (Green) protein specific for the GPF positive NP1-GAL4:: CaLexA UAS-GFP 

under HFD. B and D are the closer view to visualize, DAPI stain the nuclei blue and anti GFP (Green) protein 

specific for the GPF positive NP1-GAL4:: CaLexA UAS-GFP under normal and HFD respectively. Scale bar is 

50 µm.   

.CaLexA (Calcium-dependent nuclear import of LaxA) is a system that allows to monitor 

long-lasting increases in the Ca
2+

-level of the corresponding cell (Masuyama K et al., 2001). 

Ca
2+

 signaling pathways are known to be activated via PLCβ (Phospolipase C β).  he 

CaLexA line consists of (NFAT and LexA operator ). Targeting this construct to enterocytes 
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only allowed to evaluate the effects of HFD on intestinal Ca
2+

-signaling. HFD induced a 

strong CaLexA signal throughout the entire intestinal epithelium (Fig.20). A closer view 

revealed that single enterocytes express GFP, indicative for a mosaic like activation of the 

CaLexA system following HFD. 

3.4.2. Dopamine activates Ca2
+
-signalling in enterocytes 

 

 

 

Figure 21. A, where DAPI stain the nuclei to blue and GPF and PLC-ß-mRFP (Red) under control whereas, 

D where DAPI stain the nuclei to blue and GPF and PLC-ß-mRFP (Red) under treated with dopamine. B and E, 

Dapi stain the nucleus to blue. C PLC-ß-mRFP (Red ) translocation in the cytoplasm under control condition. F 

PLC-ß-mRFP (Red ) translocation in the cytoplasm under dopamine treatment. 

Targeting the expression of a fusion protein consisting of PLC-ß and mRFP to the enterocytes 

allowed to identify signals that hold the potential to induce Ca
2+

-signalling in these(Lee SH et 

al 2009) cells. Translocation of PLC-ß from the cytoplasm to the cell membrane monitors 
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activation and subsequent Ca
2+

-signalling. At 10
-6 

mol/l dopamine a clear translocation is 

unequivocally visible 

 

3.4.3. Involvement of the Nrf2 pathway in the midgut under normal medium and HFD. 

 

 

Figure 22. A is the over view where DAPI stain blue the nuclei and anti GFP (Green) protein specific for the 

GPF positive GSTD-GAL4::UAS-GFP under normal medium while as, C over view where DAPI stain the 

nuclei blue and anti GFP (Green) protein specific for the GPF positive GSTD-GAL4::UAS-GFP under HFD. B 

and D are the closer view to visualize, DAPI stain the nuclei blue and anti GFP (Green) protein specific for the 

GPF positive GSTD-GAL4::UAS-GFP under normal and HFD respectively. Scale bar is 50 µm.   

Nrf2 pathways activation is monitored using a GST-D reporter Gal4 (Geranimos and 

Bohmann, 2008) line that is typically activated following different stressors. Thus, I used the 

GSTD-Gal4::UAS-GFP crossing. HFD activates expression of the marker, indicative for 

activation of Nrf2 signalling. A closer evaluation of the expression site revealed that 

enterocytes in the intestinal epithelium are the cells that activate expression of the indicator. 
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3.4.4. JNK activation in the midgut induced by HFD 

 

 

Figure 23. A is the over view where DAPI stain blue the nuclei and anti GFP (Green) protein specific for the 

GPF positive puckered reporter-Gal4::UAS-GFP under normal medium while as, C over view where DAPI stain 

the nuclei blue and anti GFP (Green) protein specific for the GPF positive puckered reporter-Gal4::UAS-GFP 

under HFD. B and D are the closer view to visualize, DAPI stain the nuclei blue and anti GFP (Green) protein 

specific for the GPF positive puckered reporter-Gal4::UAS-GFP under normal and HFD respectively. Scale bar 

is 50 µm.   

To monitor activation of the JNK, a specific puckered reporter-Gal4 (Takashi AY, 2002) line 

was crossed to UAS-gfp. High fat medium obviously activates the JNK signalling pathways 

in the gut epithelium as compared to control medium, which is seen in (Fig 23). Under 

normal medium conditions, no activation of JNK signalling is visible. A closer view revealed 

that the response to HFD is carried by the ECs. 
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3.4.5. Notch-signalling pathway activation in the midgut  

 

 

Figure 24. A is the over view where DAPI stain blue the nuclei and anti GFP (Green) protein specific for the 

GPF positive NRE-GAL4::UAS-GFP under normal medium while as, C over view where DAPI stain the nuclei 

blue and anti GFP (Green) protein specific for the GPF positive NRE-GAL4::UAS-GFP under HFD. B and D 

are the closer view to visualize, DAPI stain the nuclei blue and anti GFP (Green) protein specific for the GPF 

positive NRE-GAL4::UAS-GFP under normal and HFD respectively. Scale bar is 50 µm.   

The fly line that allows monitoring of Notch-signalling contains a Notch Response Element 

(NRE) NRE:EGFP (Zacharioudaki and Sarah in 2014; Zeynep AS et al., 2010). GFP 

expression is under control of these promoter elements. Even under control conditions, a 

relatively high level of expression is seen in the midgut (Fig 24). HFD increased this number 

of cells. They are single, relatively small cells scattered throughout the entire structure. 
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Figure 25. Number of GFP positive cells under normal medium in comparison to HFD.  Expression level of 

GFP positive cells the Notch signalling pathways.  

 

To quantify this response and to learn more about the temporal component of this response, I 

counted GFP positive cells in control anmimals and those subjected to HFD. As shown in the 

graph (Fig 25), the number of GFP-positive cells  under HFD  as compared to control is 

approximately 3 folds increased..  
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3.4.6 Expression of UPD3 in the midgut epithelium under control and high fat 

conditions 

 

 

Figure 26. A, where DAPI stain the nuclei to blue and anti GFP (Green) protein bind specific to GFP  

positive UPD3-Gal4::UAS-GFP expressing cells under control medium after 18 hour. B, where DAPI stain the 

nuclei to blue and anti GFP (Green) protein bind specific to GFP positive UPD3-Gal4::UAS-GFP expressing 

cells under control medium after 18 hour after dechorionized . C, where DAPI stain the nuclei to blue and anti 

GFP (Green) protein bind specific to GFP positive UPD3-Gal4::UAS-GFP expressing cells under HFD after 18 

hour. D, DAPI stain the nuclei to blue and anti GFP (Green) protein bind specific to GFP positive UPD3-

Gal4::UAS-GFP expressing cells under HFD after 18 hour after dechorionized. E, DAPI stain the nuclei to blue 

and anti GFP (Green) protein bind specific to GFP positive UPD3-Gal4::UAS-GFP expressing cells under 

control medium after 48 hour. F, DAPI stain the nuclei to blue and anti GFP (Green) protein bind specific to 

GFP positive UPD3-Gal4::UAS-GFP expressing cells under control medium after 48 hour after dechorionized. 

G DAPI stain the nuclei to blue and anti GFP (Green) protein bind specific to GFP positive UPD3-Gal4::UAS-

GFP expressing cells under HFD after 48 hour. H, DAPI stain the nuclei to blue and anti GFP (Green) protein 

bind specific to GFP positive UPD3-Gal4::UAS-GFP expressing cells under HFD after 48 hour after 

dechorionized. Scale bar is 50 µm. 

UPD3 expression was monitored using upd3-Gal4 (Zheng G et al., 2013) reporter line. For 

this, the promoter upd3-Gal4 was crossed to UAS-GFP. Upd3 positive cells are present at  
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Low levels under control conditions, and increase dramatically following HFD. The response 

started after 18 hours and maximum expression level was seen after 48 hours.  
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3.5. Quantitative Real Time PCR 

3.5.1. UPD3 gene expression level of upd3-gfp and wild type under normal and hight fat 

medium.  

 

 

 Figure 27. UPD3gene expression level in UPD3 line and in comparison with wild type  under  normal 

medium as well as  high fat medium. 

 

To quantify the effects of HFD on upd3 expression, two different Drosophila lines (the upd3-

gfp reporter line and the matching wildtype w
1118

) were used. For both lines, the upd3 

expression was increased up to tenfold in response to HFD if manually isolated intestines 

were used for analyses. This increase was statitically significant in both lines. By using the 

both control medium and high fat medium.  
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3.5.2. UPD3 gene expression level of Domless RNAi and Sata92E RNAi in comparison 

with UPD3 line under normal and hight fat medium.  

 

 

Figure 28. Expression level of UPD3 in UPD3 line ,Domless RNAi and Stat92E RNAi  line under normal 

medium in comparison with high fat medium. 

Using RNAi targeted to enterocytes by crossing the corresponding RNAi line to the NP1-

driver, I studied if components of the JAK/STAT pathway are relevant for the induction of 

upd3 expression. Nor downregulation of domeless neiter that of STAT92e abolished the HFD 

induced increase in upd3 expression, indicating that the JAK/STAT pathway is not part of the 

upd3 induction pathway. 
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Figure 29. UPD3gene expression level in UPD3 line ,two Bsk dominant negative lines under normal medium 

in comparison with high fat medium. 

Moreover, I tested a different pathway regarding the induction of upd3 expression.  For this I 

used dominant negative basket lines (UAS-basket
DN

) driven in the enterocytes. HFD induced 

increased upd3 expression, while in animals with a blocked JNK-pathway no difference to 

control levels could be observed (Fig 29). This result indicates that the JNK-pathway is 

essential for HFD induced increase in upd3 signalling. 
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3.6. Expression of antimicrobial peptides in response to HFD 

  

 

 

Figure 30. A Drosomycin under control medium. D Drosomycin under HFD. B Defencin under control 

medium while as, E Defensin under HFD. C Drosocin under control medium. F Drosocin under HFD. Scale bar 

is 50µm. 

To visualize expression of antimicrobial peptide genes in response to HFD, I used reporter 

lines specifically monitoring expression of specific genes (Anne-Marie et al., 2004; Kiri LT 

et al., 2014: Mathilde G et al., 2009). Following HFD, no increase in the expression of 

drosmycin (A, B), defensin (C, D) and drosocin (E, F) could be seen (Fig 30).   
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3.7. Effect of HFD of the gut microbiota  

 

 

 

Figure 31. Expression level of gut microbiota under normal and high medium after day 5 and day 10. 

 

HFD has an effect on the intestinal microbiota of the fly. Quantitative Real time PCR 

employing primers specific for eubacteria and isolated  DNA from the intestine was used to 

quantify total bacteria amounts in the midgut of the Drosophila melanogaster. While after 5 

days on HFD, the numbers of bacteria increased males and felames significantly, this effect 

was not seen anymore after 10 d on HF (Fig 31). 
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3.7.1. Dependency of induced upd3 expression on the presence of microbiota  

 

 

Figure 32. UPD3 gene expression level in UPD3 control in comparison UPD3 dechroinated line under  

normal medium as well as  high fat medium. 

 

Dechorionization is a good method to produce germ-free animals, meaning that the larvae are 

free of microbiota. Quantitative real time PCR as performed above revealed that 

dechorionization, meaning germ-freeness, had no effect on the HFD induced increase in upd3 

expression (Fig 32).  
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M C 1   C 2    C 3 -ve T 1    T 2     T 3
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400bp

300bp

200bp

100bp

30 cycles

Figure 33. A, amplification of the gut microbioa after 32 cycles, B, amplification of the gut microbiota after 

28cycles in between control and treated. 

 

To evaluate if the process of dechorinization together with the use of antibiotics is sufficient 

to eliminate the inteatinal microbiota, gDNA was isolated from the corresponding animals 

and quantified using gPCR. After  35 cycles of amplification, the control shos a strong band, 

indicative for the presence of microbiota, while in the dechoronized samples, a much less 

intesne band could be amplified, indicating that a small amount of microbiota was still 

present in these animals. To confirm the results and the effects of dechorinization and 

treatment after antibiotics, I also cultured bacteria on nutirent agar medium. 
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Figure 34. A control  culture witout dechroination and control medium. B culture the gut microbiota after 

dechorionized and medium treated with antibiotic. 

 

Although some material could be amplified in seemingly germ-free animals, the bacterial 

culture revelaed that the difference between control and dechorionated and antibiotics treated 

animals is more obvious. Shown in A is a sample from control animals and in B frrom those 

treated to become germ-free.    
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Figure 35. Control, gut microbiota culture colonies count after 24 and 48 hours. Treated, gut microbiota after 

dechorionized  and treated with antibiotic containing medium counting culture colonies afer 24 and 48hours. 

 

Counting the colonies after 24hours and after 48 hours revealed almost no colonies in the 

treated group, indicative for a very effective removal . The number of colonies on the control 

sample after 24 hours are approximately 50-65 colonies while in the treated samples no 

colonies could be seen. After 48 hours number of colonies on the control plates are between 

295-315. Only 3 colonies were seen in the treated group. 
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3.8. Defecation 

3.8.1.  Use of bromophenole blue to assess the effect of HFD on defecation  

 

 

 

Figure 36. A and B is the defectaion under normal medium while as C and D is defication under hig fat 

medium.scale bar is 10 and 20mm. 

 

The consistency, amount and rate of the defecation of Drosophila melanogaster kept on 

control medium was compared with that of those kept on high fat medium. The consistency is 

changed with high fat medium. It is evident that the defecation on high fat medium is oily, 

small in amount, compact and less watery. In comparison defecation on the control medium 

is watery, higher in amount and scattered (Fig 36). 
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Figure 37. Counting of the defecation from day one to day 10 under normal and as well as under hig fat 

medium. 

 

Moreover, I counted the number of defecation pellets per day.  While the number of pellets 

remained almost constabt at 40, following HFD the value was between 20 and 30 indicative 

for a reduced defecation activity.  
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Figure  38. A  male defacation under norma medium, C is male defecation on HFD. B is female  defecation 

on  control medium ,D is female   defecation on HFD. Scale bar is 100mm. 

 

Additional differences became apparent using phenol red as a dye. This dye allows to  

evaluate the effect of HFD on the pH. 
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3.8.5 Assesing the pH of defecation on HFD in females.    

 

 

 

Figure 39. A  pH calculation through Hu analysis for male on control medium, B is pH calculation through 

Hu analysis for male under high fat diet. 

 

An in-depth analysis of the pH of defecation spots was performed to analyse the pH (Paola C 

et al., 2011) for males held on either control or high fat medium give different ranges of the 

pH. pH range for the control medium is between 3-5, while as the pH range for animals on 

HFD is between 4-5. This indicates that on HFD the pH of the defecation products is shifted 

slightly to the neutral region. 
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3.8.6 Assesing the pH of defecation on HFD in males.    

 

 

 

Figure 40. A  pH calculation through Hu analysis for female on control medium, B is pH calculation through 

Hu analysis for female under high fat diet 

 

A similar result was observed for defecatio products from females confronted either with 

normal meidum or high fat medium. Here, also a shift to the more neutral pH region became 

apparent (Fig 40)  
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3.8.3. Visualizing the effect on the Copper cell region using the phenol red dye as 

indicator on normal medium in comparison with high fat medium. 

 

 

 

Figure 41. A and B marks the copper cell region under normal medium male and female respectively. C and 

D marks the copper cell region under high fat medium male and female respectively. Scale bar is 1mm. 

 

The copper cell region, which is the most acidic part of the intestine, is also changed 

following HFD. Here in both male and female under normal and high fat medium, the pH is 

shown. The marked region in both male from normal and high fat medium while as it marked 

in female.  
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Figure 42. A marks the Copper cell region under normal medium. B marks the copper cell region under high 

fat medium. Scale bar is 1mm. 

 

Alternatively, the copper cell region can be labelled with copper, as it is known to accumulate 

this ion at high levels. Copper emits a reddish fluorescence if activated with blue light. In 

HFD treated animals the copper cell region appears to be enlarged (Fig 42).  
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4.0. Discussion 

In the current study, I evaluated the effects of high fat dieting (HFD) on various parameters 

of the intestinal system using the fruit fly Drosophila melanogaster as a model. HFD changed 

various parameters of the defecation process including the consistency of the fecal products. 

Moreover, defecation following HFD is slow and shows constipation like symptoms. The  pH 

range of fecal products under control conditions is in between 3-5, while those of animals 

held on HFD is in between 4-5. HFD induced dramatic increases in the deposition of fat 

droplets not only in the fat body but also in in the intestine, more specifically in the 

enterocytes. In addition, the amount of indigenous bacteria making the microbiota was in 

response to HFD.  

A number of different signaling systems operative in the intestine are activated following 

HFD. Among them are strong and prolonged activation of Ca
2+

-signals monitored using the 

CaLexA system. In addition, strong Notch- and Nrf2-signaling could be observed throughout 

the entire intestinal epithelium. Very impressive is the strongly induced upd3 expression 

presumably activated via JNK signaling. Activation of these various signaling pathways 

appears to activate the epithelium proliferation and differentiation even after only 2h of HFD. 

In humans, HFD is a major factor causing metabolic disorders in developed countries. Beside 

the effects of this metabolic intervention on fat storage organs, which is decisive for the 

development of diseases such as type-2 diabetes, the intestinal epithelium is the first tissue 

coming into contact with these nutrients. Intestinal cells are activated by duodenal lipids, 

causing impairments of the tight junction between them. This effect may also contribute to 

the metabolic syndrome that reacts to lipopolysaccharide transported into fat tissues via this 

route. Moreover, alteration of the gut microbiota may occur, directly associated with this 

dietary shift or indirectly as a consequence of the inflammatory response. High fat in the diet 

is a major source to cause molecular and physiological changes in the gut epithelium (Choo 

YL in 2013). 
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Function Mammals Drosophila 

Digestion and nutrient 

absorption 

Stomach, small 

intestine Midgut 

Lipid storage Adipose tissue Fat body 

Lipid mobilization 

Adipose tissue, 

liver Fat body, oenocytes 

Glycogen storage Liver Fat body 

Carbohydrate 

homeostasis 

Pancreatic α and 

β cells 

Neurosecretory neurons, 

corpora cardiaca 

Table 13. Metabolic tissue comparison in between mammals and Drosophila (Trinh and Boulianne in 2013). 

Metabolic functions in both Drosophila and in vertebrates are highly similar (Perrimon and 

Leopold in 2007). Fat is stored in the fat body, oenocytes can function as hepatocytes and the 

intestine has a very similar architecture in either system (Table 1, Gutierrez et al., 2007; 

Perrimon and Leopold 2007; Thummel and Baker 2007).  

In Drosophila, excessive fat in the diet is stored in fat body as triglycerides (Gutierrez et al., 

2007; Perrimon and Leopold in 2007; Thummel and Baker in 2007). The fat content 

influences the mechanism through which the secretion of DILPs from the IPCs is regulated 

(Geminard et al., 2009; Colombani et al., 2003). Induction of the cytokine unpaired 2 (Upd2) 

in the fat body after feeding induced a JAK-STAT-dependent response in different parts of 

the body (Rajan and Perrimon in 2012). Upd2 regulates secretion of DILPs from the brain 

(IPCs) making a negative feedback-loop. 

Taken together, high fat diet is a causative agent for metabolic disorders, changes in the 

physiology of the gut, feeding behaviour, obesity, immune response in the gut epithelium and 

cancer. Effect of high fat diet to triggers slow rate of defecation, inflammation, increased 

permeability of the epithelium, activation of various signaling pathways after release of 

cytokines, fat droplets in ECs and renewal of epithelium to protect against the deleterious 

effect of HFD. 
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Figure 43: High fat interact with luminal lipid, microbiota and increases adipocytes 11β-HSD1 expression 

(Choo YL in 2013). 

It is established through most recent studies that HFD is the sole causative agent for CRC in 

mice but the exact mechanism behind is still not clear. The expansion in the colon crypt in the 

mice is developing toward the onset of cancer in humans and other animals. HFD plays a 

central role towards induced expansion of the colon proliferative zone and the higher rate of 

proliferation is interlinked with innate inflammatory markers. HFD induced expression of 

TLR2   4, various TLR-4 responsible genes, COX-2, TNF-α and NF-κB in comparison to the 

normal diet. Moreover, a higher rate of macrophages infiltration, oxidative stress and 

inflammation at the site of distal colon become proliferative as well leading towards 

conversion into cancer after chronic consumption of HFD (Vanamala J et al., 2014).    
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4.1. Feeding behaviour 

Regulation in feeding behaviour has a key role in keeping metabolic homeostasis. Diet in the 

gut stimulates various neural and endocrine hormones in a continuing position for the 

regulation of the feeding behaviour in animals. In Drosophila, various peptides play their role 

for controlling the feeding behaviour (Poon et al., 2005; Tschop et al., 2000; Wren et al., 

2001a; Wren et al., 2001b; Nassel and Winther in 2010). sNPF over expression leads to the 

over consumption of diets, while lower expression results in reduced food intake. The release 

of sNPF is under the control of insulin. Moreover, sNPF is a key regulator of DILP release 

from the IPCs (Lee et al., 2004). Increase or decrease in food intake results in energy 

dependent activation of allatostatin expressing neurons, which also plays a major role in food 

consumption (Hergarden et al., 2012). Likewise, various other peptides such as PTTH have 

their roles in feeding behaviour. This is in agreement with those of the current study, where 

chronic high fat dieting has an impact on the structure of the intestine, especially regarding 

the enteroendocrine cells that are present at much higher levels following this intervention, 

indicative for an increased load of hormonal signalling emanating from the intestine. In the 

gut, high fat dieting affects various traits including the epithelium itself, but also the 

indigenous microbiota. It is the place where both pathogenic and commensal bacteria interact 

with the immune system. Diets containing high concentrations of fat content are able to cause 

“metabolic endoto imia’’ and other inflammatory changes of the gut epithelium (Ghanim H 

et al., 2009). High fat diet has a major role in the translocation of the PAMPs from the lumen 

of the gastrointestinal tract into the circulation through the promotion of the microbiota and 

the functional decline of the tight junction functions (Cani PD et al., 2008). High fat diet will 

thus leads to the activation of NF-κB via TLR4 inducing an inflammatory response 

(Deopurkar R et al., 2010). Different levels of intestinal inflammation after HFD are major 

causes that change the composition of  the microbiota being predictive for the development of 

obesity. The inflammation itself results in increased permeability of the gut epithelium (Ding 

S et al., 2010; de La Serre et al., 2010). Thus, HFD can cause oxidative stress, reduced 

glucose tolerance, body weight gaining, visceral fat deposition and inflammation after 

modulation of the gut microbiota (Cani PD et al., 2008; Membrez M et al., 2008).  

The gut microbiota is very important for the digestion and absorption of the gut content. 

Microbes within the microbiota use the fiber content of the diet for energy absorption after 

fermentation as well as the production of short chain fatty acids (Backhed F in 2011). 
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Following HFD the modulation in the colonic gastrointestinal microbiota alters its role for the 

control of obesity and metabolic diseases (Wanders AJ et al., 2011; Spreadbury I in 2012). 

Fat has inhibitory effects on the gastric emptying. Feedback signals are arising from the 

intestine especially if fat is in the diet (Lin HC et al., 1990). These feedback signals are 

mediated by release of e.g. PYY and GLP1 (Couce ME et al., 2006). High fat diet initiates 

hypertrophy of the intestinal epithelium and increased fat digestion capability. High fat can 

affect the length, the gut functioning and energy intake. Increase transit times in the intestine 

after exposing it to the high fat diet (Palm oil) could be observed (Brown NJ et al 1994). High 

fat also alters the motility of the intestine (Boyd KA et al., 2003). Thus, intestinal motility, 

gastric emptying time and intestinal transit time is dependent upon the fat concentration, the 

higher the fat concentration the lower the gastric emptying time, the higher the transit time 

(Castiglione KE et al., 2002). These results are very similar to those seen in the fly, where I 

observed also changes in the transit time and the load of the intestine following HFD.  

In mammals, the CCK concentration is elevated after consumption of high fat diets (French 

SJ et al., 1995). Higher intestinal contents cause local excessive release of CCK. Moreover, 

high fat can alter the CCK concentration in plasma indirectly (Boyd KA et al., 2003; 

Cunningham KM et al., 1991).  

 

4.2. Dysbiosis (Intestinal microbiota) 

Numerous types and species of intestinal microbes are residing in the gut. The diversity and 

composition of microbiota depends upon various factors including diet, host genetics, 

environment, inflammation and other composite disease condition (Hansen et al., 2010; 

Sangild and Buddington in 2011; Musso et al., 2010; Cref-Bensussan and Gaboriau-Routhiau 

in 2010). The relation between host and microbiota is close and the result of a coevolution 

(Ley et al., 2008). The change in the composition of the microbiota is named dysbiosis and is 

elaborated in different diseases. Normal or healthy microbiota composition can be defined as 

that of  healthy individuals. Dysbiosis of the gut microbiota has been correlated with various 

diseases such as obesity, irritable bowel syndrome and inflammatory bowel disease 

(Gerritsen J et al., 2011). In humans as well as in flies, microbiota colonisation in the 

intestine starts straight after the birth by contact with the mother (humans) and the 

environment (flies) (Adlerberth and Wold in 2009; Mackie et al., 1999). Use of high fat diet 
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affects the composition of the intestinal microbiota. This is also seen in the experiments 

presented in the current study (Mariat et al., 2009; Mueller et al., 2006; Zweielehner et al., 

2009; Bartosch et al., 2004). Diet in general is the main influencing source for changing the 

composition of the intestinal microbiota (Osterdahl M et al., 2008). High fat diet in animals 

and as well as in human have significant effects on the quantity and composition of the 

microbiota as well as on the level of endotoxin (Erridge C et al., 2007; Amar J et al., 2008). 

Endotoximia leads towards a low grade of inflammation, adipocyte hyperplasia, insulin 

resistance as well as reduced levels of β-cell function leading towards the metabolic 

syndrome (DiBaise JK et al., 2007). 

Activation of JNK signaling has been demonstrated in the current work. Comparable results 

have been obtained in mammalian systems. JNK signaling plays a pivotal role to mediate 

metabolic stress after HFD (Vernia S et al., 2013). JNK1 also regulate body weight and 

energy expenditure (Belgardt BF et al., 2010). JNK1 also plays its role to maintain the 

metabolic homeostasis, to induce inflammation without altering the adipose tissue under HFD 

(Solinas G et al., 2007; Vallerie SN et al., 2008). 

 

4.3. Diseases associated with the microbiota 

The onset of IBS (irritable bowel syndrome) is under the control of impaired intestinal 

motility, inflammation, hypersensitivity as well as due to dietary factors (Chang and Telley in 

2011; Longstreth et al., 2006; Karantanos et al., 2010). Studies established the relationship of 

IBS and dysbiosis. Both, the intestinal epithelium and the residing microbiota are exposed to 

the diet (in my case the HFD) and agents derived from the diet (Kristy B et al., 2012). It is 

established that certain dietary factors are involved in shaping the host reaction and 

determining the host susceptibility (Kristy B et al., 2012). This is outlined in Fig 44.  

 

 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=3448089_nutrients-04-01095-g001.jpg
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Figure 44: Dietary factors induced dysbiosis affects disease susceptibility of the host. IBD, obesity and 

diabetes are outcomes of the diet. Diet has a specific role in regulating the gut immune system and the host 

metabolism. Diet also has its role to in microbial modulation, host immunity, metabolism and ultimately 

susceptible to various diseases. (Kristy B et al., 2012).  

Taken together, gut microbiota are involved in metabolism, inflammation, energy balancing, 

obesity and other metabolic disorders. Moreover, a very close relationship between obesity 

and dysbiosis has been established. 

  

4.4. T2D (Type 2 Diabetes) 

Microbiota changes are correlated with insulin resistance T2D (Type 2 diabetes) presumably 

acting through the metabolic syndrome. In humans, the interlinked relationship between the 

microbiota and T2D is based on the ratio of the titre of Bacteriodetes   Firmicutes. Metabolic 

syndrome, T2D and obesity are also linked with inflammation leading to the assumption that 

microbes are able to induce obesity, metabolic syndrome as well as T2D. Endotoxemia is 

based upon increased level of LPS in the circulation and induced inflammation locally and 

systemically (Cani PD et al., 2007; Pendyala S et al., 2012). Studies on human suggested that 

high fat diet can cause 71% more plasma level of endotoxins if applied for more than one 

month (Pendyala S et al., 2012). T2D patients often have high titres of plasma LPS (Creely 

SJ et al., 2007) implying that bacteria are the main causative agent for inducing 

inflammation, insulin resistance and metabolic syndrome (Cani PD et al., 2007).  

It is established that the microbiota is the key factor provoking the immune system and 

spreading of bacteria into various active metabolic tissues. It will lead into chronic 
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inflammation, insulin resistance, metabolic syndrome, hepatic fat deposition and impaired 

development of the adipose tissue.  Recovery or treatment with dysbiosis will leads to 

decrease or prevention of metabolic diseases (Amar J et al., 2011).  

 

4.6. IBD (Inflammatory bowel disease) 

Crohn’s disease and ulcerative colitis collectively known as IBD are characterized by 

disrupted epithelial integrity in the gut. Microbes can easily penetrate the epithelial barrier 

and provoke a local immune response. Continuously provoked immune reactions in the gut 

epithelium convert the tissue into a chronically inflamed one. The microbiota is very 

important to keep the homeostasis in the gut lumen and reduce provoking the innate immune 

system while retaining the epithelial integrity (Rakoff-Nahoum S et al., 2004; Garrett WS et 

al., 2007). The role of dysbiosis in the etiology of IBD is still not clear. Evidence point to be 

associated in between increased number of bacteria and a decreased population of preventive 

microbes in IBD (Ghosh S et al., 2011). 

It is established that HFD is a critical factor for the etiology of IBD. Studied using a Danish 

population revealed that HFD triggers IBD and ulcerative colitis at an incidence that is up to 

30 % higher than in populations on normal diet (Chapkin RS et al., 2007; Asakaura H et al 

2008; Tjonneland A et al., 2009; Uchiyama K et al., 2010; Wallace DF et al., 2011; Ma X et 

al., 2008). Studies revealed that fatty acids directly impair the host gut immune response and 

thus increase the IBD risk.  
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Conclusion 

Different diets have a great impact on our health. HFD has adverse effects on the metabolism 

and the structure and physiology of the gastrointestinal tract. High fat diet (HFD) is a major 

reason for the epidemic development of various metabolic disorders. In Drosophila 

melanogaster HFD triggers the proliferation and differentiation of the intestinal epithelium 

leading to renewal of the epithelial layer. HFD and microflora trigger inflammation and 

permeability through disruption of tight junctions within the epithelium. In the fly, 

proliferation and differentiation of the gut epithelium results from activation of various 

signalling pathways including stress responses within the ECs finally leading to release of 

upd3. This triggers ISC proliferation and differentiation. The interplay role of HFD behind 

the activation of JNK, Nrf2, notch and Ca
2+

-signaling pathways are remains to be elucidated.  

Moreover, HFD affects gastric emptying time and slows down the defecation rate. HFD 

modulates the metabolisms of lipids being a major cause of metabolic disorder increasing the 

number of microbiota community. Manifestation of metabolic disorder in the gut may be 

causally associated with several chronic diseases such as IBD, IBS, insulin resistance and 

ultimately with cancer.  
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