Wissenschaftszentrum Weihenstephan flr Ernahrung,

Landnutzung und Umwelt

Lehrstuhl fir Erndhrungsphysiologie

Effects of diet-induced obesity on intestinal barrier

integrity and enteroendocrine secretion

Veronika Maria Muller

Vollstandiger Abdruck der von der Fakultdt Wissenschaftszentrum Weihenstephan
fir Ernadhrung, Landnutzung und Umwelt der Technischen Universitat Manchen zur

Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. Dirk Haller
Prifer der Dissertation: 1. Univ.-Prof. Dr. Hannelore Daniel

2. Univ.-Prof. Dr. Martin Klingenspor

Die Dissertation wurde am 30.09.2015 bei der Technischen Universitat Minchen
eingereicht und ist durch die Fakultdt Wissenschaftszentrum Weihenstephan fur

Erndhrung, Landnutzung und Umwelt am 08.02.2016 angenommen.






DANKSAGUNG

Eine Arbeit wie diese kann nie ohne die Hilfe und Unterstitzung von weiteren
Personen gelingen und daher gilt mein besonderer DANK:

Frau Prof. Dr. Daniel, die am Schiilertag 2004 der TU Minchen mein Interesse und
meine Leidenschaft fur die Erndhrungswissenschaft weckte. Vielen Dank, dass Sie
mir dieses spannende Thema UberlieBen und Ihr Vertrauen in mich setzten. Darlber
hinaus mdéchte ich mich fir Ihre Betreuung und Unterstltzung in Form von fachlichen
Diskussionen, Ratschlagen und Anregungen bedanken.

Herrn Prof. Dr. Klingenspor fur die Erstellung des Gutachtens und
Herrn Prof. Dr. Haller fiir die Ubernahme des Priifungsvorsitzes.

Tamara flr die Betreuung. Danke fur deinen Einsatz und deine motivierenden Worte.
Herrn Kottra und Mena, die mich in die Elektrophysiologie einflhrten.

Helene flr unzahlige Puffer, aufgespannte Gewebe und Gummibéarchen. Herzlichen
Dank.

Alex, Beate, Irmgard, Jarlei, Julia, Kerstin, Kurt, Margot, Marina und Sebastian fur die
gute Zusammenarbeit und tatkraftige Unterstitzung im Labor.

Juli, Pia und Katrin, die immer eine offene Tur flir mich in ihrem Wrfel hatten und
Ronny, Manu und Rosalie fur die gute Blrogesellschaft.

Brigitte und Cordula fir die uneingeschrankte Hilfsbereitschaft. Herzlichen Dank.
ALLEN Mitgliedern des Lehrstuhls fir eine schéne Zeit am Institut.

Caro, Valentina und Lisa fir die freundschaftliche Zusammenarbeit im BMBF Projekt.
Silvia fur die Freundschaft und die unzahligen Gesprache und Diskussionen.

Franz fUr die Liebe, die Geduld, die Unterstlitzung und die vielen gefahrenen

Kilometer.

Ein besonderer Dank gilt meinen Eltern. Danke fir euren Glauben an mich und
Unterstitzung, ohne die diese Arbeit niemals mdglich gewesen wéare. DANKE fur
ALLES.






CONTENT

Table of content

ST [0 4= USSR 1
AN L= T e L0 L= 0] = TS U o [ 2
T INErOAUCTION ...t e e 4
1.1 INteStiNAl DAITIEr ... 4
1.2 Intestinal sensing and gut hormone Secretion ...........ccccceeeviiiiiiiiieeeee e 9
1.3 GUEMICIODIOTA ... 12
1.4 Bl ACIAS ... 13
1.5 Metabolic enNdotOXemia..........eeiiiiiiiiii e 18
1.6 AIM Of the ProJECT...coo i 19

2  Materials and Methods ........oooiiiiiiieee e 20
2.1 MALEMIAIS ... 20
2.1.1  Equipment and software applications ..., 20
2.1.2 Chemicals, media and consumabIes ..........ccuueeeiiiieiiiiiiiieieeeeeeeee e 21
2.1.3 Buffers and SOIUTIONS ........ooiiiiiiiiiee e 23
2.1.4 Kits, antibodies and primers........cccoooeeeeeieieciiie e 26

2.2 METNOGAS. ... 28
2.2.1  Mice, husbandry and dietS ........ccoevviviiiiiieiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee e 28
2.2.2 Electrophysiological measurements........ccccooeiiiiiieeee e 31
2.2.3 Molecular biological methods...........c..uuiiiiiiiiiii e 34
P2 S o 113 (o] (o | T U SPPPRRR 38
2.2.5 ImmuNohiStOChEMISTIY ......coiiiiiiii e 40
2.2.6 LC-MS/MS MeasuremMentS........oouiiuiiiiiiiiiae e 41

2.2.7 High-throughput 16S ribosomal RNA gene sequencing (carried out by
Dr. Thomas Clavel, TUM) ... 42

2.2.8 Plasma analysSiS ......ccouuiiiiiiiiiiiiiiiiiiiieee e 43

2.2.9 Primary colonic cell CURUIES........cooviiiiiiiiiiiiiiieeeeeeeeeeeeee 44



CONTENT

2.2.10  Statistical @nalySis .......uueeeieeeiiiiiiiieiiee e 46

3 RESUILS e e e e e e e e as 47
3.1 Gut barrier INTEgIitY ... ... 47
3.1.1  Impact of different high-fat diets on gut barrier integrity in mice............ 47
3.1.1.1  Plant-based high-fat dietS..........oooi 47
3.1.1.2  Animal-based high-fat dietS ... 51
3.1.2 Impairments in mice fed the beef tallow-based high-fat diet ................. 55
3.1.2.1 Inflammation markers in adipose tissue and liver..............ccc..ueeee. 55
3.1.2.2 Body mass and intestinal morphology ...............eeuuvieeiiiiiiiiiiiiiiinnnns 57
3.1.2.3 Tight junction and scaffold proteins ...............eeeeeeeeeieeiiiiiiniiiiiiiiinenns 59
3.1.2.4  GUE MICIODIOTA ..o 62
3.1.2.5 Bile acids in cecal content ... 64

3.2 Intestinal sensing and hormone SEeCretion ..........ccoeveveeiieeieiicccie e, 67
3.2.1 Effect of high-fat diet feeding on hormone secretion in vivo.................. 68
3.2.2 Effect of high-fat diet treatment on bile acid metabolism....................... 70

3.2.3 Microbial products of metabolism can induce GLP-1 secretion in vitro. 75

3.2.3.1 Bile acid-mediated GLP-1 seCretion ..........ccccoeiieiiieiniiiiiiiiiiee, 76
3.2.3.2 Short-chain fatty acids-mediated GLP-1 secretion ...........ccccuvueeeeee 79

N B o101 o] [P P TR 80
4.1 Gut barrier integrity depends on housing conditions.............cccceeeeeiirinnnnnes 80
4.1.1 Determinants of gut barrier impairment..........ccccooii e, 80
4.1.2 Intestinal microbial colonization and intestinal barrier function.............. 81

4.2 GLP-1 secretion can be affected by microbial products ..........cccccceeereinnnns 86
4.2.1 Bile acid homeostasis is slightly altered by feeding a high-fat diet........ 86
4.2.2 Incretin hormone secretion is altered in high-fat diet condition ............. 87

4.2.3 GLP-1 secretion upon stimulation by bile acid- and short-chain fatty acid

is enhanced in primary colonic cell cultures from animals fed a high-fat diet .... 88

B G ONCIUSIONS e e 92



CONTENT

B APPENAIX .o 94
6.1  Figures and tables ....... ... 94
6.2  List of abbreviations..........cooo e 97
6.3 REfErENCES ..ceeiieeee e 99
6.4 List Of pUDIICAIONS ... 114



SUMMARY

Summary

Obesity is a worldwide escalating problem promoted by changes in the lifestyle with
lack of physical activity and high-calorie diets rich in fat. Being obese is a major risk
factor for the development of metabolic disorders such as type 2 diabetes mellitus.
Recent studies have suggested that the consumption of such high-fat diets may
cause changes in intestinal permeability resulting in a metabolic endotoxemia and
low-grade inflammation. Moreover, high-fat diets influence the intestinal microbiota
composition. Products of metabolism by host and microbiota such as bile acids or
short-chain fatty acids are potent stimulants for the secretion of the gastrointestinal
hormones like GLP-1 and GLP-2 from enteroendocrine cells. The intestinal barrier
and glucose homeostasis are in turn modulated by GLP-1/2. The aim of the present
study was to elucidate the impact of feeding a high-fat diet in mice on gut barrier
integrity and on gastrointestinal endocrine secretion.

Taking advantage of AKR/J, C57BL/6 and SWR/J mice, the influence of diet induced-
obesity, dietary fat content and source, duration of the feeding period as well as
hygienic status of the animal facility on gut barrier integrity was investigated.
Intestinal barrier function in small and large intestine was evaluated in Ussing
chambers by electrical resistance and permeability measurements. As the most
striking finding, we demonstrate that the housing conditions and associated changes
in gut bacterial colonization are pivotal for the maintenance of gut barrier integrity in
diet-induced obese mice. This result may also explain the discrepancies in outcomes
of high-fat feeding trials seen in different laboratories.

Secretion of the GLP-1/2 upon bile acid and short-chain fatty acid stimulation was
assessed in primary colonic cell cultures derived from mice that were fed different
diets. GLP-1 release in response to the secondary bile acid deoxycholic acid and the
short-chain fatty acid propionate was increased in primary colonic cell cultures
prepared from diet-induced obese mice.

In summary, studies described here provide a comprehensive analysis of parameters
influencing gut barrier integrity and enteroendocrine secretion in response to a high-
fat diet in mice and pull microbial colonization, intestinal hormone secretion and gut

barrier integrity together.



ZUSAMMENFASSUNG

Zusammenfassung

Ubergewicht ist ein Problem, das weltweit auftritt und Veradnderungen der
Lebensgewohnheiten hinzu geringerer koérperlicher Aktivitat und hochkalorischer
Ernahrung wiederspiegelt. Ubergewicht ist dabei ein Hauptrisikofaktor fir die
Entwicklung von metabolischen Erkrankungen wie Typ 2 Diabetes mellitus.
Tierexperimentelle Befunde haben einen Zusammenhang zwischen einer
hochkalorischen und fettreichen Ernahrungsweise und einer Erhéhung der
intestinalen Permeabilitdt aufgezeigt. Dies hat die Darmbarriere in den Fokus
gerlckt. Als Folge einer erhdhten intestinalen Permeabilitat gilt beispielsweise die
metabolische Endotoxamie, die mit einem niedrig-gradigen Entzindungsstatus
einhergeht.  Zusatzlich  beeinflusst eine  hochkalorische und fettreiche
Erndhrungsweise  die = Zusammensetzung  der  intestinalen  Mikrobiota.
Stoffwechselprodukte des Wirts und der Mikrobiota, wie z.B. Gallensauren oder
kurzkettige Fettsduren, sind wirkungsvolle Stimulantien fir die Ausschittung der
gastrointestinalen Hormone GLP-1 und GLP-2 aus enteroendokrinen Zellen.
Waéhrend GLP-1 an Regulation der Glukosehomdostase beteiligt ist, beeinflusst GLP-
2 u.a. die intestinale Barrierefunktion. Das Ziel der vorliegenden Studien war es, den
Einfluss fettreicher Erndhrung auf die Darmbarriere und die gastrointestinale
endokrine Sekretion im Mausmodell zu untersuchen.

An AKR/J, C57BL/6 und SWR/J Mausen wurde der Einfluss der Fettmenge
und -quelle, der Fitterungsdauer, der Suszeptibilitdt fir Ubergewicht und der
Hygienestatus der Tierstallung auf die Darmbarriere untersucht. Die Barrierefunktion
des Dinn- und Dickdarms wurde anhand des transepithelialen Widerstands und der
Permeabilitdt von Markern in Ussing-Kammern beurteilt. Als wichtigster Befund der
experimentellen Studien kann gelten, dass die Aufrechterhaltung einer intakten
Darmbarriere in erndhrungsbedingt Ubergewichtigen M&usen abhangig ist vom
Hygienestatus der Tierstallung und somit von der intestinalen mikrobiellen
Besiedlung. Dieser Befund erklart méglicherweise auch die extrem widersprtchlichen
Ergebnisse zum Einfluss von Didten und Ubergewicht auf die intestinale
Barrierefunktion.

Dartber hinaus wurde die Sekretion von GLP-1/2 an intestinalen Primérkulturen
untersucht. Interessanterweise war die, durch die sekundare Gallensaure
Deoxycholsaure und die kurzkettige Fettsdure Propionat ausgeléste Ausschittung
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von GLP-1 in Primarkulturen, die aus ernahrungsbedingt tGbergewichtigen Mausen
generiert wurden, erhéht.

Die vorliegende Studie ist die Erste, die eine systematische und umfassende Analyse
von alimentdaren Faktoren auf die Darmbarriere und Sekretionsleistung in
ernahrungsbedingt Ubergewichtigen Mausen vornahm und die einen Zusammenhang
zwischen der mikrobiellen Besiedlung, der intestinalen Hormonsekretion und der

Aufrechterhaltung der Darmbarriere bei fettreicher Erndhrung aufzeigt.



INTRODUCTION

1 Introduction

During the last decades overweight and obesity became a global problem. According
to the World Health Organization, between 1980 and 2014 the prevalence of obesity
reduplicated worldwide with 1.9 billion adults being overweight—and around
600 million classified as obese in 2014 [1]. Changes in lifestyle with lack of physical
activity and a diet rich in energy and high in fat are the main factors underlying this

development.

In 2007, Cani et al. reported a change in microbiota composition after four weeks of
high-fat diet (HFD) intervention associated with an increased intestinal permeability in
a mouse feeding study [2]. This impairment of the gut barrier was proposed to cause
a metabolic endotoxemia and low-grade inflammation as promoting factors for
cardiovascular diseases and type 2 diabetes mellitus [3]. In the present study we
tested by using different mouse strains and diets of different fat quantity and quality
whether these findings can be reproduced and to which extent they depend on the

feeding regimens.

1.1 Intestinal barrier

In the small intestine nutrients derived from the digestion of food are absorbed,
whereas in the large intestine mainly electrolytes and water are absorbed. To
facilitate nutrient digestion and absorption the surface area of the small intestine is
enlarged by protrusions such as circular folds, villi and microvilli. Between the villi so-
called crypts of Lieberkihn are found containing the intestinal stem cells essential for
the renewal of the epithelium. The surface area of the large intestine is far less
enlarged and villus structures are lacking. The intestinal lineage consists of multiple
cell types such as absorptive enterocytes, mucus-producing goblet cells, hormone-
secreting enteroendocrine cells, paneth cells, tuft cells and microfold cells [4].

The intestinal barrier is a semi-permeable barrier allowing the vectorial transport of
nutrients, electrolytes and water but preventing the permeation of antigens or
microorganisms from the luminal environment into circulation [5]. There are two main
routes for passage through the intestinal barrier: the transcellular and the paracellular
pathway. The transcellular route passes through the cells either by active transport or
transcytosis. In contrast, the paracellular route takes course between adjacent cells
and is regulated by junctional complexes [6]. The intestinal barrier is subdivided into

4
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three layers: The intestinal mucus layer, the underlying intestinal epithelium and the
immune system (Figure 1).
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Figure 1: The intestinal barrier consists of three layers of defense. The first defense line is the mucus layer.
The second layer is the intestinal epithelium. Neighboring epithelial cells are connected at the lateral side by
intercellular junctional protein complexes consisting of tight junctions (TJ), adherens junctions (AJ), desmosomes
(DE) and gap junctions (GAP). Tight junction proteins such as occludin, claudins or
junctional adhesion molecule A (JAM-A) are linked to the cytoskeleton via zonula occludens (ZO) proteins. The

third layer of defense is formed by the mucosal immune response. Figure modified from [7].

Intestinal mucus layer

In the gastrointestinal tract, the mucus forms the first defense line protecting the
epithelium of the host from microbiota present in the intestinal lumen [8, 9]. Mucus
consists of mucins characterized by at least one O-glycosylated PTS domain rich in
the amino acids proline, threonine and serine [10]. There are two types of mucins: the
gel-forming and the transmembrane mucins. Gel-forming mucins are large polymers
(>100 MDa) secreted by goblet cells. In the intestine, MUC2 is the most abundant
gel-forming mucin. MUC3, MUC12 and MUC17 are intestinal transmembrane mucins
comprising a cytoplasmic tail and an extracellular mucin domain (1-10 MDa). The
transmembrane mucins form the so-called glycocalyx covering the apical surface of

5
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the enterocytes [10]. The intestinal mucus composition varies between small and
large intestine [11]. The mucus in the small intestine is not attached to the epithelium
and is penetrable to bacteria. However, several mechanisms such as movement of
the mucus via peristaltic waves, continuous mucus production by goblet cells and
secretion of antimicrobial compounds from paneth cells prevent the penetration of
bacteria into the epithelium of the small intestine [8, 9]. The mucus of the large
intestine is two-layered. The outer layer is loose and colonized by bacteria, whereas
the inner layer is attached to the epithelium and is free of bacteria. In colonic tissue of
mice lacking the Muc2 gene, bacteria reach the epithelial surface. Beyond that,
Muc2-deficient mice suffer from colitis at the age of seven weeks [12]. Thus, mucins
are important to maintain the intestinal homeostasis and gut barrier integrity.

Tight junctions as regulators of the epithelium

Neighboring epithelial cells are connected at the lateral side by intercellular junctional
complexes consisting of tight junctions, adherens junctions, desmosomes and gap
junctions [7]. Tight junctions have two functions, a fence and a gate function [13]. The
fence function of the tight junctions is achieved by dividing the membrane into an
apical and a basolateral zone, whereas their gate function is important for the
transepithelial barrier, namely the permeability via the paracellular pathway [14].

Tight junction proteins are transmembrane proteins and their classification was
revised in 2010 [15, 16]. Since then the four-transmembrane domain proteins are
grouped into tight junction-associated MARVEL proteins (TAMPs) and in claudins.
Aside of these two families, the junctional adhesion molecule (JAM) family should be
considered as well. The classical members of the JAM family are JAM-A, JAM-B and
JAM-C, but only JAM-A is involved in the tight junction formation [17]. Mice lacking
JAM-A display a normal epithelial architecture, but the mucosal permeability is
increased [18]. The TAMPs family comprises the tight junction proteins occludin [19],
tricellulin [20] and marveld3 [21]. In 1993, the first member of the TAMPs family, the
60 kDa protein occludin was discovered. A few years later a mouse lacking the
occludin gene was generated. Interestingly, this knockout mouse had a normal gut
barrier function [22]. The reason for a lack of an effect remains unexplained, but the
loss of occludin might be compensated by the two other family members [21].
Regarding the tight junction family of claudins, in mammals 24 members are reported
with molecular weights ranging from 20 to 27 kDa. Most of the claudins were either
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shown to tighten the epithelium or to form paracellular channels. In the murine
intestine the barrier builders claudin-1, -3, -4, -5 and -8 are found [23]. A high
expression of these claudins results in a decreased paracellular permeability,
whereas a high expression of the pore-forming claudin-2 increases paracellular
permeability [14]. In patients suffering from Crohn’s disease pore-forming claudin-2 is
up-regulated [24, 25]. Additionally, the barrier-tightening claudin-5 or -8 are
down-regulated and redistributed [24].

Tight junction proteins are linked to the cytoskeleton via zonula occludens (ZO)
proteins. ZO-1, ZO-2 and ZO-3 belong to these scaffold proteins and are important
for the structural organization of the intercellular junctional complex and/or involved in
signal transduction pathways [26]. In the past tight junctions were considered to be a
static, but now there is evidence that their assembly and disassembly is dynamic and
respond to physiological or pathophysiological stimuli [27]. Several signaling
pathways via enzymes such as protein kinase C, mitogen-activated protein kinases,
myosin light chain kinase and Rho GTPases are involved. Tight junction structure
and function is modified by protein phosphorylation or rearrangements resulting in

changes of barrier function [7].

Mucosal immune responses

As soon as microbes penetrate through the mucus and the intestinal epithelial cell
layer, a mucosal immune response is provoked. The mucosa-associated lymphoid
tissue in the intestine, also referred to as gut-associated lymphoid tissue (GALT),
comprises organized lymphoid tissues such as Payer’s patches or single lymphoid
cells and lymphoid cells distributed throughout the epithelium or the lamina propria
[28]. The lamina propria is based underneath the epithelium and as soon as bacteria
infiltrate, they are recognized and attacked by macrophages. On the surface of
macrophages specific receptors are expressed such as toll-like receptors (TLR) and
nucleotide binding oligomerization domain (NOD) proteins which are activated by
bacterial cell wall constituents, in particular lipopolysaccharide (LPS) or
proteoglycans [29, 30]. In the response, the transcription of nuclear factor-uB initiates
the expression of pro-inflammatory cytokines including interleukine-138 (IL-1pB),
interleukine-6 (IL-6), interleukine-12 (IL-12) or tumor necrosis factor (TNF) [31].
Moreover, the GALT is involved in the formation and secretion of secretory
immunoglobulin A (SIgA) into the intestinal lumen. SIgA anticipates pro-inflammatory
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responses and maintains the epithelial barrier by coating commensal bacteria and by
forming complexes with commensal or pathogenic bacteria [32].

Assessment of gut barrier integrity
There are numerous in and ex vivo approaches to determine gut barrier integrity.
Amongst others, urinary excretion assays of marker compounds, bacteria-related

tests, histological and electrophysiological approaches are common [33].

For assessment in vivo most commonly the urinary excretion of orally administered
molecular probes is determined (Table 1). These probes should be water-soluble,
nontoxic, nonmetabolizable and not naturally present in the urine but easily
detectable [34]. Sucrose in the urine is considered to reflect the permeability of the
stomach, lactulose and mannitol may mark the permeability of the small intestine and
sucralose may provide a permeability measure of the large intestine. °'Cr-EDTA or a
mixture of polyethylene glycols ranging in mass from 400 to 4000 Da are frequently
used as permeability markers for all intestinal regions [33]. Bacterial-related assays
include measurement of LPS or circulating endotoxin core antibodies. Useful
histological approaches are the determination of the expression and distribution of

tight junction proteins or of bacteria in the inner mucus layer.

Table 1: Commonly used probes for assessment of intestinal barrier integrity. Modified from [35].

Probe

Lower molecular weight (Molecular weight <200Da)

Monosaccharides L-rhamnose, L-arabinose

Sugar alcohols D-mannitol

Higher molecular weight (Molecular weight >300Da)

Oligosaccharides lactose, lactulose, sucrose, sucralose, raffinose,
cellobiose

Ethylene glycol polymers PEG-400, PEG-1500, PEG-3000

Non-degraded radiolabeled chelates *'Cr-EDTA, *"Tc-DTPA

Contrast media iohexol, iodixanol

Gut barrier integrity ex vivo is mainly studied using Ussing chambers (2.2.2) which
allow measurements of the transepithelial resistance and the permeability of the
intestine under controlled conditions. Intestinal tissue explants are mounted as flat
sheets into a chamber enabling separation of the luminal from the serosal side.
Intestinal permeability is determined by diffusion of fluorescent probes e.g.
fluorescein (0.38 kDa), fluorescein isothiocyanate—dextran (FITC-dextran, 4-20 kDa)
or horseradish peroxidase (44 kDa) from the luminal to the serosal side. Additionally,

electrodes measure the spontaneous transepithelial potential and defined current

8
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pulses are supplied to the tissue. According to the Ohm’s law, transepithelial
resistance as a marker of intestinal integrity can be calculated.

1.2 Intestinal sensing and gut hormone secretion

The nutrient composition of an ingested meal is sensed in specialized
enteroendocrine cells (EECs) throughout the intestine and as a result different
peptide hormones regulating for example gastrointestinal motility, glucose

homeostasis, energy expenditure, appetite and satiety are secreted [36].

EECs represent less than 1% of all enterocytes and are found throughout the
intestine with characteristic distributions. Most of the EECs have a conical shape and
an open type structure with a small apical surface reaching the gut lumen [37]. On
this surface sensory transporters and receptors are located (Table 2). They are
activated by luminal nutrient or non-nutrient stimuli and consequently gut hormones
are released into circulation. For instance, the uptake of glucose by sodium-
dependent glucose transporter 1 (SGLT1) and of di- or tripeptides by proton-coupled
peptide transporter 1 (PEPT1) elicit the release of peptide hormones [38-41],
whereas certain G protein-coupled receptors (GPCR) are activated by long-/medium-
chain fatty acids, fiber-derived short-chain fatty acids, or bile acids [42-49]

Table 2: Intestinal sensor proteins for nutrient and non-nutrient stimuli.

Stimuli Activator Sensor Reference
Nutrient

Carbohydrates glucose SGLTH [38-40]
Proteins di-/tripeptides PEPT1 [41]

Lipids long-chain fatty acids GPR40, GPR119, GPR120 [42-44]
Non-nutrient

Fibers short-chain fatty acids FFAR2, FFAR3 [45-47]
Bile acids bile acids TGR5 [48, 49]

Once released into circulation, gut hormones act in different ways: (1) endocrine
signaling after release into the circulation by targeting the hormone receptors in
different tissues, (2) paracrine signaling to neighboring EECs and enterocytes or
(3) activation of neuronal afferents [36]. Traditionally, EECs were considered as
distinct cell subtypes assigned to certain hormones such as |cells secreting
cholecystokinin (CCK), K cells secreting glucose-dependent insulinotropic peptide
(GIP) and L cells secreting glucagon-like peptide-1 (GLP-1), glucagon-like peptide-2
(GLP-2) and peptide YY (PYY) [50]. Recently, this classification according to cell

9
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subtype was revised and unique expression patterns of gut hormones depending on
the location within the gastrointestinal tract were described. GIP is expressed
primarily in the duodenum, CCK in duodenum and jejunum and PYY in the distal
ileum and colon. GLP-1 expression increases from jejunum to colon [51-53]. GIP and
GLP-1 are so-called incretins acting on pancreatic B cells mediating the incretin
effect. It describes the observation that oral glucose administration elicits a
substantial greater insulin response compared to the same amount of glucose
applied intravenously [54, 55]. Both, GIP and GLP-1 are inactivated by dipeptidyl
peptidase 4 (DPP4).

Bile acid-induced TGR5 signaling and metabolic consequences

In the beginning of the 21°

century two independent groups identified the
Ga;s protein-coupled receptor TGR5 also called G protein-coupled bile acid receptor 1
(GP-BAR1) or membrane-type receptor for bile acids (M-BAR) [56, 57]. TGR5
consists of 333 amino acids forming seven transmembrane domains, three
extracellular loops and three intracellular loops [58]. The receptor is activated dose-
dependently by bile acids and their glyco- or tauro-conjugates. The most potent
agonists are lithocholic acid and deoxycholic acid followed by chenodeoxycholic acid
and cholic acid [56, 57]. Binding of bile acids to TGR5 activates cyclic adenosine
monophosphate (cAMP) formation via adenylyl cyclase. Exocytosis of hormone-
containing vesicles from enteroendocrine L cells is activated by Epac and
phospholipase C-¢ inducing an intracellular Ca®* increase [59]. TGR5 expression is
widely scattered throughout different organs of the body varying in the magnitude of
expression [60]. In the intestine, TGR5 is mainly located in the ileum and colon [61].
In addition, the receptor is expressed in the enteric nervous system [62], gall bladder
[63], spleen [61], monocytes [57], brown and white adipose tissue and skeletal
muscle [61]. Depending on the organ, activation of TGR5 is involved in anti-
inflammatory effects, intestinal motility and secretion, energy and whole body glucose
homeostasis [60]. In brown adipose tissue the induction of the TGR5/cAMP pathway
increases energy expenditure by activation of type 2 iodothyronine deiodinase
converting the inactive thyroxine to active 3,5,3'-triiodothyronine. A supplementation
of 0.5% cholic acid to a HFD prevented C57BL/6J mice from diet-induced obesity
(DIO) by increasing energy expenditure [64, 65]. Moreover, activation of TGR5
reduces the production of pro-inflammatory cytokines such as IL-1, IL-6 and TNF in

monocytes [66]. Further evidence for a down-regulation of the immune response by

10
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TGR5 is based on the observation that LPS-induced stimulation of macrophages
isolated from TGR5” mice provoke a higher TNF expression compared to
macrophages derived from TGR5"* mice [67]. In addition, there is evidence that
TGRS is involved in systemic glucose homeostasis since TGR5 is expressed in
pancreatic B cells and bile acid-induced stimulation of B cells leads to insulin
secretion [68]. In EECs, however, the activation of TGR5 by bile acids induces the
release of the incretin hormone GLP-1 which in turn amplifies insulin output [48, 49].

Model systems for the investigation of GLP-1 secretion

Different model systems are used to investigate the underlying mechanisms linking
intestinal sensing to GLP-1 secretion from EEC. Most often used to study GLP-1
secretion in vitro are immortalized cell lines derived from tumor cells such as
GLUTag, STC-1 or NCI-H716 cells [69-71]. These cell lines consist of one single cell
type and differ in the responsiveness to nutrient and non-nutrient stimuli. In 2008,
Reimann et al. reported the generation of mixed primary intestinal cultures from adult
mouse intestine releasing GLP-1 upon nutrient and non-nutrient stimuli [41, 49, 72].
These primary intestinal cultures conserve the interplay of different cell types and
enable investigation of GLP-1 output depending on the genetic background, but they
are inappropriate for long-term cultivation. The most promising but high-priced model
systems are three-dimensional intestinal crypt cultures also called intestinal
organoids or mini-guts [73, 74]. They derive from individual Lgr5" crypt base
columnar cells and provide long-term cultures from adult tissues [74]. Recently it was
shown, that these organoids possess GLP-1 producing L cells [75] and can thus be
used to study L cell development and GLP-1 secretion in response to nutrients or
pharmaceuticals [76].
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1.3 Gut microbiota

The term gut microbiota includes the entity of bacteria, archaea, viruses, fungi and
protozoa in the gastrointestinal tract. The gut microbiota is dominated by anaerobic
bacteria; the most abundant phyla are Firmicutes and Bacteroidetes [77]. Within the
gastrointestinal tract the microbial density and diversity increases from the stomach
over small to large intestine. Humans harbor 10 cells per gram content in the
stomach, 107 cells per gram content in the ileum and up to 10" cells per gram
content in the colon [78]. The composition of the microbiota is influenced by the
host’s diet, lifestyle, hygiene or by antibiotics and other drugs [77].

Gut microbiota and obesity

In an obese state, the composition, diversity and function of the gut microbiome is
altered. Obese humans harbor more Firmicutes and fewer Bacteroidetes compared
to lean individuals [79]. A genetically obese animal model is the ob/ob mouse
carrying a mutation in the gene encoding the hormone leptin. On a standard control
diet, homozygous ob/ob mice exhibit increased levels of Firmicutes and decreased
levels of Bacteroidetes compared to their lean littermates [80]. The same changes in
Firmicutes and Bacteroidetes are observed in mice fed a HFD [81-83]. Moreover, in
DIO mice the gut bacterial diversity is decreased [81, 84]. Apart from the microbiota
composition and diversity, the role of the microbiota in energy homeostasis needs to
be considered in the context of obesity. Transplantation of microbiota from ob/ob or
lean mice into germ-free wild-type mice results in an increased body fat content in
animals receiving the ob/ob microbiota [85]. This finding suggests an increased
energy harvest capacity in an obesity-associated gut microbiome. Moreover, the
absence of microbes in the intestine is discussed to be protective against DIO [86],

although the data are ambiguous [83].

Microbial impact on host physiology and metabolism

The gut microbiota influences numerous physiological parameters of the host
including bone-mass density [87], fat-storage [88], intestinal angiogenesis [89] and
development of the immune system [90]. In addition, the microbiota affects host
metabolism through diet-dependent mechanisms [91]. For example, the microbiota
ferments polysaccharides and transforms cholesterol-derived primary bile acids into
secondary bile acids (for detail see 1.4). The fermentation of non-digestible

carbohydrates provides short-chain fatty acids such as acetate, propionate and
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butyrate and allows microbial growth. Butyrate is an energy substrate for the colonic
epithelium, whereas acetate and propionate are substrates for hepatic lipogenesis
and gluconeogenesis. Additionally, short-chain fatty acids regulate colonic gene
expression and glucose homeostasis through the G-protein-coupled receptors
FFAR2 and FFARS (see also 1.2) [91]. Moreover, components of the bacterial cell
wall activate pro-inflammatory signaling cascades (for detail see 1.5).

1.4 Bile acids

Biosynthesis

There is a variety of naturally occurring bile acids in mammals and other vertebrate
species [92]. Bile acids are amphipathic molecules, synthesized from cholesterol in
the liver. For the synthesis at least 17 enzymes are required and the firsthand
products of this four-stage process are termed primary bile acids. In brief, the
synthesis is initiated by 7a-hydroxylation of cholesterol, followed by further
modifications of the ring structure, side-chain shortening and finally the conjugation to
an amino acid such as glycine and taurine [93]. In mice, 75% of the bile acids are
formed via this pathway and the remaining 25% via the acidic pathway [94]. The first
and rate-limiting step of the classic pathway is the hydroxylation of cholesterol at the
C- position by the cholesterol 7a-hydroxylase (CYP7A1) in the endoplasmic reticulum
of hepatocytes. In contrast, the acidic pathway is initiated by the hydroxylation of the
cholesterol side-chain through the mitochondrial sterol 27-hydroxylase (CYP27A1)
followed by the hydroxylation of the C; position by the oxysterol 7a-hydroxylase
(CYP7B1) in the endoplasmic reticulum of the hepatocytes [93]. These pathways
deliver the primary bile acids cholic acid (CA) and chenodeoxycholic acid (CDCA) as
shown in Figure 2. In rodents, at minimum two additional primary bile acids occur,
a-muricholic acid (aMCA) and B-muricholic acid (BMCA) [95]. For higher
hydrophilicity, primary bile acids are conjugated to either glycine or taurine. Together
with cholesterol, phospholipids, fatty acids and bilirubin, these conjugated bile acids
are part of the bile, which is concentrated and stored in the gall bladder. Upon dietary
intake contraction of the gall bladder is elicited by CCK and the bile is discharged into

the proximal small intestine [96].
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Figure 2: Overview of primary and secondary bile acids. The primary bile acids (CA, 3a,7a,12a trihydroxy-58-
cholanoic acid) and chenodeoxycholic acid (CDCA, 3a,7a-dihydroxy-58-cholanoic acid) are synthesized from
cholesterol in the liver. In rodents at least two additional bile acids, a-muricholic acid (aMCA, 3a,6,7a-trinydroxy-
5B-cholanoic acid) and B-muricholic acid (BMCA, 3a,68,7B-trihydroxy-58-cholanoic acid), are formed. Primary bile
acids are transformed by microbiota to secondary bile acids such as deoxycholic acid (DCA, 3a,12a-dihydroxy-
5B-cholanoic acid), lithocholic acid (LCA, 3a-hydroxy-5B-cholanoic acid), ursodeoxycholic acid (UDCA, 3a,783-
dihydroxy-5B-cholanoic acid), hyocholic acid (HCA, 3a,6a,7a-trihydroxy-58-cholanoic acid) and hyodeoxycholic
acid (HDCA, 3a,6a-dihydroxy-58-cholanoic acid). Figure modified from [95, 97].

Enterohepatic circulation

In the terminal ileum bile acids are actively absorbed by the ileal bile acid transporter
(IBAT). Inside the enterocyte bile acids are bound to the ileal bile acid binding protein
(IBABP) which shuttles them to the basolateral membrane. They exit the cell via the
heterodimeric organic solute transporter OSTa/f and return via the portal system to
the liver. Hepatocytes take up unconjugated or sulphated bile acids by members of
the organic anion transporting polypeptide (OATP) family, whereas conjugated bile
acids are taken up by the sodium-taurocholate cotransporting polypeptide (NTCP)
[98]. In the hepatocyte bile acids are again conjugated and resecreted into the bile
via the bile salt export pump (BSEP). This shuttling of bile acids between intestine

and liver is termed enterohepatic circulation (Figure 3). As a consequence of the
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enterohepatic circulation a pool of bile acids, dynamic in pool size and composition,
accumulates [95]. The bile acid pool size add up to 4 mg in mice and 2-4 g in humans
[98].

Microbial transformations of bile acids

Primary bile acids that are not absorbed at the terminal ileum (<10%) and thus are
delivered by spill over to the large intestine where they are converted by microbial
transformation (Figure 2) [98]. In a first step, bile acids are deconjugated by bile salt
hydrolases. After this enzymatic hydrolysis of the amide bond linking bile acids to
taurine or glycine, bile acids pass through other transformations such as
epimerization, oxidation, reduction, hydroxylation and dehydroxylation [99]. The
primary bile acids CA and CDCA are converted by 7a-dehydroxylation into the
secondary bile acids deoxycholic acid (DCA) and lithocholic acid (LCA) [100].
Another possible transformation of CDCA is the epimerization at the Cz hydroxy
group resulting in the secondary bile acid ursodeoxycholic acid (UDCA) [99].
Additional secondary bile acids are w-muricholic acid (wWMCA), hyocholic acid (HCA)
and hyodeoxycholic acid (HDCA) [95]. Due to their hydrophobicity, secondary bile
acids undergo facilitated diffusion across the colonic epithelium. Bile acids remaining
in the colonic lumen are excreted via feces [101]. The gut microbiota thus influences
the composition of the bile acid pool substantially. Due to their detergent properties,
bile acids can also show antimicrobial activity with inhibition of bacterial growth which

in turn changes the composition of the microbiota [102].

Metabolic modulation by bile acids

Given the fact that bile acids are detergents, they facilitate the intestinal absorption of
dietary fat and fat-soluble vitamins by forming micelles. Second, the biosynthesis of
bile acids from cholesterol is an important way to eliminate cholesterol from the body
[96, 101]. Initiated by the discovery of two receptors responsive to bile acids, namely
the farnesoid receptor X (FXR) in 1999 [103-105] and the bile acid receptor 1 TGR5
in 2002 [56], research turned towards the relevance of bile acids as signaling
molecules. In addition, bile acids can also activate the pregnane X receptor,
vitamin D receptor, sphinosine-1-phospate receptor and muscarinic receptors [106].

FXR is a nuclear receptor present in a number of organs including liver, intestine and
adipose tissue [107]. Depending on the site of expression, FXR affects lipid and
lipoprotein metabolism, influences glucose homeostasis and regulates enterohepatic
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circulation and bile acid synthesis [101]. Bile acid synthesis by CYP7A1 is either
regulated via the FXR-SHP pathway or the FXR-FGF15 pathway (Figure 3). In the
former pathway, bile acids induce FXR-mediated expression of the small heterodimer
partner (SHP) which in turn represses the transcription of CYP7A1 [101]. In the latter
pathway, bile acids induce via FXR the expression of fibroblast growth factor 15
(FGF15 in rodents, FGF19 in humans) in the distal ileum and subsequently, FGF15 is
secreted into portal circulation. Upon binding to fibroblast growth factor receptor 4
(FGFR4) and its accessory protein B klotho, CYP7A1 expression is inhibited [108].
The importance of FXR for blood glucose homeostasis is reflected by impaired
glucose tolerance, decreased insulin sensitivity and disordered insulin signaling in
FXR™ mice [109]. In addition, there is an FXR-independent mechanism of metabolic
regulation by bile acids via TGRS5 (for detail 1.2).

Influence of dietary fat

In humans a HFD (source: animal fat) results in a higher fecal bile acid excretion
compared to a CD [110, 111]. Similar observations were reported when mice were
fed a diet enriched in cholesterol. Here, the bile acid pool size was increased and
more fecal bile acids were excreted [112, 113]. In 2012, Devkota et al. described a
connection between dietary fat intake and immune-mediated diseases mediated by
bile acids. Consuming a diet high in saturated fats causes changes in the bile acid
pool which can result in a microbial imbalance and effects on the host immune

system [114].
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| Hepatocyte

lleocyte

luminal basolateral

Figure 3: Enterohepatic circulation and metabolic regulation by bile acids. Bile acids are synthesized in the
liver from cholesterol, stored in the gall blader and released into the duodenum. At the terminal ileum they are
absorbed, exit the ileocyte at the basolateral membrane and return to the liver via the portal system. The shuttling
of bile acids between intestine and liver is termed enterohepatic circulation. Bile acids have the ability to regulate
their own biosynthesis by the FXR-SHP or the FXR-FGF15-FGFR4 pathway. Moreover, bile acids modulate
glucose metabolism by inducing GLP-1 secretion from enteroendocrine L cells via TGR5 activation.
Abbreviations: BA, bile acid; BSEP. bile salt export pump; CYP7A1, cholesterol 7a-hydroxylase; FGF15, fibroblast
growth factor 15; FGFR4, fibroblast growth factor receptor 4; FXR, farnesoid receptor X; GLP-1, glucagon-like
peptide-1; IBABP, ileal bile acid binding protein; IBAT, ileal bile acid transporter; LXR, liver X receptor; NTCP,
sodium-taurocholate cotransporting polypeptide; OSTa/B, organic solute transporter a/B; SHP, small heterodimer
partner; TGR5, G protein-coupled bile acid receptor 1. Figure modified from [95].
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1.5 Metabolic endotoxemia

LPS is a component of the outer cell wall of Gram-negative bacteria and continuously
released into the gut lumen when Gram-negative bacteria disaggregate. It is
composed of an O-antigen, a core region and the lipid A region which is responsible
for the action as an endotoxin [115]. Cani et al. demonstrated a two- to threefold
increase of plasma LPS after four weeks of HFD intervention in mice. They termed
this moderate elevation of LPS ‘metabolic endotoxemia’, as LPS levels are 10 to 15
times lower than during a septic shock [2]. Apart from HFD interventions in wild type
mice [2, 3, 116-119], such a metabolic endotoxemia was also observed in genetically
obese mice [3, 120]. How LPS penetrates from the gut lumen into the body and how
dietary fat facilitates this process is not clear, yet. One possible mechanism is a
TLR4-mediated absorption of LPS [121, 122]. Inside the epithelial cell, LPS is
transported to the Golgi compartment where chylomicrons containing
apolipoproteins, cholesterol, phospholipids and triglycerides are assembled.
Chylomicrons have a high affinity for LPS and most likely both, chylomicrons and
LPS are released into circulation at the same time [123]. This assumption is
supported by human studies indicating increased plasma endotoxin levels after HFD
consumption [124-127]. In brief, dietary fat absorption is accompanied by increased
chylomicron formation promoting translocation of LPS from the gut lumen into
circulation. However, since lipid absorption takes place in the small intestine which
has a far lower bacterial density than colon, this route of LPS translocation within
chylomicrons may not be so important after all. Within body fluids LPS is bound to
LPS-binding protein (LBP). This LPS:LBP complex transfers LPS to CD14 being
expressed predominantly on the surface of monocytes and macrophages. In return,
the LPS:CD14 complex activates pro-inflammatory cytokine secretion via TLR4 and
MD-2 [115]. It has been reported that metabolic endotoxemia induced by four weeks
of HFD intervention or by subcutaneous chronic LPS infusion, elevates plasma levels
of cytokines such as TNF, IL-1 and IL-6 in liver, adipose tissue and muscle [2]. Taken
together, a metabolic endotoxemia is considered to deteriorate the inflammatory tone
of the host.
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1.6 Aim of the project

The aim of the present study was to investigate in mice the impact of feeding diets
with increasing fat content on gut barrier integrity and gastrointestinal hormone
secretion. Special emphasis was given to the dietary fat content and fat source, the
length of the feeding period and housing conditions. Permeability features of the gut
were assessed via electrophysiological measurements in Ussing chambers. In
addition, inflammatory markers, microbiota composition and bile acid production were
studied in particular in a trial assessing the effects of two different housing conditions.
Furthermore, the influence of a HFD intervention on enteroendocrine secretion was
assessed in vivo and in vitro. In particular, bile acid- and short-chain fatty acid-
induced GLP-1 secretion from murine primary colonic cell cultures was investigated

including intracellular calcium signaling and gene expression analysis.
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2 Materials and Methods

2.1 Materials

2.1.1 Equipment and software applications

Table 3: Equipment

Equipment Type Company
Confocal microscope FLUOVIEW FV10i Olympus, Tokyo, Japan
Digital microscope M8 PreciPoint, Freising, Germany

Disperser

Electrophoresis chamber
Embedding station
Evaporator

Freeze Dryer
Glucometer

Infrared imaging system
Incubator

Inverted contrasting
microscope

Laminar flow hood
LC System
LC Column

Live cell imaging perfusion
system

Mass spectrometer
Microplate reader

Microwave
Mixing instrument

Multichannel voltage-
current-clamp

Multistainer
Spectrophotometer

Tissue processor
Thermal cylcer

Ultrasonic power
Voltage-sensing electrodes

Water Bath
Rotary microtome

Kinematica Polytron™ PT
1600E

Mini-PROTEAN® 3 cell
AP280

SPD111V SpeedVac
Christ Alpha 1-4 LD
FreeStyleLite
Odyssey”
CO,-Incubator

Leica DM IL

Heraeus® HERAsafe® KS
1260 Infinity

Luna® 5 um C18(2) 100 A,
250 x 4.6 mm

Luna® 5 pm C18(2) 100 A,
150 x 4.6 mm

POC-R2

QTRAP® 5500 System

Varioskan™ Flash Multimode

Reader

Micromat 15
Thermomix compact
VCC MCs,

ST5020

Ultrospec 3100 pro
NanoDrop 1000,
TP1020

Light cycler480
Mastercycler ep realplex
TPersonal

UP200S

DRIREF-5SH

WCB-11H
HM 355 S

Thermo Fisher Scientific, Waltham,
USA

BioRad, Hercules, USA

Microm, Walldorf, Germany
Thermo Fisher Scientific, USA
SciQuip, Newtown, UK

Abbott Laboratories, lllinois, USA
LI-COR, Lincoln, USA

Binder, Tuttlingen, Germany
Leica, Solms, Germany

Thermo Fisher Scientific, USA
Agilent Technologies, Santa Clara, USA
Phenomenex, Torrance, USA

Phenomenex, Torrance, USA
PeCon, Erbach, Germany

AB Sciex, Framingham, USA

Thermo Fisher Scientific, Waltham,
USA

AEG, Frankfurt, Germany
Eppendorf, Hamburg, Germany

Physiologic Instruments, California,
USA

Leica, Solms, Germany

GE Healthcare, Buckinghamshire, UK
pegLab, Erlangen, Germany

Leica, Solms, Germany

Roche, Basel, Switzerland
Eppendorf, Hamburg, Germany
Biometra, Goettingen, Germany
Hielscher, Teltow, Germany

World Precision Instruments, Florida,
USA

Witeg, Wertheim, Germany
Microm, Walldorf, Germany
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Table 4: Software applications

Software packages

Company

Acquire and Analyze 2.3
Analyst®

FV10-ASW 4.1 Viewer
GraphPad Prism 6
Image studio'" lite

LAS AF lite

LightCycler® 480
Microsoft Excel
Microsoft Word

Physiological Instruments, San Diego, USA

AB Sciex, Framingham, USA
Olympus, Tokyo, Japan

GraphPad Software, San Diego, USA
LI-COR, Lincoln, USA

Leica, Solms, Germany

Roche, Basel, Switzerland

Microsoft, Redmond, USA

Microsoft, Redmond, USA

2.1.2 Chemicals, media and consumables

Table 5: Chemicals and reagents

Chemical

Company

5 PRIME'" Isol-RNA lysis reagent
Acetonitrile

Agarose

Ammonium acetate

Ammonium persulfate (APS)
Bovine serum albumin (BSA) Fraction V
Bromphenolblue

CaCl,

Carbogen gas

Citric acid

Chenodeoxycholic acid
Chloroform

Cholic acid

Collagenase from Clostridium histolyticum

cOmplete, Mini, EDTA-free
4’,6-diamidino-2-phenylindole (DAPI)
Deoxycholic acid

Dithiothreitol (DTT)

Ethanol

Ethylenediaminetetraacetic acid (EDTA)

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-

tetraacetic acid (EGTA)
Eserine

Fluorescein, sodium salt
Fluorescein isothiocyanate-dextran
Formaldehyde solution 37 %
Forskolin

Formic acid

Fura-2, AM

Glucose

Glycine

Glycerol

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, St.Louis, USA

Lonza, Basel, Schweiz
Sigma-Aldrich, St.Louis, USA

Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany

GE Healthcare, Buckinghamshire, UK
Carl Roth, Karlsruhe, Germany
Linde, Munich, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St.Louis, USA

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA

Roche, Basel, Switzerland
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
AppliChem, Darmstadt, Germany
Merck Millipore, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA

Thermo Fisher Scientific, Waltham, USA
Carl Roth, Karlsruhe, Germany

Merck Millipore, Darmstadt, Germany
Merck Millipore, Darmstadt, Germany
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Hexane

Igepal CA-630

lonomycin

3-isobutyl-1-methylxanthine (IBMX)
Isoflurane

Isopropyl alcohol

KCI

KH,PO,

Lithocholic acid

Matrigel® Basement Membrane Matrix
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)

B-Mercaptoethanol

Methanol

MgCl,

NaCl

NaHCO;

NaH,PO,

Na,HPO,

Paraplast X-TRA®
Phenylmethanesulfonyl fluoride (PMSF)
Pluronic F127

Protein assay dye reagent concentrat
PYROSPERSE ' Dispersing Agent
Roti®-Mount FluorCare
Rotiphorese®Gel 30

Saponin

Sodium dodecyl sulphate (SDS)
N,N,N’,N’-Tetramethylethylenediamine (TEMED)
Tri-Natriumcitrat Dihydrat
Tris(hydroxymethyl)aminomethane (Tris)
Tween®20

Water, LC-MS Reagent

Xylene

Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Baxter, Deerfield, USA
Sigma-Aldrich, St.Louis, USA
Carl Roth, Karlsruhe, Germany
Merck Millipore, Darmstadt, Germany
Sigma-Aldrich, St.Louis, USA
Corning, Corning, USA

Carl Roth, Karlsruhe, Germany

Merck Millipore, Darmstadt, Germany
Merck Millipore, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Merck Millipore, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St.Louis, USA

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St.Louis, USA
BioRad, Hercules, USA

Lonza, Basel, Schweiz

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St.Louis, USA
SERVA Electrophoresis, Heidelberg, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Merck Millipore, Darmstadt, Germany
SERVA Electrophoresis, Heidelberg, Germany
J.T. Baker, Center Valley, USA

Carl Roth, Karlsruhe, Germany

Table 6: Commercial media and solutions for cell culture

Medium

Company

Dulbecco’s Modified Eagle’s Medium — high
glucose

Dulbecco’s Phosphate Buffered Saline
Fetal calf serum

L-glutamin

Penicillin/steptomycin

Sigma-Aldrich, St.Louis, USA

Sigma-Aldrich, St.Louis, USA
Merck Millipore, Darmstadt, Germany
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
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Table 7: Consumables

Consumables

Type

Company

Fine forceps

Insect pin
Microcentrifuge tube
Microscope slides

Micropestles
Microvette 500
Nitrocellulose membrane

Plastic paraffin film
Tissue culture dish
Tissue culture test plates
Tissue culture test plates

Dumont #5
Minutien (0.15 x 12mm)
TubeOne®
SuperFrost Ultra Plus®

Potassium-EGTA

Whatman™10401196
Protran™ BA85

Parafim®
2 54 mm
6-well
24-well

FST, Heidelberg, Germany
Bioform, Nlrnberg Germany
Starlab, Hamburg, Germany

Menzel-Glaser, Braunschweig,
Germany

Eppendorf, Hamburg, Germany
Sarstedt, Nimbrech, Germany
GE Healthcare, Buckinghamshire, UK

Brand, Werheim, Germany

TPP, Trasadingen, Switzerland
TPP, Trasadingen, Switzerland
TPP, Trasadingen, Switzerland

2.1.3 Buffers and solutions

Table 8: Krebs buffer (carbogen-gassed, pH 7.4)

Chemical Concentration
NaCl 114 mM
NaHCO; 21 mM
KCI 5.4 mM
Na,HPO, 2.4 mM
CaCl, 1.2 mM
MgCl, 1.2 mM
NaH,PO, 0.6 mM
Glucose 10 mM

Table 9: 10xPhosphate buffered saline (pH 7.4)

Chemical Concentration
NaCl 1.37 M
KCI 27 mM
Na,HPO, 100 mM
KH,PO, 18 mM

Table 10: Lysis buffer for western blotting (pH 7.4)

Chemical Concentration
Tris 100 mM
NaCl 200 mM
EDTA 2 uM
Glycerol 8 %
DTT 1.25 uM
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Table 11: 4xLaemmli buffer (pH 6.8)

Chemical Concentration
SDS 8 %
Glycerol 20 %
B-Mercaptoethanol 20 %
Bromphenolblue 0.4 %
Tris 250 mM

Table 12: 3xResolving gel buffer (pH 8.8)

Chemical Concentration
Tris 1.12M
SDS 0.3%

Table 13: 1xStacking gel buffer (pH 6.8)

Chemical Concentration
Tris 0.14 M
SDS 0.1%

Table 14: 1xRunning buffer

Chemical Concentration
Tris 125 mM
Glycine 960 mM
SDS 5%

Table 15: Transfer buffer

Chemical Concentration
Tris 20 mM
Glycine 150 mM
Methanol 20 %
SDS 0.02 %

Table 16: Citrate buffer (pH 6.0)

Chemical Concentration
Citric acid 1.8 mM
Tri-Natriumcitrat 8.2 mM
Dihydrat

Table 17: 138 Buffer (pH 7.4)

Chemical Concentration
KCI 4.5 mM
NaCl 138 mM
NaHCO; 4.2 mM
NaH,Po, 1.2 mM
CaCl, 2.6 mM
MgCl, 1.2 mM
HEPES 10 mM
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Table 18: Lysis buffer for primary cell

cultures

Chemical Concentration
Deoxycholic acid 12 mM
Igepal CA-630 1%
Tris 50 mM
NaCl 150 mM
cOmplete, Mini, 1 tablet/50 ml
EDTA-free

Table 19: Bile acid standard mix in MetOH: water (1:1)

Chemical

Company

Concentration

Chenodeoxycholic acid

Cholic acid

Dehydrocholic acid

Deoxycholic acid

Sodium glycochenodeoxycholate
Glycocholic acid hydrate

Sodium glycodeoxycholate
Sodium glycoursodeoxycholatet
Lithocholic acid

w-Muricholic acid

Sodium taurolithocholate
Ursodeoxycholic acid

Sodium taurochenodeoxycholate
Sodium taurocholic acid hydrate
Sodium taurodeoxycholate hydrate
Tauro muricholic acid

Sodium tauroursodeoxycholatet

Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Calbiochem, Sandhausen, Germany
Calbiochem, Sandhausen, Germany
Sigma-Aldrich, St.Louis, USA
Steraloids, Newport, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Steraloids, Newport, USA
Calbiochem, Sandhausen, Germany

100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm
100 nm

Table 20: Bile acids internal standard

mix in methanol: water (1:1)

Chemical

Company

Concentration

d4-Deoxycholic acid
d4-Cholic Acid
d4-Glycoursodeoxycholic acid
d4-Glycodeoxycholic acid
d4-Glycocholic acid
d5-Taurocholic acid

C/D/N Isotopes, Quebec, Canada
Campro Scientifi, Berlin; Germany
C/DIN Isotopes, Quebec, Canada
C/D/N Isotopes, Quebec, Canada
C/DIN Isotopes, Quebec, Canada
C/D/N Isotopes, Quebec, Canada

1 uM
1 uM
1 uM
1 uM
1 uM
1 uM
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2.1.4 Kits, antibodies and primers

Table 21: Commercial kits and enzymes

Kits and enzymes

Company

Cholesterol liquicolor mono

DPP IV Inhibitor

dNTP Mix

Glucagon Like Peptide-1 (Active) ELISA
LightCycler 480 Probes Master

Limulus amebocyte lysate chromogenic endpoint
assay

M-MLV Reverse Transcriptase

Mouse GLP-2 ELISA

Mouse IL-6 Kit V-PLEX

Mouse/Rat Total Active GLP-1, Insulin, Glucagon Kit
PageRuler™ Prestained Protein Ladder
QlAshredder

QuantiTect SYBR® Green RT-PCR Kit
Rat/Mouse GIP (total) ELISA

Rnasin® Ribonuclease Inhibitor

Rneasy Protect Mini Kit

SensiMix™ SYBR® No-ROX Kit
Triglyerides liquicolor mono

Human Gesellschaft fir Biochemica und
Diagnostica mbH, Wiesbaden, Germany

Roche, Basel, Switzerland

Bioline, London, UK

Merck Millipore, Darmstadt, Germany
Roche, Basel, Switzerland

Hycult® biotech, Plymouth Meeting, USA

Promega, Madison, USA

BioVendor R&D, Brno, Czech Republic
Meso Scale Discovery, Rockville, USA
Meso Scale Discovery, Rockville, USA
Thermo Fisher Scientific, Waltham, USA
Qiagen, Venlo, Netherlands

Qiagen, Venlo, Netherlands

Merck Millipore, Darmstadt, Germany
Promega, Madison, USA

Qiagen, Venlo, Netherlands

Bioline, London, UK

Human Gesellschaft fir Biochemica und
Diagnostica mbH, Wiesbaden, Germany

Table 22: Primary antibodies for western blotting (WB) and immunohistochemistry (IHC)

Raised against Host Dilution Application = Company
species

anti-B-actin goat 1:4000 WB Santa Cruz Biotechnology, Dallas, USA
anti-claudin-2 rabbit 1:200 WB Immuno-Biological Laboratories
anti-claudin-3 rabbit 1:400 WB Invitrogen'", Carlsbad, USA

1:150 IHC
anti-claudin-5 rabbit 1:500 WB Invitrogen'", Carlsbad, USA

1:150 IHC
Anti-GIP goat 1:200 IHC Santa Cruz Biotechnology, Dallas, USA
Anti-GLP-1 goat 1:200 IHC Santa Cruz Biotechnology, Dallas, USA
anti-JAM-A rat 1:200 WB Santa Cruz Biotechnology, Dallas, USA
anti-occludin rabbit 1:500 WB Invitrogen'", Carlsbad, USA
anti-ZO-1 rabbit 1:500 WB Invitrogen'", Carlsbad, USA

Table 23: Secondary antibodies for western blotting (WB) and immunohistochemistry (IHC)

Raised Host Dilution Fluorophore Application Company

against species

anti-goat IgG donkey  1:12000 IRDye® 800CW WB LI-COR, Lincoln, USA
anti-rabbit IgG  donkey  1:12000 IRDye® 680 WB LI-COR, Lincoln, USA
anti-rat 1gG donkey  1:10000 IRDye® 800CW WB LI-COR, Lincoln, USA
Anti-goat IgG  donkey  1:500 Cy3 IHC Jackson ImmunoResearch,

West Grove, USA
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Table 24: Primer sequences

Gene Name Forward sequence (5’- 3°) Reverse sequence (5°- 3’)
Abcb11 TGGTAGAGAAGAGGCGACAAT TGAGGTAGCCATGTCCAGAA
Actin ATTGTTACCAACTGGGACGA GAGCATAGCCCTCGTAGATG

B Klotho AACAGCTGTCTACACTGTGGG ATGGAGTGCTGGCAGTTGATC
Cyp7ai AGCAACTAAACAACCTGCCAG GTCCGGATATTCAAGGATGCA
Cyp27at TACACCAATGTGAATCTGGC TAACCTCGTTTAAGGCATCC
Dpp4 AGGATCACATCGACAGGAGA ATCCACACTGTCTTGGGGTA
Fabp6 IBABP CAAGGCTACCGTGAAGATGGA CCCACGACCTCCGAAGTCT
Fgf15 AGACGATTGCCATCAAGGACG GTACTGGTTGTAGCCTAAACAG
Fofr4 CAGAGGCCTTTGGTATGGAT AGGTCTGCCAAATCCTTGTC
Gapdh CCTGGAGAAACCTGCCAAGTATG GAGTGGGAGTTGCTGTTGAAGTC
Gceg TGCTTATAATGCTGGTGCAA TTGGTGTTCATCAACCACTG
Gip GTGGCTTTGAAGACCTGCTC AAGTCCCCTCTGCGTACCTT
Gpbar1 TGR5 CCCTGGCAAGCCTCATCGTC TGTGAGCAGCCCGGCTAGTA
Nri1h2 LXR-B GCAACATGATCTCAATGGTG AGCCCAAAGTCACGCCC

Nr1h3 LXR-a TGTTTCTCCTGATTCTGCAA TGACTCCAACCCTATCCCT
Nrih4 FXR GCAGGGAGAAAACGGAAC TCTGTACATGACTGGTTGCC
Ntcp GCCACACTATGTACCCTACGTC TTTAGTCGGAAGAGAGCAGAGA
Shp CGATCCTCTTCAACCCAGATG AGGGCTCCAAGACTTCACACA
Slc10a2 ASBT TGGGTTTCTTCCTGGCTAGACT TGTTCTGCATTCCAGTTTCCAA
Sic51a Ost-a TACAAGAACACCCTTTGCCC CGAGGAATCCAGAGACCAAA
Sic51b Ost-B GTATTTTCGTGCAGAAGATGCG TTTCTGTTTGCCAGGATGCTC

Table 25: Primer sequences and probes using the Universal Probe Library (UPL)

Name UPL Forward sequence (5’- 3°) Reverse sequence (5°- 3’)
number

Gapdh #9 TCCACTCATGGCAAATTCAA TTTGATGTTAGTGGGGTCTCG

Saa3 #26 ATGCTCGGGGGAACTATGAT ACAGCCTCTCTGGCATCG

Tnf #49 TGCCTATGTCTCAGCCTCTTC GAGGCCATTTGGGAACTTCT

Mcp1 #62 CATCCACGTGTTGGCTCA GATCATCTTGCTGGTGAATGAGT

p #78 TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG

Hprt #95 TCCTCCTCAGACCGCTTTT CCTGGTTCATCATCGCTAATC
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2.2 Methods

2.2.1 Mice, husbandry and diets

AKR/J, C57BL/6J, C57BL/6N and SWR/J mice were bred in the specific pathogen-
free (SPF) animal facility at the WZW School of Life Sciences of the Technische
Universitat Minchen in Freising-Weihenstephan (Germany). Depending on the
experimental setting, mice were housed in the SPF animal facility or were transferred
to the conventional (CV) animal facility at the Kleintierforschungszentrum WZW. The
SPF and the CV husbandry conditions are complied in Table 26. For health
monitoring, animals in the two husbandries were monitored following the Federation
of European Laboratory Animal Science Associations (FELASA) recommendations
[128, 129]. All animal experiments were performed in compliance to the
recommendations of the FELASA and to the Animal Welfare Act (District Government
of Upper Bavaria). All diets (Table 27) used for this work were either ordered from

Ssniff (Soest, Germany) or from SAFE diets (Augy, France).

Table 26: Parameters for the husbandry in the conventional (CV) and the specific pathogen-free (SPF)
animal facility

Parameter cv SPF

Temperature 2212 °C 2212 °C

Humidity 5015 % 55 5%

Light: dark cycle 12h:12h 12h:12h

Caging system open type individually ventilated
Experimental diet irradiated irradiated

Water deionized deionized and autoclaved
Bedding not autoclaved autoclaved

Access

e (Clothing and shoes one change two changes

e Mask, gloves and hairnet yes yes

e Air shower no yes

Experimental setting 1: Plant-based high-fat diet and mouse strains with different

susceptibility to diet-induced obesity

Male 8-week old SWR/J, C57BL/6J or AKR/J mice received a plant-based control
diet (pCD, 13 kJ% fat based on soy oil, S5745-E720, Ssniff) for 4 weeks. At the age
of 12 weeks the diet was either switched to plant-based high-fat diet (pHFD48,
48 kJ% fat based on soy and palm oil, S5745-E722, Ssniff) or mice were fed the pCD
for 4 more weeks. This dietary intervention was conducted in the SPF animal facility.
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Experimental setting 2: Plant-based high-fat diet intervention differing in feeding

period and fat content

At the age of 8 weeks, male C57BL/6J mice were exposed to the pCD for 4 weeks.
At the age of 12 weeks the diet was either switched to the pHFD48 for 1, 4, 8, 12 or
24 weeks. Control groups were continuously fed the pCD for the respective feeding
periods. The 4 and 12 weeks feeding trials were conducted with an increased fat
content of 61 kd% in the high-fat diet (pHFD61, 61 kd% fat based on soy and palm
oil, S5745-E714, Ssniff) as well. All feeding trails of this experiment were conducted
in the SPF husbandry.

Experimental setting 3: Lard-based high-fat diets with increasing fat proportion

At the age of 8 weeks, 24 male C57BL/6J mice were fed a lard/corn oil-based control
diet (ICD, 13 kd% fat, S5745-E707, Ssniff) for 4 weeks. Afterwards, 6 mice per group
remained on ICD or were switched to lard/corn oil-based high-fat diets with increasing
fat contents: IHFD48 (48 kd% fat, S5745-E717, Ssniff), IHFD75 (75 kJ% fat,
S5745-E727, Ssniff), IHFD78°% (78 kJ% fat and carbohydrate-free, 236 HF U8954V1,
SAFE). As a control, 8-weeks old C57BL/6J mice were fed the pCD used in the
former experimental settings. The whole experiment was conducted in the SPF

animal facility.

Experimental setting 4: Beef tallow-based high-fat diets in different animal facilities
Male 10-week old C57BL/6N mice were fed either a control diet (CD, 11 kd% fat
based on soy oil, E15000-04, Ssniff) or a beef tallow-based high-fat diet (HFD,
60 k% fat based on soy oil and beef tallow, E15741-34, Ssniff) for 12 weeks. This
experiment was performed in both, the SPF and the CV animal facility.

Experimental setting 5: Short-term beef tallow-based high-fat diet intervention

Male 6-week old C57BL/6N mice were fed either a control diet (CD, 11 kd% fat based
on soy oil, E15000-04, Ssniff) or a beef tallow-based high-fat diet (HFD, 60 kJ% fat
based on soy oil and beef tallow, E15741-34, Ssniff) for 4 weeks. This experiment

was conducted in the CV animal husbandry.
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Table 27: Composition of the diets

pCD pHFD48 pHFD61 ICD IHFD48 IHFD75 IHFD78° CD HFD
Order number S5745-E720  S5745-E722  S5745-E714  S5745-E707  S5745-E717  S5745-E727 236 HF E15000-04 E15741-34
U8954V1

Company Ssniff Ssniff Ssniff Ssniff Ssniff Ssniff SAFE Ssniff Ssniff
Composition [kJd%)]

Protein 23 18 16 23 18 14 22 23 19

Fat 13 48 61 13 48 75 78 11 60

Carbohydrates 64 34 23 64 34 11 0 66 21

48 k%

61 k%
fat

13 kJ%

48 k%

75 k% 78 kd%

11 kd%

60 kd%

13 kJ% fat fat fat fat fat fat fat fat
Source [kg%]
Protein
Casein 24 24 24 24 24 24 37 24 27.7
Fat
Beef tallow 31.5
Lard 1.5 17.7 35 35
Corn oil 3.5 7.3 14.5 14.5
Palm oil 20 30
Soybean oil 5 5 5 4 3.1
Carbohydrates
Corn starch 47.8 27.8 3.3 47.8 27.8 3.3 30
Glucose 10
Maltodextrin 5.6 5.6 5.6 5.6 5.6 5.6 19.6 15.7
Sucrose 5 5 5 5 5 5 8
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2.2.2 Electrophysiological measurements

Ussing chamber

The Ussing chamber was developed in the 1950s by Hans Ussing and his colleague
Zerahn. They isolated frog skin and studied the active transport of sodium as the
source of the electric current [130]. Since then, this method has been adapted to
examine different epithelial tissues such as respiratory, ocular and particularly
intestinal tissue [131]. In the gut, the transcellular transport of ions, nutrients and
drugs across the epithelium or the passive movement through the paracellular route

are analyzed.

serosal luminal
reservoir reservoir
4 ) 4 )

M1

//
©Oo 00 50

© O o0 o

| (

ﬂ /_ 3 current

source

_E_

n |
— serosal luminal p—

2
side :-j side

Figure 4: Experimental setup of an Ussing chamber. (1) In the chamber, the epithelium separates the luminal

(yellow) from the serosal side (blue). A fluorescent permeability marker is added to the luminal side. (2) Agar
bridges connected to voltage-sensing electrodes are placed at the epithelium, whereas (3) current (Ag/AgCl)
electrodes apply defined pulses to the tissue. The water jacket (grey) heats the Krebs buffer to 37°C.
(4) Carbogen gas induces circulation of the Krebs buffer.

The Ussing chambers used (Figure 4) consisted of two chamber parts. Between
these two parts the intestinal tissue was mounted vertically as a flat sheet and it
divided in this way the chamber into a luminal and a serosal halve. The chamber
halves were connected to the circulation reservoirs. They were filled with ‘Krebs

buffer’ (Table 8) which was warmed-up to 37°C (Table 3) and bubbled with carbogen
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gas (gas mixture of 95% O, and 5% CO,, Table 5). The transepithelial potential
difference (PD;) was measured by a multichannel voltage-current-clamp (Table 3).
Therefore, 3.5% agar bridges were placed next to the tissue and connected to
voltage-sensing electrodes (Table 3) via a 3 M KCI solution. Additionally, current
Ag/AgCl electrodes were placed at the outer end of each chamber halve. They were
connected to the clamp device as well and thus it was possible to apply defined
current pulses to the tissue. The area of the mounted tissue had a surface of
0.287 cm?

Tissue preparation

Mice were sacrificed by an overdose of Isoflurane (Table 5); the intestine was
dissected and placed in ice-cold carbogen-gassed ‘Krebs buffer’ (Table 8). 1.5 cm
pieces of the jejunum (centre of the small intestine), distal ileum (end of the small
intestine) and proximal or distal colon (beginning and end of the colon) were placed
in Sylgard® plates filled with ice-cold Krebs puffer. Intestinal tissue samples were
opened along the mesenteric border, pinned with insect pins (Table 7) on a piece of
Parafilm® (Table 7) using fine forceps (Table 7). Finally, the tissues were mounted as
flat sheets in the chambers.

Bath correction and zeroing of voltage-sensing electrodes

The ‘Krebs buffer’ (also called bath solution) influences the transepithelial resistance
(TER) per se. Therefore, as a control, Ussing chambers were operated solely with
bath solution (no tissue). All measurements were corrected by subtraction of the
average blank value recorded. Prior to each measurement, the voltage-sensing
electrodes were referenced and set to 0 mV.

Transepithelial resistance

TER is a valuable parameter for assessing the integrity of the intestine. After
mounting, the chambers were inserted into the gripping devices and connected to the
reservoirs. Luminal and serosal sides of the Ussing chambers were filled
simultaneously with preheated carbogen-gassed Krebs puffer (pH 7.4). During the
measurement both sides of the chambers were continuously bubbled with carbogen
gas and the temperature was maintained by a water jacket at 37°C. Tissues were
equilibrated for 45 min and the TER at the end of the equilibration period was used
for further analysis. At the end of the experiment, 50 ul of 1 M EGTA solution were
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added on both sides of the chamber to induce a break of the intestinal barrier; the
remaining TER was determined as well.

During the whole experiment, the chambers were operated in the current-clamp
configuration; thereby the transepithelial potential difference (APD;) was measured.
In order to calculate the TER (R;), defined current pulses (Al) were applied to the
tissues (20 uA for 500 ms every 20 sec). The resulting temporary changes of the
transepithelial potential differences (APD;) allowed computing the transepithelial

resistance (R;) according to the Ohm’s law:

r=Y
I
R resistance [Q]
U voltage [V]
I current [A]
_APD,

LAl
R transepithelial resistance [kQ cm?]
APD; transepithelial potential difference [mV]
Al current [MA cm™]

The TER was given as Q cm?tissue. All experiments were recorded and analyzed

using the ‘Acquire and Analyze 2.3’ software (Table 4).

Flux and permeability of paracellular markers

Beside the TER, paracellular permeability was determined to evaluate the integrity of
the intestinal tissue. The paracellular permeability can be estimated using the flux of
paracellular markers. Tissues were equilibrated for 45 min in the presence of
62.5 uM fluorescein (MW 332 g/mol) or 62.5 uM FITC-dextran (average MW 3,000-
5,000 g/mol) on the luminal side. At the end of the equilibration period at time points
45 min (t4) and 60 min (t2) samples were collected from the serosal bath. The
fluorescence intensity was measured at 485/520 nm in a microplate reader (Table 3),
the concentration of the paracellular marker was computed and the flux (J) was
calculated according to the following equation:

_(02—01)'V

/= (t;—t))-A
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J: flux

C1, Co: concentration on the serosal side at time point 1 respectively 2
Vv volume of the chamber

tq, t2 time point 1 respectively 2

A tissue area exposed to fluorescence marker

The permeability of a paracellular marker was calculated by dividing the flux (J) by
the difference of concentration of the paracellular marker between the luminal bath
and the serosal bath in the beginning of the experiment.

)
c
P permeability
flux
c difference of permeability marker concentration between luminal and

serosal sides at time point 0 min

2.2.3 Molecular biological methods

RNA isolation from tissue

For ribonucleic acid (RNA) isolation, the commercial ‘RNeasy Protect Mini Kit’ (Table
21) was used. 20 mg of ground frozen tissue (right lobe of the liver or the right
epididymal adipose tissue) were thawed in 650 ul ‘RTL lysis puffer’ containing 10 mM
DTT and homogenized with micropestles (Table 7). Adipose tissue was homogenized
using a syringe with a 24 G cannula, whereas 400 pl of liver homogenates were
transferred to QlAshredder (Table 21) and centrifuged at 20000 x g for 2 min.

For RNA isolation from intestinal tissue, 30 mg of ground, frozen tissue were
homogenized with 1 ml ‘5 PRIME™ Isol-RNA lysis reagent’ (Table 5). Samples were
centrifuged at 2500 x g for 5 min at 4°C and transferred to new tubes. To each tube
200 pl of chloroform were added and mixed thoroughly for 15 sec. After incubation
for 5 min at room temperature, samples were centrifuged at 12000 x g for 15 min at
4°C. The aqueous phase was transferred to a new tube and 500 pl of 75% ice-cold
ethanol added. Subsequently, RNA was isolated according to the manufacturer’s
instruction.  Yield and quality of the isolated RNAs were verified

spectrophotometrically (Table 3).
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RNA isolation from primary colonic cell cultures

Primary colonic cell cultures were cultivated as described in 2.2.9. After 24 h cells
were washed three times with ‘138 Buffer’ (Table 17). After adding 200 pl of
‘5 PRIME™ Isol-RNA lysis reagent' (Table 5) to each well, cultures were harvested
using cell scrapers and subsequently lysed by pipetting up and down. The lysates of
three wells were pooled in one tube and stored at -80°C until further processing. To
each tube 120 ul of chloroform were added and a vigorous shake was given for
15 sec. After 5 min of incubation, samples were centrifuged at 12000 x g for 15 min
at 4°C. The aqueous phase was removed, transferred to a new tube and one volume
of 100% ice-cold ethanol was added and mixed by pipetting up and down. The RNA-
ethanol mix was transferred to the columns of the’ RNeasy Protect Mini Kit' (Table
21). Subsequently, RNA isolation was performed according to manufacturer’'s
instruction.  Yield and quality of the isolated RNAs were determined
spectrophotometrically (Table 3).

One-step real-time reverse transcription PCR

For simultaneous amplification and quantification of target genes the ‘QuantiTect
SYBR® Green RT-PCR Kit' (Table 21) was used. 10 ng of mRNA, 0.5 pM forward
and reverse primers (Table 24), 10 ul of ‘QuantiTect SYBR Green RT-PCR Master
Mix’, 0.2 pl of ‘QuantiTect RT Mix’ and 7.8 ul of PCR water were pipetted in a cooled
96-well plate. Afterwards, the plate was sealed and centrifuged at 300 g for 1 min.
The one step reverse transcription PCR was performed in the ‘Mastercycler ep
realplex’ (Table 3) according to the program given in Table 28. Relative mRNA
expression was calculated using the 24%? method and normalized for the expression
of the housekeeping genes Gapdh and B-Actin. Data were expressed as fold change
(mice on control diet set to 1).

Table 28: Programme for one-step real-time RT-PCR

Step Temperature [°C] Time [sec] Cycles
Reverse transcription 50 1800
_Initialization 95 . 900
Denaturation 95 15
Primer Annealing 60 30 40
_Elongation .72 .. 30
Melting curve 60 to 95 1200
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Two-Step-PCR
Reverse transcription PCR

For cDNA synthesis 1 ug RNA and 200 ng hexanucleotide primers were used and
adjusted to a final volume of 14 pl with RNAse-free water and incubated at 70°C in a
thermal cycler (Table 3) for 5 min. Afterwards, samples were immediately placed on
ice for 5 min. Then ‘1 ul M-MLV Reverse Transcriptase’ (Table 21), 5.0 ul 'M-MLV RT
5x Reaction buffer’, 25 U ‘Recombinant RNAsin’ (Table 21), 0.5 mM ‘dNTP Mix’
(Table 21) were added and the volume was adjusted to 25 pl with RNAse-free water.
Samples were incubated for 50 min at 48°C and then for 15 min at 70°C. The cDNA

was stored at -20°C.

Quantitative real-time PCR for analysis of gene expression of inflammatory markers

Quantification of gene expression was conducted using mono color hydrolysis probes
from the Universal Probe Library (UPL, Roche). 1 ug of cDNA, 8 nM forward and
reverse primers (Table 25), 4 nM of the probe (Table 25), 5 ul of ‘LightCycler 480
Probes Master Mix’ (Table 21) were filled up with PCR water to 10 ul and pipetted in
a cooled 96-well. Afterwards, the plate was sealed and briefly centrifuged. The gPCR
was performed in a ‘LightCycler 480’ (Table 29). Relative mRNA expression was
calculated using the equation 2*2°9 and normalized to expression of the
housekeeping genes Gapdh and Hprt. Data were expressed as fold changes versus

mice on CD housed in the SPF facility.

Table 29: qRT-PCR program for analysis of gene expression of inflammatory markers

Step Temperature [°C] Time [s] Cycles
_Initial denaturation 9 .80
2 step cycle 95 5 45
___________________________________ 60°C A0
Cooling 40°C 30

Quantitative real-time PCR for analysis of gene expression in enterohepatic

circulation and qut hormones

Gene expression in the enterohepatic circulation and gut hormones was analyzed
using the fluorescence dye SYBR Green. Therefore, 1 ug cDNA, 1ul of forward and
reverse primers (2.5 uM, Table 24), 5ul of ‘SensiMix™ SYBR® No-ROX’ (Table 21)
were filled up with PCR water to 10 ul and pipetted into a 384-well plate. The plate
was sealed and centrifuged for a few seconds. The analysis was recorded in a
‘LightCycler 480’ (Table 29). At the end of the run, a melting curve analysis was
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generated to assess primer specificity and interfering side products. Relative mRNA
expression was calculated using the 2229 method and normalized to expression of
the housekeeping gene Gapdh. Data were expressed as fold changes vs. mice on
CD.

Table 30: gqRT-PCR program for analysis of gene expression in the enterohepatic circulation and gut

hormones

Step Temperature [°C] Time [s] Cycles
_Initial denaturation ¢ 9 420

Denaturation 95 10

Primer Annealing 60 15 45
_Elongation ... 12 NS

Melting curve 60 to 95 600

Protein extraction from tissue

Frozen intestinal tissues of the jejunum and colon were ground and 40 mg portions
were homogenized in 500 pl of ‘Lysis buffer’ containing 2 mM PMSF (Table 10) three
times for 20 sec by a disperser (Table 3). Subsequently, the homogenates were
treated five times by ultrasound (Table 3). Afterwards, samples were centrifuged at
660 x g for 5min at 4°C. For further purification supernatants containing (total)
cellular proteins were centrifuged at 20000 x g for 1 h at 4°C. The supernatant was
collected for analysis of cytosolic proteins while the sediment containing membrane
proteins was dissolved in 100 pl ‘Lysis buffer’ with 10 mM PMSF and homogenized
by using a 24 G cannula. Concentrations of total, cytosolic and membrane proteins
were quantified according to the Bradford method. For sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) 30 ug of total or membrane protein
were mixed with ‘4xLaemmli buffer’ (Table 11) and heated for 5 min at 95°C.

Bradford assay

Protein concentrations were determined by Bradford assay. At first a standard curve
was defined. 200 ul ‘Protein assay dye reagent concentrate’ (Table 5), 200 ul H»0
and 1 pl standard (100, 250, 500, 750, 1000, 1250 and 500 pg/ml bovine serum
albumin) were mixed in a cuvette and incubated for 10 min. Finally, absorbance at
595 nm was measured in a spectrophotometer (Table 3). The same procedure was

applied to the samples.
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SDS PAGE and Western blot

After preparing the gel casting module (Table 3), either 8.5% resolving gel for the
detection of large proteins (ZO-1) or 10% resolving gel for the detection of smaller
proteins (claudin-2, claudin-3, claudin-5, JAM-A or occludin) were cast. On the top of
each resolving gel a 5% stacking gel was placed. Afterwards, the gels were put in a
vertical electrophoresis system; the chamber was filled with ‘Running buffer’ (Table
14) and samples as well as a molecular weight standard (Table 21) were loaded.
Electrophoresis was carried out for 20 min at 120 V followed by 40 min at 160 V.
After SDS-PAGE, gels were wet blotted in a tank filled with “Transfer buffer’ (Table
15) onto a nitrocellulose membrane (Table 7). For detection of small proteins gels
were blotted for 20 min at 360 mA and for detection of large proteins for 2 h at
200 mA.

8.5% resolving gel 3.45 ml 1x resolving gel puffer (Table 12) , 3 ml
H.0, 2.55 ml Rotiphorese®Gel 30, 100ul APS,
5ul TEMED

10% resolving gel 3 ml 1xresolving gel puffer (Table 12), 3 ml H»0,
3 ml Rotiphorese®Gel 30, 100ul APS, 5ul
TEMED

5% stacking gel 3.2 ml 1xstacking gel puffer (Table 13), 0.6 ml

Rotiphorese®Gel 30, 25ul APS, 5ul TEMED

After blotting, the membranes were washed three times with PBS (Table 9) and
blocked with 1% bovine serum albumin in PBS for 1 h. Membranes were incubated
with the respective primary antibody (Table 22) diluted in 1% BSA in PBS-T
(0.05 % Tween®20) overnight at 4°C. Before incubating for 1.5 h with a secondary
antibody (Table 23), membranes were washed three times with PBS-T for 10 min.
The membrane was then washed three times with PBS and the transferred proteins
were visualized and analyzed with the ‘Odyssey® infrared imaging system’ (Table 3).
Target proteins were normalized to the housekeeper B-actin.

2.2.4 Histology

Tissue processing and hematoxylin and eosin staining

Mice were sacrificed by Isoflurane and the gut was isolated and dissected. 0.5 cm
sections of jejunum (centre of the small intestine) and distal ileum (final end of the
small intestine) were sampled. After dissection, tissues were fixed in

4% formaldehyde solution in PBS (Table 9) overnight. Afterwards, tissues were
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transferred to embedding cassettes, dehydrated under vacuum in a tissue processor
(Table 31) and embedded in paraffin wax (Table 3).

Table 31: Allocation of the tissue processor

Step Solution Time
1 70% EtOH 1h
2 70% EtOH 1h
3 80% EtOH 1h
4 96% EtOH 1h
5 96% EtOH 1h
6 100% EtOH 1h
7 100% EtOH 1h
8 100% EtOH 1h
9 Xylene 1h
10 Xylene 1h
11 Paraffin 1h
12 Paraffin 1h

Tissue sections of 6 um were trimmed with a rotary microtome (Table 3), transferred
to a floating bath, mounted on microscope slides (Table 7) and dried overnight at
37°C. The mounted tissue sections were rehydrated, stained and dehydrated in
16 steps using a multistainer (Table 32).

Table 32: Allocation of the mulitstainer

Step Solution Time
1 Xylene 3 min
2 Xylene 3 min
3 100% EtOH 2 min
4 96% EtOH 2 min
5 70% EtOH 1 min
6 Water 1 min
7 Hemalum 4 min
8 Water 2 min
9 Eosin 2 min
10 70% EtOH 1 min
11 96% EtOH 1 min
12 100% EtOH 1 min
13 100% EtOH 1.5 min
14 Xylene/EtOH 1.5 min
15 Xylene 2 min
16 Xylene 2 min
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Determination of villus length
The determination of villus lengths was performed blinded. The length of a villus was
defined as the distance between the tip of the villus and the centre of a virtual line
marking the base of the villus. Per intestinal segment 10 villi were analyzed using a
digital microscope (Table 3).

2.2.5 Immunohistochemistry

Preparation of primary colonic cell cultures

Primary colonic cell cultures were isolated and cultivated as described in 2.2.9,
washed four times with 2ml of ‘138 Buffer (Table 17) and fixed with
4% formaldehyde solution in PBS (Table 9) for 12 min at room temperature.
Afterwards, the cells were permeabilized with 0.5% saponin in PBS for 15 min.

Preparation of tissue

Tissues were fixed, dehydrated, embedded and trimmed as described in 2.2.4. Then
the slides were placed in a rack and the tissues were deparaffinized and rehydrated
at room temperature according to Table 33. For antigen retrieval, 1 | of citrate buffer
(Table 16) was preheated and then slides were boiled for 20 min in a microwave at
1150 W (Table 3).

Table 33: Scheme for rehydration

Reagent Concentration Time

Xylol 100 % 2 x5 min
Ethanol 100 % 2 X 5 min
Ethanol 100 % 1 x2min
Ethanol 96 % 2 X 2 min
Ethanol 80 % 2 X 2 min
Water 1 x 3 min

Immunofluorescence staining

Specimens were blocked in 1 % BSA in PBS for 30 min at room temperature and
incubated with a combination of the primary antibody (Table 22) and 4',6-diamidino-
2-phenylindole (DAPI, 1:250) diluted in PBS-T (0.05 % Tween-20) in a wet chamber
over night at 4°C. After three washing steps in PBS for 3 min each, specimens were
incubated with the secondary antibody diluted in PBS-T in the dark for 1 h at room
temperature. Afterwards, slides were washed in PBS another three times, then
mounted using fluorescent mounting medium and finally sealed with a cover slip.

Specimens were examined using a confocal laser-scanning microscope (Table 3).
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2.2.6 LC-MS/MS measurements

Extraction for bile acid analysis

Cecal content, feces and liver of mice fed a CD or a HFD were sampled and snap
frozen. For extraction of bile acids from cecal contents and feces, samples were
lyophilized for 8 h (Table 3) and ground. 20 mg of the samples were extracted twice
with 800 pl methanol. Samples were vortexed, shaken on a thermal shaker (Table 3)
at 1000 rpm for 10 min at room temperature and centrifuged at 10000 x g for 30 min
at room temperature. Afterwards, the supernatants of both extraction steps were
pooled; the solvent was evaporated (Table 3) and samples were resolved in 1 ml of
methanol. The extracts were diluted 1:50 in methanol. 50 pul of the sample, 10 pl bile

acid internal standard mix (Table 20) and 50 pl LCMS water were combined in a vial.

For extraction of bile acids from liver, 40 mg of powdered liver were mixed with
800 pl methanol and shaken on a thermal shaker (Table 3) at 600 rpm for 10 min at
room temperature. Samples were vortexed, spun down at 10000 x g for 5 min and
supernatants were collected. The extraction step was repeated, supernatants were
pooled and the methanol was evaporated (Table 3). Lipid extracts were resuspended
in 800 ul of methanol by shaking on a thermal shaker (Table 3) for 10 min at 40°C.
50 ul of the sample, 10 pl bile acid internal standard mix (Table 20) and 50 pul LCMS
water were combined in a HPLC vial. In order to prepare the standard curve in 7.5 pl,
15 ul, 75 pl or 150 pl of bile acid standard mix (Table 19), 10 pl of deuterated internal
standard mix (Table 20) and 500 pl methanol were dried in vials. Finally,
50 pl methanol and 50 pl LCMS water were added.

LC-MS/MS measurement for bile acid analysis

10 ul of bile acid extracts were injected in the LC system (Table 3) [132, 133]. A
gradient (Table 34) of water (eluent A) and acetonitrile (eluent B) both containing
0.005% formic acid and 5 mM ammonium acetate was applied at a flow rate of
600 pl/min to separate the bile acids by a reversed-phase separation (Table 3) at
40°C. The mass spectrometer (Table 3) operated in negative ion mode and the mass
spectra of the analytes were recorded by scheduled multiple reaction monitoring.
Analytes were quantified using the ‘Analyst’ Software (Table 4).
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Table 34: Gradient for LC separation of bile acids

Total time [min] Eluent A [%] Eluent B [%)]
0 -1 70 30
9-11 31 69
12-19 0 100
20-25 70 30

Extraction for C4 analysis

For 7a-hydroxy-4-cholesten-3-one (C4) analysis the liver extract were further
processed by adding 80 ul of 100 ng/ml deuterated C4 standard solution, evaporated
and resolved in 200 pl hexane by shaking in a thermal shaker (Table 3) at 800 rpm
for 10 min at 25°C. Afterwards, the samples were transferred to a new tube,
centrifuged at 13000 x g for 10 min at 20°C and the supernatant transferred to a vial.

LC-MS/MS measurement for C4 analysis

10 pl of C4 extracts were injected in the LC system (Table 3) [133]. A gradient (Table
35) of eluent A (water containing 0.005% formic acid and 5 mM ammonium acetate)
and eluent B (70% acetonitrile and 30% isopropanol containing 0.005% formic acid
and 2.5 mM ammonium acetate) was applied at a flow rate of 1000 pl/min to
separate the C4 by a reversed-phase separation (Table 3) at 40°C. The mass
spectrometer (Table 3) operated in negative ion mode. Analytes were quantified
using the ‘Analyst’ software (Table 4).

Table 35: Gradient for LC separation of C4

Total time [min] Eluent A [%] Eluent B [%)]
0 -1 70 30
6-11 0 100
12-16 70 30

2.2.7 High-throughput 16S ribosomal RNA gene sequencing (carried out by
Dr. Thomas Clavel, TUM)

Frozen fecal samples were processed, sequenced and analyzed by Dr. Thomas
Clavel (Junior Research Group Intestinal Microbiome, ZIEL Institute for Food and
Health, Technische Universitdt Minchen, Freising-Weihenstephan, Germany) and
lias Lagkouvardos (Chair of Nutrition and Immunology, Technische Universitat
Munchen, Freising-Weihenstephan, Germany), as described previously [134].
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2.2.8 Plasma analysis

Plasma hormones and cytokines

6-weeks old C57BL/6N mice were fed a CD or HFD for 4 weeks. Prior to the
experiment, animals were fasted for 2 h (8 a.m. to 10 a.m.) and then sacrificed by
COs,. The blood was collected from the heart by a 1 ml syringe with a 20 G cannula.
Blood glucose levels were measured using a glucometer (Table 3). The collected
blood was transferred to a blood collection tube coated with potassium-EGTA (Table
7). Additionally, 10 ul ‘DPP IV Inhibitor’ (Table 21) was added immediately after
collection. The blood was placed on ice for 15 min and centrifuged at 1200 x g for
20 min at 4°C. Aliquots of the plasma were snap frozen in liquid nitrogen and stored
at -80°C until further processing. Plasma hormone concentrations of GIP, GLP-1,
GLP-2, insulin and IL-6 were analyzed by commercial kits according to
manufacturer’s instruction (Table 21).

Cholesterol and triglycerides

For lipid extraction, 40 mg of ground liver or 20-40 mg lyophilized and ground cecal
content were mixed with 800 ul of chloroform. The homogenates were vortexed and
shaken in a thermal shaker (Table 3) for 10 min at 1000 rpm at room temperature.
Subsequently, 400 pl of methanol were added. The samples were vortexed, shaken
in a thermal shaker (Table 3) at 1000 rpm for 10 min at room temperature and
centrifuged for 5 min at 10000 x g. The lower phase was collected and evaporated.
Finally, samples were resolved in 40 pl of ethanol. Cholesterol or triglyceride
concentrations were analyzed in 3 pl of plasma or 3 pl of liver extract by commercial
kits according to manufacturer’s instruction (Table 21).

Endotoxin

Endotoxin levels in hepatic portal vein plasma were analyzed by the ‘Limulus
amebocyte lysate chromogenic endpoint assay’ (Table 21). Therefore, mice were
sacrificed by an overdose of Isoflurane. Blood was removed from the vena portae
hepatis by a 24 G cannula attached to a syringe flushed with sterile 200 MM EGTA
solution. The blood was transferred to an endotoxin-free microcentrifuge tube (Table
7), kept on ice and within 10 min the sample was centrifuged for 10 min, 3000 x g at
4°C. Plasma (supernatant) was removed and stored at -80°C until further analysis.

Plasma samples were diluted 1:10 in endotoxin-free water and ‘PYROSPERSE™
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Dispersing Agent’ (Table 5) was added to each sample. Afterwards, the assay was

performed according to manufacturer’s instructions.

2.2.9 Primary colonic cell cultures

Isolation and cultivation of murine colonic crypts

Mice in the age of 10 weeks were sacrificed by cerebral dislocation; the colon was
dissected, flushed and placed in a tissue culture dish filled with ice-cold PBS (Table
6). Afterwards, the tissue was chopped into 1 mm pieces with a scalpel, transferred
to a 15 ml tube and washed three times with PBS (Table 6). The washing was
followed by four digestion steps. In all steps 10 ml of 0.4 mg/ml collagenase solution
in DMEM (Table 6) were added and the digestion took place in a water bath at 37°C.
At the end of each digestion step, the tube was shaken for 30 sec and the tissue
pieces were allowed to settle for 45 sec. After the first (10 min) and second (15 min)
digestion period the supernatant was discarded, whereas the supernatants of the
third (15 min) and fourth (15 min) period were collected. During the last two
incubation steps the tube was given a short, vigorous shake every 5 min.
Supernatants were centrifuged at 100 x g for 2 min. The pellet was resuspended in
10 ml ‘culture medium’ (DMEM, 10% FCS, 2 mM L-glutamine,
1 % penicillin/steptomycin) and centrifuged for 2 min at 100 x g. The suspension of
digestion steps 3 and 4 were then combined, centrifuged for 2 min at 100 x g and
resuspended in 3 ml of ‘culture medium’. Enriched crypts were seeded on Matrigel®-
coated (1:50) tissue culture test plates. For hormone secretion experiments or RNA
isolation, crypts were dispensed on 12 wells of a 24-well plate (Table 7), each
containing 500 pl ‘culture medium’. For immunohistochemical analysis the crypt
suspension was spread over 6 Matrigel®-coated cover slips (15 mm x 15 mm) placed
in a 6-well plate. For calcium live cell imaging the crypt suspension was spread over
3 Matrigel®-coated round cover slips (& 42 mm). Cover slips were placed in tissue
culture dish (g 53 mm) filled with 2 ml ‘culture medium’ each. The crypts were
incubated for 24 h at 37°C and 5% CO..

Hormone secretion assay
After 24 h of cultivation, primary colonic cell cultures were washed three times with
‘138 Buffer’ (Table 17) containing 0.1 % BSA. Then the cultures were stimulated with

200 ul of the respective effector solution and incubated at 37°C for 2 h. For baseline
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secretion, cultures were stimulated with ‘138 Buffer’ containing 0.1 % BSA. The
following effectors were applied: 30uM of the primary bile acids cholic acid (CA) or
chenodeoxycholic acid (CDCA), 30uM of the secondary bile acids deoxycholic acid
(DCA) or lithocholic acid (LCA) and 1 mM of the short-chain fatty acid acetate or
propionate. A mixture of 10 mM glucose, 10 uM forskolin and 10 uM 3-isobutyl-1-
methylxanthine (IBMX) was used as positive control for obstaining maximal
stimulation. Afterwards, supernatants were collected and centrifuged at 425 x g for
5 min at 4°C, transferred to new tubes, snap-frozen in liquid nitrogen and stored
at -80°C until analysis of secreted hormones. The remaining cultures on the plate
where immediately exposed to 500ul of ‘Lysis buffer’ (Table 18). After 20 min cultures
were scraped of the culture plate and the cell suspensions were centrifuged and
handled as mentioned above. Active GLP-1 was detected in supernatants and cell
extracts by enzyme-linked immunosorbent assay (ELISA) (Table 21). For ELISA
analysis extracts were diluted 1:8 in ‘Assay buffer’ (supplied by the manufacturer)
and the assay was carried out according to manufactory’s instructions. The amount
of secreted GLP-1 was normalized to the amount of the entire GLP-1 (cell
lysate + secreted) in each well.

Calcium live cell imaging

For measurement of intracellular calcium concentration the fluorescent calcium
indicator fura-2 was applied. The excitation wavelength of fura-2 changes upon
binding to calcium ions. To assess if DCA induces intracellular calcium signaling
primary colonic cell cultures were isolated and cultivated as described before.
Cultures grown for 24 h on round glass cover slips coated with Matrigel® (1:50) were
washed three times with ‘138 Buffer’ (Table 17) containing 10 mM glucose and
inserted in the perfusion chamber (Table 3). Cells were loaded with 1 ml glucose-
containing ‘138 Buffer’ with 7 uM fura-2AM, 0.01 % "/, pluronic F127, 375 uM eserine
(esterase inhibitor) and incubated in the dark for 15 min at 37°C, followed by 15 min
at room temperature. After loading, the chamber was placed in the microscope stage
of an inverted contrasting microscope (Table 3) which was surrounded by an
incubator warming the air to 37°C during the experiment. Moreover, the chamber was
connected to the perfusion system and the perfusion rate was set to 1 ml/min. Fura-2
was excited at 340 nm and 380 nm and the emission was measured at 510 nm as
well. Afterwards, the 340 nm to 380 nm signal ratio was calculated by the ‘Leica
Application Suite’ (Table 4) software.
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In the beginning of the calcium live cell imaging, the system was flushed with
glucose-containing ‘138 Buffer’ until the 340/380 nm ratio was stable. Afterwards,
4 ml of 30 uM, 50 uM or 1 mM DCA solution was added. The change of the
340/380 nm ratio was washed out by 4 ml of glucose-containing ‘138 Buffer‘. Finally,
the system was flushed with 1 ml of 2 uM ionomycin solution as positive control. The
difference between maximal 340/380 nm ration after stimulation with DCA and the
340/380 nm ration at baseline was defined as A relative 340/380 nm ratio.

2.2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism 6. First data were tested
for normal distribution. To evaluate diet and/or facility effects, unpaired two-tailed
t-test, one-way or two-way ANOVA followed by appropriate post hoc test were
applied. Differences were considered as significant if p-values were <0.05 (%),
<0.01 (**), <0.001 (***) or 0.0001 (****). Data are represented as median or

mean + SEM.
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3 Results

3.1 Gut barrier integrity

In 2007, it was reported for the first time, that a high-fat diet (HFD) has the ability to
impair gut barrier function [3]. The present study reports a more comprehensive
analysis of whether gut barrier integrity is affected by fat content and fat source, by

mouse strain and feeding period as well as by housing conditions.

3.1.1 Impact of different high-fat diets on gut barrier integrity in mice

3.1.1.1 Plant-based high-fat diets

Mouse models with different susceptibility to diet-induced obesity

Diet-induced obesity (DIO) in mouse models is usually induced by feeding diets rich
in fatty acids leading to an appropriate expansion of adipose tissue. To investigate
the influence of body fattening on colonic gut barrier integrity three mouse strains
with different propensity to DIO were studied. AKR/J mice are prone to DIO, whereas
SWR/J mice are resistant to DIO. C57BL/6J mice show an intermediate phenotype.
These three mouse strains were exposed to a plant-based control diet (pCD) or a
plant-based HFD with 48 kJ% from fat (pHFD48) in a specific pathogen-free (SPF)
facility for 4 weeks. Concerning body mass, AKR/J mice gained about 10 g during the
pHFD48 feeding intervention and C57BL/6J mice about 4 g. As expected SWR/J
mice were resistant to body mass increase. The gain in body mass in AKR/J and
C57BL/6J mice fed a pHFD48 could be attributed to a distinct expansion of fat mass
compared to the corresponding control animals. Moreover, pHFD feeding impaired
the oral glucose tolerance in AKR/J and C57BL/6J but not in SWR/J mice (Data
Caroline Kless, [135]).

Electrophysiological measurements of tissue resistance as well as marker
permeability in Ussing revealed no changes in none of the strains when fed the
pHFD48. AKR/J, C57BL/6J and SWR/J showed strain-specific differences in colonic
barrier characteristics. In proximal colonic tissue of DIO-prone AKR/J mice a lower
transepithelial resistance (36.2+2.0 Q cm?) was observed compared to C57BL/6J
mice (43.8+2.2 Q cm?, p<0.05) and SWR/J mice (43.3+1.6 Q cm?, p<0.05). In distal

colon of AKR/J mice transepithelial resistance was reduced compared to the two
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other strains as well (p<0.01). Moreover, reduced transepithelial resistance in the
AKR/J mice was accompanied by an elevated permeability (1.14+0.07 10°cm/s)
compared to C57BL/6J mice (0.54%0.06 10°®cm/s, p<0.0001) and SWR/J
(0.50+0.06 10 cm/s, p<0.0001) mice in the distal colonic tissue (Figure 5). As in
none of the strains the colonic gut barrier integrity was affected by HFD intervention
the intermediate phenotype C57BL/6J was chosen for further analyses.
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Figure 5: Transepithelial resistance and permeability of colonic tissue from mouse strains with different
susceptibilities to diet-induced obesity. SWR/J, C57BL/6J and AKR/J mice were fed a control diet (pCD,
13 kd% fat) or a plant-based high-fat diet (pHFD48, 48 kd% fat) in a specific pathogen-free animal facility for
4 weeks. Transepithelial resistance (TER) of (A) proximal and (B) distal colon and permeability of fluorescein
through the (C) proximal and (D) distal colonic tissue were determined in Ussing chambers. Data are represented
as means + SEM. Statistical analysis was performed using two-way ANOVA with Tukey’s post-hoc test. Data with
different letters were significantly different at least p<0.05. n = 5-10 mice per group.

48



RESULTS

Feeding period and fat content

To study whether DIO causes changes in barrier function in a time-dependent
manner C57BL/6J mice were fed a pHFD48 or the corresponding pCD in a SPF
animal facility for 1, 4, 8 or 12 weeks. Afterwards, the colonic barrier function was
assessed ex vivo in Ussing chambers. Neither transepithelial resistance nor the
permeability of fluorescein was found altered in proximal and distal colon among the

pHFD and pCD groups over time (Figure 6).
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Figure 6: Transepithelial resistance and permeability of murine colonic tissues upon different high-fat
feeding periods. C57BL/6J mice were fed either a control diet (pCD, 13 kd% fat) or a plant-based high-fat diet
(pHFDA48, 48 kd% fat) in a specific pathogen-free animal facility for 1, 4, 8 or 12 weeks. Transepithelial resistance
(TER) of (A) proximal and (B) distal colon and permeability of fluorescein through the (C) proximal and (D) distal
colonic tissue were determined in Ussing chambers. Data are represented as means + SEM. Statistical analysis
was performed using two-way ANOVA with Tukey’s post-hoc test. n = 4-7 mice per group.

In addition to colonic tissue, the upper part of the intestine was analyzed for
functional impairment. C57BL/6J mice were fed either a pHFD48 or pCD for
24 weeks. It turned out that even after long-term HFD intervention the barrier markers
transepithelial resistance and permeability of fluorescein in the small and large
intestine remained unaltered between groups (Figure 7). Comparing the
transepithelial resistance of different intestinal regions regardless of dietary
intervention: the distal colon showed higher values compared to the jejunum
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(distal colon 69.8+5.4 Q cm? vs. jejunum 42.1+4.5 Q cm?, p<0.0001), distal ileum
(distal colon 69.8+5.4 Q cm? vs. distal ileum 29.6.3+1.2 Q cm? p<0.0001) and
proximal colon (distal colon 69.845.4 Q cm? vs. proximal colon 43.1+1.3 Q cm?,
p<0.0001). Highest permeability was detected in jejunum (6.28+0.01 10°cm/s) and
the lowest in the distal part of the large intestine (0.64+0.04 10°cm/s).
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Figure 7: Transepithelial resistance and permeability of murine small and large intestine subsequent to
long-term high-fat diet intervention. C57BL/6J mice housed in a specific pathogen-free animal facility were
exposed either to a control diet (pCD, 13 kd% fat) or a plant-based high-fat diet (pHFD48, 48 kJ% fat) for
24 weeks. Intestinal barrier function was assessed by measuring (A) transepithelial resistance (TER) and (B)
permeability of fluorescein in small and large intestine. Data are represented as means + SEM. Statistical analysis
was performed using two-way ANOVA with Tukey’s post-hoc test. Data with different letters were significantly
different at least p<0.05. n = 3-6 mice per group.

Most of the published studies reporting impaired gut barrier integrity due to high-fat
feeding used diets with at least 60 kd% derived from fat [2, 3, 136]. We thus applied a
plant-based high-fat diet with 61 kd% fat (pHFD61). C57BL/6J mice were fed

pHFD61 for either 4 or 12 weeks. However, the barrier indicators transepithelial
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resistance and permeability of fluorescein remained unaltered between pCD and
pHFD61 groups in the small and large intestine (Table 36).

Table 36: Transepithelial resistance and permeability of murine small and large intestine subsequent to
increased fat proportion in the high-fat diet to 61 kJ% fat.

Gut section Feeding Transepithelial resistance Permeability
period [Q cm?] [10° cmi/s]
pCD pHFD61 pCD pHFD61
Jejunum 4 weeks 35.812.8 29.712.9 6.7£1.2 7.81£3.0
12 weeks 27.6£1.3 35.8+2.9 10.6x1.8 9.2+3.6
Distal colon 4 weeks 60.8+4.8 62.412.6 1.2+0.4 1.840.5
12 weeks 69.2+5.1 61.1£6.5 1.9+1.2 0.7£0.2

Taken together, independent of duration and fat proportion of the plant-based HFD
intervention no barrier dysfunction neither in small nor in large intestine could be

observed ex vivo in C57BL/6J mice housed in the SPF facility.

3.1.1.2 Animal-based high-fat diets

Lard-based high-fat diets with varying fat proportions

Since plant-based HFDs did not affect gut barrier, we next studied the effects of
animal-based HFDs with varying fat contents. At the age of 12 weeks mice were
exposed to a plant-based control diet (pCD, 13 kd% fat), a lard-based control diet
(ICD, 13 kd% fat) or lard-based high-fat diet with increasing fat content starting from
48 kd% fat (IHFD48) raised to 75kJ% fat (IHFD75) and 78 kd% fat as a
carbohydrate-free variant (IHFD78%) for 4 weeks in a SPF animal facility. At the end
of the feeding period, mice of the IHFD48 and IHFD75 groups gained significantly
more weight than the mice in the ICD group. In contrast, mice in the HFD78% group
responded with the smallest increase in body mass. However, mice receiving HFD
based on animal fat developed impaired glucose tolerance within 4 weeks (Data
Caroline Kless, [135]). On the contrary, the lard-based HFDs evoked no alterations of
the electrical resistance in small and large intestinal tissues assessed in Ussing
chambers. Moreover, permeability of fluorescein also remained unaltered, except that
an increased jejunal permeability was observed for the HFD78% group (Figure 8).
Endotoxin level were measured in portal vein plasma, but no changes were induced

by the lard-based diets (Data Valentina Schippel, [135]). In summary, neither a
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plant- nor an animal-based HFD caused a deterioration of the intestinal barrier of
mice housed in an SPF facility.
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Figure 8: Transepithelial resistance and permeability of murine small and large intestine subsequent to a
feeding trail with increasing fat proportion in the diet. C57BL/6J mice were fed a plant-based control diet
(pCD, 13 kd% fat), a lard-based control diet (ICD, 13 k% fat) or a lard-based high-fat diet with increasing fat
content starting from 48 kd% fat (IHFD48) to 75 kd% fat (IHFD75) to 78 kd% fat which was carbohydrate-free
(IHFD78°f) for 4 weeks. The intestinal barrier function was assessed by measuring the (A) transepithelial
resistance (TER) and (B) permeability of fluorescein in the jejunum, distal ileum and colon. Data are represented
as means + SEM. Statistical analysis was performed using two-way ANOVA with Tukey’s post-hoc test.
** p<0.01, *** p<0.001, **** p <0.0001. n = 4-6 mice per group.
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Beef tallow-based high-fat diet in different animal facilities

In addition to palm oil and lard also a beef-tallow based HFD was employed and it
was studied how it could affect intestinal barrier integrity. 10-weeks old C57BL/6N
mice were exposed to a control (CD) or a beef tallow-based high-fat diet (HFD,
60 kd% fat) either in a SPF or a conventional (CV) facility for 12 weeks. Gut barrier
function was assessed by transepithelial resistance and of fluorescein
isothiocyanate—dextran (FITC-dextran, average MW 3,000-5,000 g/mol) permeability
in tissue samples, whereas translocation of bacterial components was assessed in
vivo. Barrier function of DIO mice housed in the SPF facility remained unchanged
after 12 weeks of feeding (Figure 9).
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Figure 9: Transepithelial resistance and permeability of murine small and large intestine subsequent to
housing in a specific pathogen-free animal facility. C57BL/6N mice were fed a control diet (CD, 11 kd% fat) or
a beef tallow-based high-fat diet (HFD, 60 kd% fat) for 12 weeks. (A) Transepithelial resistance (TER) and (B)
permeability of FITC-dextran (average MW 3,000-5,000 g/mol) were determined in Ussing chambers. Data are
represented as means + SEM. Statistical analysis was performed using two-way ANOVA with Sidak’s post-hoc
test. n = 4-12 mice per group.

In contrast to findings from animals housed in the SPF facility, tissues of HFD mice
housed in the CV facility had a significantly decreased transepithelial resistance in
the jejunum (CD 55.2+4.2 Q cm? vs. HFD 38.4+4.2 Q cm?, p<0.01) and in proximal
colon (CD 53.8+3.1 Qcm? vs. HFD 40.5+1.6 Qcm? p<0.05) compared to the
respective control animal. The permeability of FITC-dextran through the gut wall of
the jejunum, proximal and distal colon, tended to be elevated in mice fed a HFD but
did not reach significance (Figure 10).
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Figure 10: Transepithelial resistance and permeability of murine small and large intestine subsequent to
housing in a conventional animal facility. C57BL/6N mice were fed a control diet (CD, 11 kd% fat) or a beef
tallow-based high-fat diet (HFD, 60 kd% fat) for 12 weeks. (A) Transepithelial resistance (TER) and (B)
permeability of FITC-dextran (average MW 3,000-5,000 g/mol) were determined in Ussing chambers. Data are
represented as means + SEM. Statistical analysis was performed using two-way ANOVA with Sidak’s post-hoc
test. * p <0.05, ** p <0.01. n = 4-6 mice per group.

Analysis of plasma endotoxin levels of mice fed a CD or HFD in the SPF facility failed
to detect any differences, whereas DIO mice housed in the CV facility had threefold
increased endotoxin concentration compared to the respective CD group (Figure 11).
Taken together these findings, a HFD based on beef tallow caused discrete gut
barrier dysfunction in CV- but not SPF-housed C57BL/6N mice.
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Figure 11: Changes of endotoxin in portal vein plasma due to diet and animal housing. Fold change of
endotoxin in control diet (CD, 11 kJ% fat) or beef tallow-based high-fat diet (HFD, 60 kJ% fat) fed mice. The
feeding trials were carried out either in a (A) specific pathogen-free or (B) conventional animal facility. Data are
represented as median. Statistical analysis was performed using unpaired t-test with Welch’s correction.

** p<0.01. n = 5 mice per group.
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3.1.2 Impairments in mice fed the beef tallow-based high-fat diet

In addition to assessing intestinal integrity in animals fed the beef tallow-based HFD
in the conventional animal facility, inflammation markers in liver and adipose tissue,
intestinal morphology, tight junction protein expression and distribution, cecal
microbial diversity and composition, and the pattern of fecal bile acids were

determined.

3.1.2.1 Inflammation markers in adipose tissue and liver

DIO is often associated with low-grade inflammation [2, 137]. To investigate the
inflammatory tone after 12 weeks of dietary treatment in the two animal facilities,
transcript levels of different pro-inflammatory cytokines/chemokines were measured.
Expression levels of tumor necrosis factor (Tnf) and Interleukin-1 beta (//-18) were
analyzed in liver and adipose tissue. Additionally, serum amyloid A (Saa) in liver and
monocyte chemotactic protein-1 (Mcp-1) in adipose tissue were selected as markers.
In liver, there were no changes in transcript levels of Saa and the pro-inflammatory
cytokines irrespective of diet and housing conditions (Figure 12). In adipose tissue
MRNA levels of Tnf (p<0.05) and Mcp-1 (p<0.0001) were significantly increased in
CV DIO mice compared to the respective controls. In contrast, mice fed a HFD but
housed in the SPF facility had no changes in inflammatory makers in comparison to
the corresponding controls. All transcript levels of the CD groups in both facilities
were comparable. Interestingly, DIO mice displayed a higher Mcp-1 expression
(p<0.0001) in adipose tissue in CV compared to SPF conditions (Figure 12).
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Figure 12: Transcription levels of inflammatory marker genes in liver and adipose tissue in response to a
high-fat diet under different housing conditions. C57BL/6N mice were housed in a specific pathogen-free
(SPF) or conventional (CV) animal facility and fed a control (CD, 11 kd% fat) or beef tallow-based high-fat diet
(HFD, 60 kJ% fat) for 12 weeks. In both, liver and adipose tissue transcript levels of (A and B) tumor necrosis
factor (Tnf) and (C and D) interleukin-1 (/I-18) were analyzed. Additionally, (E) serum amyloid A (Saa) in the liver
and the (F) monocyte chemotactic protein 1 (Mcp-1) were determined in adipose tissue. Transcript levels of the
inflammatory markers were normalized to Gapdh and Hprt. Data are represented as means + SEM. Statistical
analysis was performed using two-way ANOVA with Tukey’s post-hoc test. * p <0.05, **** p <0.0001. n = 4-6 mice

per group.
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3.1.2.2 Body mass and intestinal morphology

In both facilities, CV and SPF, after 12 weeks of diet treatment body mass of mice
was significantly higher in HFD group compared to the CD group (SPF: CD
27.120.7 g vs. HFD 40.9+1.8 g, p<0.0001; CV: CD 29.0+0.9 g vs. HFD 38.0+1.0 g,
p<0.001). The CD and HFD groups did not display significant differences between
facilities. The length of the small and large intestine was not different between diet

arms or facilities (Table 37).

Table 37: Body mass and intestinal length

Facility Diet
CD HFD

Body mass SPF 27.120.7° 40.9+1.8°
[q] cv 29.0+0.9° 38.0+1.0°
Length

Small intestine SPF 33.310.5 33.8+0.4
[cm] Ccv 32.7+0.7 32.8+0.3
Large intestine ~ SPF 7.3+0.3 7.7+0.3
[cm] cV 6.9+0.2 7.0+0.2

Nutritional factors are known to cause adaptive changes in the architecture of the
intestine [138, 139]. Hence the influence of a HFD on villus lengths in jejunum and
ileum was assessed, but no differences between HFD and CD groups in both

facilities were found (Table 38).

Table 38: Height of villi in small intestine

Gut section Facility Villus length [um]
CD HFD
Jejunum SPF 420116 424113
cv 47116 433+16
lleum SPF 277128 244+21
cv 234122 20121

GLP-2 is a potent stimulator of intestinal growth, whereas IL-6 is involved in the
inhibition of intestinal epithelial cell death [138, 140]. Both markers remained
unaltered between mice fed a CD vs. HFD, housed in the CV facility (Figure 13).
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Figure 13: Plasma levels of GLP-2 and IL-6 in response to high-fat diet. C57BL/6N mice were housed in a
conventional animal facility and fed a control (CD, 11 kd% fat) or beef tallow-based high-fat diet (HFD, 60 k% fat)
for 12 weeks. The plasma level of (A) glucagon-like peptide-2 (GLP-2) and (B) interleuin-6 (IL-6) were analyzed.
Data are represented as median. Statistical analysis was performed using unpaired t-test. n = 4-5 mice per group.
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3.1.2.3 Tight junction and scaffold proteins

Loss of barrier function is associated with a decrease of transepithelial resistance
and an increase of permeability and this is accompanied by an alteration of tight
junction proteins [3]. Therefore the expression of the tight junction proteins occludin,
junctional adhesion molecule A (JAM-A), claudin-2, claudin-3 and claudin-5 as well
as the tight junction associated protein zonula occludens-1 (ZO-1) were quantified in
jejunal and colonic tissues of C57BL/5N mice fed a CD or a HFD in two different
animal facilities. Regardless of the facility, there were no alterations in the expression
levels occludin and JAM-A (Figure 14) or any of the claudins (Figure 15) or the
scaffold protein ZO-1 (Figure 16) between mice fed a CD or HFD.
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Figure 14: Jejunal and colonic protein expression levels of occludin and JAM-A in response to high-fat
diet under different housing conditions. C57BL/6N mice were housed in a specific pathogen-free (SPF) or
conventional animal (CV) facility and fed a control (CD, 11 kd% fat) or beef tallow-based high-fat diet (HFD,
60 kd% fat) for 12 weeks. There were no changes between the CD and HFD groups neither for occludin in the
(A) jejunum and in the (B) colon nor for junctional adhesion molecule A (JAM-A) in the (C) jejunum and in the
(D) colon. The proteins were isolated from the membrane and normalized to B-actin. Data are represented as
means + SEM. Statistical analysis was performed with unpaired two-tailed t-test. n = 4-6 mice per group.
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Figure 15: Jejunal and colonic protein expression levels of claudin-2, -3 and -5 in response to high-fat diet

under different housing conditions. C57BL/6N mice were housed in a specific pathogen-free (SPF) or

conventional (CV) animal facility and fed a control (CD, 11 kd% fat) or beef tallow-based high-fat diet (HFD,

60 kd% fat) for 12 weeks. There were no changes between the CD and HFD groups neither in the (A,C and E)

jejunum nor in the (B,D and F) colon. All target proteins were normalized to B-actin. Data are represented as

means + SEM. Statistical analysis was performed with unpaired two-tailed t-test. n = 4-6 mice per group.
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Figure 16: Colonic expression levels of ZO-1 in response to high-fat diet under different housing
conditions. C57BL/6N mice were housed in a specific pathogen-free or conventional animal facility and fed a
control (CD, 11 kd% fat) or beef tallow-based high-fat diet (HFD, 60 kd% fat) for 12 weeks. ZO-1 expression was
normalized to B-actin. Data are represented as means + SEM. Statistical analysis was performed with unpaired
two-tailed t-test. n = 4-6 mice per group.

Although by western blotting no obvious alterations in the protein expression of tight
junctions proteins after 12 weeks of diet treatment were detected, the localization and
distribution of claudin-3 and claudin-5 was inspected next. In sections of jejunum and
colon, HFD did not cause any obvious change in distribution of the tight junction

proteins claudin-3 and claudin-5 (Figure 17).
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Figure 17: Immunolocalization of the tight junction proteins claudin-3 (red) and claudin-5 (green) in
murine jejunum and colon in response to high-fat diet. Nuclei were stained with DAPI (blue). The sections
were obtained from C57BL/6N mice housed in a conventional animal facility and fed a control (CD, 11 kd% fat) or
beef tallow-based high-fat diet (HFD, 60 k% fat) for 12 weeks. Microscopic fluorescence images of (A) claudin-3
and (B) claudin-5.
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3.1.2.4 Gut microbiota

It is known that diet [81-83] and/or housing conditions of mice [141] can modify the
intestinal microbiota signature. Since phenotypic differences in gut barrier integrity
between mice housed in the two facilities were observed, the intestinal colonization of
the mice was determined by high-throughput 16S rRNA gene sequencing. In the
fecal samples a total of 91 operating taxonomic units (OTUs) with a relative
abundance above 0.5% in at least one sample were determined. The microbial
diversity between the samples (beta-diversity) indicated clear differences of the
molecular species among the animals fed HFD and CD, irrespective of the facility.
Whereas the phylogenetic make-up of CD mice of both facilities overlapped, the
beta-diversity in the molecular species of DIO mice allowed an assignment to the

housing condition (Figure 18A).

Concerning taxonomic composition at phylum level the relative sequence abundance
of Bacteroidetes was decreased in the HFD groups compared to the control groups
regardless of housing conditions. This decrease was mainly due to a sharp decline in
Porphyromonadaceae and was accompanied by an increased sequence proportion
in Firmicutes, reflected by a higher relative sequence abundance of the two main
families of this phylum: Lachnospiraceae and Ruminococcaceae (Figure 18B).
Regarding the different animal facilities, HFD mice in the CV facility had a higher
number of molecular species and a lower relative abundance of Bacteroidaceae

compared to HFD mice in the SPF facility.

Moreover, 19 OTUs were significantly altered by diet and/or housing conditions
(Figure 18C). HFD was associated with the presence of the bile acid-dehydroxylating
Clostridium scindens, regardless of the animal facility. Furthermore, the occurrence
of 7 OTUs such as Flavonifractor, Robinsoniella and Parabacteroides species was
related to CV mice fed a HFD.
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Figure 18: Fecal gut microbiota composition due to diet and housing. C57BL/6N mice were either housed in

a specific pathogen-free (SPF) or conventional (CV) animal facility and were fed a control (CD, 11 kd% fat) or

beef tallow-based high-fat diet (HFD) for 12 weeks. (A) Multidimensional scaling showing diversity between

samples (beta-diversity). (B) Box plots showing alpha-diversity and relative abundance of taxonomic groups. (C)

Heatmap of OTU abundances those were significantly different between groups.
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3.1.2.5 Bile acids in cecal content

As bile acids are required for dietary fat absorption the bile acid pool size is increased
by HFD and more bile acids are excreted in response to a diet rich in dietary fat [112,
113]. The primary bile acids cholic acid (CA), chenodeoxycholic acid (CDCA),
a-muricholic acid (aMCA) and B-muricholic acid (BMCA) as well as the secondary
bile acids deoxycholic acid (DCA), lithocholic acid (LCA) and w-muricholic acid
(wMCA) were analyzed in cecal samples by HPLC-MS/MS to assess whether
housing conditions, diet and associated changes in microbial colonization alter also
cecal bile acid patterns. When considering the diet, in both facilities the primary bile
acid BMCA (SPF: CD 4621919 nmol/g content vs. HFD 7889+930 nmol/g content,
p<0.001; CV:CD 22371622 nmol/g content vs. HFD 4876+1008 nmol/g content,
p<0.01) and the secondary bile acid DCA (SPF: CD 5722+1340 nmol/g content vs.
HFD 87291895 nmol/g content, p<0.001; CV:CD 3342652 nmol/g content vs.
HFD 10954+498 nmol/g content, p<0.0001) were significantly increased in DIO mice
compared to the corresponding controls (Figure 19). In addition, under CV conditions
wMCA was significantly elevated in the HFD group (p<0.01). Moreover, the
difference between cecal DCA concentration of DIO mice and respective controls
was significantly increased in the CV facility compared to the SPF facility
(SPF 3007+£898 nmol/g content vs. HFD A 76121498 nmol/g content, p<0.0001).
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Figure 19: Bile acids concentrations in cecal samples in response to diet and facility. C57BL/6N mice were
housed in a specific pathogen-free (SPF) or conventional animal (CV) facility and fed a control (CD) or beef
tallow-based high-fat diet (HFD) for 12 weeks. The bile acids primary bile acids cholic acid (CA) chenodeoxycholic
acid (CDCA), a-muricholic acid (aMCA) and B-muricholic acid (BMCA) as well as the secondary bile acid
deoxycholic acid (DCA), w-muricholic acid (WMCA) and lithocholic acid (LCA) were analyzed in the cecal content
of mice housed in a (A) SPF or (B) CV facility. (C) The difference of the cecal bile acid concentration between CD
and HFD groups for each housing conditions was calculated. Data are represented as means + SEM. Statistical
analysis was performed using two-way ANOVA with Sidak’s post-hoc test. ** p<0.01, *** p<0.001, **** p<0.0001.
n = 5-6 mice per group.

Since a DCA-induced barrier dysfunction was reported before [142], cecal DCA

concentration was correlated to the relative sequence abundance of molecular
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species. The cecal concentrations of DCA correlated significantly with the relative
sequence abundance of 6 molecular species within the order Clostridiales most
closely related to Acetatifactor muris, Eubacterium plexicaudatum, and Roseburia
spp., albeit with sequence similarity <95% (Figure 20).
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Figure 20: Cecal DCA is linked to microbiota composition. Pearson correlation plots between cecal DCA
concentrations and the relative sequence abundance of molecular species (at least p<0.01). OTUs are: (A) 2,
Acetatifactor muris (91.6% similarity); (B) 3, A. muris (94.2% ); (C) 22, Eubacterium plexicaudatum (93.5%); (D)
64, Roseburia intestinalis (94.5%); (E) 67, Roseburia cecicola (96.2%); (F) 71, E. plexicaudatum (88%).
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3.2 Intestinal sensing and hormone secretion

Nutrients or microbial products of metabolism (e.g. bile acids and short-chain fatty
acids) can be sensed in the intestine by specialized endocrine cells equibbed with a
variety of sensors [143]. Activation of the sensing system is coupled to secretion of
gastrointestinal hormones such as glucose-dependent insulinotropic peptide (GIP),
glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2) into circulation
[36]. To visualize incretin hormone secreting cells, murine ileal tissue sections were
stained for GIP and GLP-1. The incretin hormone GIP is secreted by K cells which
dominate the proximal small intestine, wherase GLP-1 is secreted from in L cells

which are more prominent in the distal small intestine and colon (Figure 21).

Figure 21: lleal tissue stained for GIP (orange) and GLP-1 (red). Nuclei were stained with DAPI (turquoise).
Microscopic fluorescence images of (A and B) K cells stained for GIP and (C and D) L cells stained for GLP-1 in

murine ileum.
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3.2.1 Effect of high-fat diet feeding on hormone secretion in vivo

For a short-term feeding experiment male C57BL/6N mice were housed in a
CV facility and fed a CD (11 kd% fat) or HFD (60 kJ% fat) for 4 weeks. After dietary
intervention the body mass of mice fed a HFD was increased compared to the
respective controls (CD 22.87+0.27 g vs. HFD 29.87+1.14 g, p<0.0001). Moreover,
fasting blood glucose levels were elevated as well in HFD fed mice
(CD 157.8+13.2 mg/dl vs. HFD 212.3+12.3 mg/d|, p<0.01, Figure 22)
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Figure 22: Body mass and fasting blood glucose after short-term high-fat diet treatment of mice. Male
C57BL/6N mice were housed in a conventional animal facility and fed a control (CD, 11 kJ% fat) or high-fat diet
(HFD, 60 kJ% fat). (A) Body mass and (B) fasting blood glucose after 4 weeks HFD treatment. Values are
expressed as median. Statistical analysis was performed using unpaired two-tailed t-test. ** p<0.01,**** p<0.0001.

n = 7-10 mice per group.

Plasma levels of hormones involved in blood glucose homeostasis were altered by
HFD in mice treated for 4 weeks with the different diets. Insulin levels were 2.4-fold
increased in the HFD group (CD 716.6%41.0 pg/ml vs. HFD 1690+228.5 pg/ml,
p<0.01). The levels of the incretin hormones GIP (CD 61.9+4.9 pg/ml vs. HFD
141.9+12.9 pg/ml, p<0.001) and GLP-1 (CD 1.01+£0.08 pM vs. HFD 1.56+0.20 pM,
p<0.001) were also significantly raised, whereas GLP-2 remained unaltered (Figure
23).
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Figure 23: Plasma insulin, incretin hormones and GLP-2 levels after short-term high-fat diet intervention.

Male C57BL/6N mice were housed in a conventional facility and fed a control (CD, 11 kd% fat) or high-fat diet
(HFD, 60 kd% fat). Plasma (A) Insulin (B) GIP, (C) GLP-1 and (D) GLP-2 after 4 weeks of HFD intervention (HFD,
60 kd% fat). Values are expressed means + SEM. Statistical analysis was performed using unpaired two-tailed t-

test. * p<0.05, ** p<0.01, *** p<0.001. n = 5-10 mice per group.

Additionally, transcript levels of the genes encoding the incretin hormones or of

dipeptidyl peptidase-4 (DPP4) were determined in the corresponding main secretion

sites after short-term HFD treatment. In the duodenum, transcript levels of Gip were

significantly increased (p<0.05) in the HFD group, wherease the transcript levels of

Dpp4 were significantly decreased (p<0.05). In the colon, transcript levels of Dpp4

and the Gcg gen encoding amongst others for GLP-1/2 remained inconspicuous

(Table 39).
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Table 39: Effects of short-term high-fat diet treatment on transcript levels of the hormones GIP and GLP-
1/2 in the intestine. Transcript levels of duodenal Gip and colonic Geg encoding for GLP-1/2 were determined
after 4 weeks of high-fat diet intervention (HFD, 60 k% fat). Additionally, the mRNA level of the incretin hormone
inactivating enzyme dipeptidyl peptidase-4 (Dpp4) was analyzed. Transcript levels were normalized to Gapdh and
the control diet (CD) group was set to 1. Data are represented as means + SEM. Statistical analysis was
performed using unpaired two-tailed t-test. Data with different superscript letters were significantly different at
p<0.05. n = 6 mice per group.

Gut section Gene Diet
CD HFD

Duodenum Gip 1.00+0.07*  1.25+0.08°
Dpp4 1.00+0.11*  0.68+0.06°

Colon Geg 1.00+0.13 0.91+0.06
Dpp4 1.00+0.11 1.30+£0.16

3.2.2 Effect of high-fat diet treatment on bile acid metabolism

Cholesterol homeostasis is maintained by the liver by removing cholesterol from
blood and by de novo synthesis. Cholesterol is either excreted directly into the bile or
bile acids are synthesized from cholesterol in liver and transiently stored in the
gallbladder. After food intake, bile acids are released into the duodenum by
contraction of the gall bladder mediated by CCK and are either reabsorbed in the
ileum and transported back to the liver via portal vein (enterohepatic circulation) or
segregate with the feces [101]. In the short-term feeding experiment in C57BL/6N,
mice were housed in the CV facility. The HFD contained 290 mg/kg cholesterol,

whereas the CD was cholesterol-free.

Bile acids synthesis

After 4 weeks of diet intervention, cholesterol concentration in plasma accounted to
HFD 3.33+0.24 mmol/l in the HFD group as compared to 1.61+£0.15 mmol/l in the
CD group (p<0.001) and in the liver to 7.46%+0.49 umol/g tissue in HFD animals
compared to 5.43+0.66 umol/g tissue in CD animals (p<0.05) (Figure 24). In contrast,
triglyceride (TG) concentration in the plasma remained unaffected. However,
TG concentration in the liver was 25.62+0.93 uymol/g tissue in HFD animals
compared to only 13.58%1.40 umol/g tissue (p<0.0001) in mice of the CD group.
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Figure 24: Cholesterol and triglyceride concentrations in plasma and liver tissue after short-term high-fat
diet treatment. C57BL/6N mice were housed in a conventional facility and fed a control (CD, 11 kJ% fat) or
high-fat diet (HFD, 60 kJ% fat) for 4 weeks. Cholesterol and triglyceride concentrations in (A and C) plasma and
(B and D) liver. Values are expressed means + SEM. Statistical analysis was performed using unpaired two-tailed
t-test. * p<0.05, *** p<0.001, **** p<0.0001. n = 5-6 mice per group.

Moreover, mRBNA levels of the key enzymes in the classic and the alternative bile
acid biosynthesis pathways were determined in liver tissue.
Cholesterol 7a-hydroxylase (Cyp7at), the key enzyme of the classic biosynthesis
pathway, was increased in tissues of the HFD group but did not reach significance.
Sterol 27-hydroxylase (Cyp27ai) the key enzyme of the alternative biosynthesis
pathway was significantly increased (p<0.05) by the HFD treatment (Table 40).

Table 40: Transcript levels of the two key enzymes of bile acid synthesis in the liver. The mRNA level of
cholesterol 7a-hydroxylase (Cyp7atl) and sterol 27-hydroxylase (Cyp27al) were determined after 4 weeks of
high-fat diet intervention (HFD, 60 kd% fat). Transcript levels were normalized to Gapdh and the control diet (CD)
group was set to 1. Data are represented as means + SEM. Statistical analysis was performed using unpaired
two-tailed t-test. Data with different superscript letters are significantly different at p<0.05. n = 5-6 mice per group.

Gene Protein Diet

cD HFD
Cyp7al CYP7A1 1.00£0.30 2.22+0.73
Cyp27at CYP27A1 1.00+0.09° 1.45+0.15"
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The hepatic bile acid precursor 7a-hydroxy-4-cholesten-3-one (C4) and the primary
bile acids CA and CDCA as well as the secondary bile acids DCA, wMCA, LCA and
UDCA were quantified in the liver, the cecal contents and the feces. C4 and total
hepatic bile acids remained unaltered in animals of the HFD group, wherease levels
of total bile acids in cecal contents (p<0.05) and feces (p<0.01) were elevated (Figure
25) with significanlty increased concentrations of the secondary bile acids DCA and
wMCA (Figure 26).
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Figure 25: 7a-hydroxy-4-cholesten-3-one (C4) and total bile acid concentrations in samples of mice fed a
high-fat or control diet. C57BL/6N mice were fed a control (CD, 11 kd% fat) or high-fat diet (HFD) for 4 weeks.
(A) Hepatic C4 concentrations, (B) hepatic, (C) cecal and (D) fecal total bile acid concentrations were analyzed.
Values are expressed means + SEM. Statistical analysis was performed using unpaired two-tailed t-test. * p<0.05,

** p<0.01. n = 6 mice per group.
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Figure 26: Bile acids concentrations in the cecal contents and feces in samples of mice fed a high-fat or
control diet. C57BL/6N mice were housed in conventional animal facility and fed a control (CD, 11 kd% fat) or
high-fat diet (HFD) for 4 weeks. The bile acids primary bile acids cholic acid (CA) and chenodeoxycholic acid
(CDCA) as well as the secondary bile acid deoxycholic acid (DCA), w-muricholic acid (wMCA), lithocholic acid
(LCA) and ursodeoxycholic acid (UDCA) were analyzed in the (A) cecal content and (B) feces. Data are
represented as means + SEM. Statistical analysis was performed using two-way ANOVA with Sidak’s post-hoc
test. ™ p< 0.01, *™* p< 0.001, *** p<0.0001. n = 6 mice per group.

Enterohepatic circulation

Transcript levels of transporters and receptors involved in the enterohepatic
circulation of bile acids were determined in liver, ileum or colon (Table 41), but no
significant changes in the animals on HFD were found. In the liver the mRNA levels
of bile salt export pump (BSEP, Abcb11), the sodium-taurocholate cotransporting
polypeptide (NTCP, Slc10at), the two basolateral receptors fibroblast growth factor
receptor 4 (FGFR4, Fgfr4) and B Klotho (B8 Klotho), the nuclear receptors liver X
receptor a (LXRa, Nr1h2), liver X receptor B (LXRB, Nr1h3), farnesoid X receptor
(FXR, Nr1h4) and small heterodimer partner (SHP, Shp) were determined. In the
ileum the transcript levels of ileal transporters and receptors such as ileal bile acid
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transporter (IBAT, Slc10a2), ileal bile acid binding protein (IBABP, Fabp6), the
basolateral transporters organic solute transporter a (OSTa, Sic57a) and organic
solute transporter B (OST B, Slc51b), the nuclear receptors farnesoid X receptor
(FXR, Nr1h4) and small heterodimer partner (SHP, Shp) and the fibroblast growth
factor 15 (FGF15, Fgf15) were investigated. Additionally, the G protein-coupled bile
acid receptor 1 (TGR5, Gpbar1) mRNA was considered.

Table 41: Transcript levels of receptors and transporters of the enterohepatic circulation. The mRNA levels
were determined after 4 weeks of high-fat diet intervention (HFD, 60 k% fat) in liver, ileum or colon. Transcript
levels were normalized to Gapdh and the control diet (CD, 11 kJ% fat) group was set to 1. Data are represented

as means + SEM. Statistical analysis was performed using unpaired two-tailed t-test. n = 5-6 mice per group.

Organ Function Gene Protein Diet
CcDh HFD
Liver Canalicular transporter Abcb11 BSEP 1.00+0.13 1.01+£0.15
Basolateral transporter Slc10at NTCP 1.00£0.14 0.95+0.07
Basolateral receptors Fofr4 FGFR4 1.00£0.11 0.98+0.09
B Klotho B Klotho 1.00+0.15 0.87+0.10
Nuclear receptors Nrih2 LXR B 1.00+0.14 0.88+0.08
Nr1h3 LXR a 1.00+0.18 0.93+0.15
Nri1h4 FXR 1.00+0.16 1.31£0.20
Shp SHP 1.00£0.22 1.24+0.23
lleum Apical transporter Slc10a2 ASBT, IBAT  1.00%0.15 1.05+0.16
Internal binding protein Fabp6 IBABP 1.00+0.09 1.01£0.15
Basolateral transporters ~ Sic51a OSTa 1.00£0.10 0.89+0.13
Sle51b OSTB 1.00+0.54 0.93+0.10
Nuclear receptors Nrih4 FXR 1.00£0.10 0.87+0.05
Shp SHP 1.00£0.25 1.28+0.12
Fibroblast growth factor  Fgf15 FGF15 1.0020.15 0.69+0.13
Bile acid receptor Gpbari TGR5 1.00+0.05 1.02+0.10
Colon Bile acid receptor Gpbari TGR5 1.00+0.05 0.93+0.07
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3.2.3 Microbial products of metabolism can induce GLP-1 secretion in vitro

Bile acids can be sensed via TGR5 and short-chain fatty acids via the free fatty acid
receptor 2/3 (FFAR2/3) and both pathways have the ability to evoke a GLP-1
secretion from primary intestinal cells in cultures [45, 48, 49]. In the present work
primary cell cultures were prepared from colonic crypts of C57BL/6N mice. In the
colonic tissue and in the primary colonic cell cultures L cells containing GLP-1 were
identified (Figure 27).

Figure 27: Colonic tissue and primary colonic cell culture stained for GLP-1 (red). Nuclei were stained with
DAPI (turquoise). Microscopic fluorescence images of (A and B) colonic tissue and (C and D) primary colonic cell

cultures.
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3.2.3.1 Bile acid-mediated GLP-1 secretion

Mimicking effects of HFD by increasing DCA concentrations

Primary colonic cell cultures were exposed to increasing concentrations of the
secondary bile acid DCA. GLP-1 secretion upon stimulation by 30 uM DCA
(p<0.0001) or 50 uM DCA (p<0.001) was increased compared to baseline secretion,
whereas 10 uM did not rise the secretion. An increase of the concentration from
30 uM DCA to 50 uM DCA did not further increase the GLP-1 level (Figure 28).
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Figure 28: Deoxycholic acid-induced GLP-1 secretion in primary colonic crypt cultures. GLP-1 secretion
was assessed upon treatment with buffer, 10 pM, 30 uM and 50 uM deoxycholic acid (DCA). Data are
represented as means + SEM. Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc
test. * p<0.05, **** p<0.0001. n = 3-18 wells per group.

To assess whether enhanced GLP-1 secretion is associated with an increase in
intracellular calcium response, primary colonic cell cultures were loaded with the
fluorescent calcium indicator fura-2. After an equilibration phase, the primary cultures
were perfused with DCA and the relative ratio of 340/380 nm - reflecting intracellular
calcium levels - increased. This change in the relative ratio was reversible by
washing DCA out with buffer. Only cell cultures responding at the end of the
measurement to ionophore ionomycin were included in the analysis. The relative
fluorescence ratio of 340/380 nm increased in a concentration-dependent manner

after exposure to DCA as shown in Figure 29.
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Figure 29: Deoxycholic acid-induced calcium changes in primary colonic cell cultures. Changes in the
340/380 nm ratio in with fura-2 stained primary colonic cell cultures upon stimulation with deoxycholic acid (DCA).
(B) Calcium response from primary colonic cell culture due to increasing concentrations of DCA. Data are
represented as means + SEM. Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc
test. * p<0.05, **** p<0.0001. n = 5-6 slides per group.

Effect of bile acids on GLP-1 secretion in primary colonic cell cultures prepared from
mice fed the HFD

Diet-dependent alterations in GLP-1 secretion from primary colonic cell cultures
exposed to the bile acids CA, CDCA, DCA and LCA were studied in cultures
prepared from mice fed a HFD or CD for 4 weeks. There was a significant influence
of the diet (p<0.01) and bile acids (p<0.0001) on GLP-1 secretion from primary
cultures, but no interaction between diet and bile acids was found (Figure 30).
Interestingly, GLP-1 secretion upon DCA stimulation was significantly higher in the
primary colonic cell cultures prepared from HFD mice than the respective controls
(CD 10.54+0.95 % vs. HFD 17.26%£2.18 %, p<0.01). However, basal and maximal
GLP-1 secretion (as positive control) did not reveal significant alterations in GLP-1
secretion between primary colonic cell cultures obtained from CD or HFD fed

animals.
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Figure 30: GLP-1 secretion from primary colonic cell cultures from mice fed a CD or HFD in response to
different bile acids. C57BL/6N mice were fed a control (CD, 11 kd% fat) or high-fat diet (HFD, 60 kd% fat) for
4 weeks. GLP-1 secretion was induced by the bile acids primary bile acids cholic acid (CA) and chenodeoxycholic
acid (CDCA) as well as by the secondary bile acids deoxycholic acid (DCA) and lithocholic acid (LCA).
A combination of glucose, forskolin and IBMX was used as positive control. Data are represented as
means + SEM. Statistical analysis was performed using two-way ANOVA with Sidak’s post-hoc test. ** p< 0.01.
n = 7-13 mice per group.

Despite changes in GLP-1 secretion upon DCA exposure, there were no changes in
the Geg encoding GLP-1 and Gpbar1 encoding TGR5 mRNA levels between primary
colonic cell cultures made up from HFD or CD animals (Figure 31).

>
w

1.5 1.5+
55 35
[T —
>0 T 2 n |
292 1.0 < $ 1.0
<s Za
Z x x %
X o Eo
Eo - O
o=  0.51 & = 0.51
8% 28
3 oL
0.0 T 0.0 T
CD HFD cD HFD

Figure 31: Geg and Gpbar1 gene expression levels in primary colonic cell cultures prepared from animals
fed a HFD or CD for 4 weeks. C57BL/6N mice were fed a control (CD, 11 kd% fat) or high-fat diet (HFD,
60 kd% fat) for 4 weeks. (A) Gecg gene encoding GLP-1 and (B) Gpbar1 endcoding TGR5 mRNA levels of primary
colonic cell cultures after dietary intervention. Data are represented as means + SEM. Statistical analysis was
performed using unpaired two-tailed t-test. n = 5-6 mice per group.
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3.2.3.2 Short-chain fatty acids-mediated GLP-1 secretion

Furthermore, short-chain fatty acids-induced GLP-1 secretion was also analyzed in
primary colonic cultures originating from mice fed either a CD or HFD diet for
4 weeks. Cultures were either stimulated with 1 mM acetate or 1 mM propionate
(Figure 32). Propionate evoke a significantly higher GLP-1 secretion from cultures
generated from mice fed a HFD than from the respective controls (p<0.01).
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Figure 32: Short-chain fatty-induced GLP-1 secretion from primary colonic cell cultures prepared from
mice fed a CD or HFD for 4 weeks. C57BL/6N mice were fed a control (CD, 11 kJ% fat) or high-fat diet (HFD,
60 kd% fat) for 4 weeks. GLP-1 secretion was induced by the short-chain fatty acids 1 mM acetate and
1 mM propionate. Data are represented as means + SEM. Statistical analysis was performed using two-way
ANOVA with Sidak’s post-hoc test. *** p< 0.001. n = 8-10 mice per group.
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4 Discussion

4.1 Gut barrier integrity depends on housing conditions

4.1.1 Determinants of gut barrier impairment

Obesity and diets high in saturated fat are considered to impair structural and
functional integrity of the gut. Although the prime observation was made in mice fed a
diet free of any carbohydrates [2], the concept has been propagated within a range of
studies [3, 117-119, 144-146]. In animal studies, diet-induced obesity (DIO) is usually
provoked by feeding high-fat diets (HFDs) with at least 45% up to 80% of the overall
energy derived from fat. The basic fat component was either animal-derived
represented by lard or beef tallow, or plant-derived with corn, palm or soy oil as
source [2, 3, 117, 118, 136, 144-147]. In the present study, gut barrier function was
mainly assessed in Ussing chambers by measurements of transepithelial resistance

and permeability ex vivo.

Strain-dependent differences in susceptibility to DIO are known in mice [148]: AKR/J
mice are prone to DIO, whereas SWR/J mice are resistant and C57BL/6J mice show
an intermediate phenotype. These strains were exposed to a plant-based HFD
(48 kJ% fat) to study the effects on colonic barrier function, but neither of the three
strains revealed any significant change in barrier tightness, although electrical
resistance and permeability parameter were strain-dependent, as previously
described [149]. As C57BL/6J mice exhibited an intermediate DIO phenotype, this
model was selected to survey further risk factors for gut barrier impairment.

First, the onset of colonic barrier dysfunction was investigated by prolonging the
duration of HFD intervention from 1 week up to 24 weeks. In contrast to other studies
in rodents [150, 151], the intestinal permeability remained unaffected. In the next
series of experiments the percentage of the energy coming from fat was increased
from 48 kd% to 61 kd%. Although the oral glucose tolerance showed impairments as
previously reported [2, 135], small and large intestinal barrier function - judged by
electrical resistance and tracer permeability - remained unaffected. This finding is
striking, since data concerning the impact of the dietary fat proportion on intestinal
permeability were indistinct. Cani et al. reported an aggravation of the intestinal
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permeability by increasing the fat content from 40 kd% to 72 kd% from fat [2],
whereas Benoit et al. demonstrated the opposite [152]. Therefore it was
questionable, whether theses controversial findings were dependent on the fat quality
rather than on the quantity. Beside a different fatty acid composition, animal-based
diets contain cholesterol, which was recently proposed to promote acute intestinal
inflammation [153]. Consequently, we next changed the basic fat component from
palm oil to lard. The used lard-based diet was the same in essence carbohydrate-free
HFD that caused gut barrier dysfunction in the study by Cani et al. [2]. Although an
extensive assessment of the intestinal barrier integrity including plasma LPS levels,
urinary excretion of polyethylene glycol, transepithelial resistance and tight junction
protein and mRNA expression was performed in animals fed the HFD, no indication
of any significant changes in intestinal barrier tightness was discovered [135]. Next to
the impact of mouse strains as well as fat quantity and quality on gut barrier integrity,
we were also interested in the influence of animal housing. In a final experiment,
genetically identical mice were exposed to the same HFD which contained beef
tallow as fat source. Animals were kept in two different animal facilities with different
hygienic status. And here the HFD deteriorated the intestinal barrier of mice housed
in a conventional (CV) facility, whereas the same HFD was without any effect when
mice were housed in a specific pathogen-free (SPF) facility.

In summary, under SPF housing conditions susceptibility to DIO, duration of HFD
treatment, percentage of energy coming from fat in the HFD and the source of the
basic fat component of the HFD were not the determining factors for gut barrier
impairment. Finally, the hygienic status of the animal facilities and in turn the
microbial colonization of the gut may be important as a determinant for maintenance

or deterioration of gut barrier function in DIO mice.

4.1.2 Intestinal microbial colonization and intestinal barrier function

According to the paradigm that obesity causes a disturbance in intestinal barrier
function, an increased intestinal permeation of LPS into the systemic circulation
resulting in a metabolic endotoxemia is discussed [2]. Since this initial report by
Canietal. [2], a series of other studies have demonstrated such a metabolic
endotoxemia in DIO mice as well [2, 3, 117-119, 144-146]. In the present study, HFD

caused a metabolic endotoxemia in mice only when animals were housed in the CV
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facility. Endotoxin analysis in the plasma indicates increased gastrointestinal
permeability but it does not allow defining the region. We thus additionally analyzed
transepithelial resistance and permeability of the small and large intestine in Ussing
chambers. In conformity with the absence of metabolic endotoxemia, the region-
dependent barrier evaluation remained inconspicuous for animals housed in the SPF
facility. In contrast, the jejunal and proximal colonic barrier function was deteriorated
in DIO mice housed in the CV facility. Only few electrophysiological studies have
assessed intestinal barrier integrity in DIO rodents so far [136, 147, 150, 154]. Lam et
al. reported a decrease in transepithelial resistance considering only the proximal
colon [147], whereas Stenman et al. revealed a barrier dysfunction also in the
jejunum and colon [136]. The present work however, is the first electrophysiological
study considering the influence of the hygienic status of animal facilities on gut barrier
tightness.

Beside a metabolic endotoxemia, obesity is associated with low-grade inflammation.
Therefore, we studied gene expression of inflammatory markers in liver and adipose
tissue. In the liver, no changes by DIO were found at all. However, levels of the pro-
inflammatory cytokines/chemokines Tnf and Mcp-1 were elevated in the adipose
tissue of DIO mice when kept in the CV facility. The unchanged inflammatory tone
under SPF conditions was in accordance with the absent metabolic endotoxemia.
Since LPS is considered to promote adipose tissue inflammation via the TLR4/CD14
pathway accompanied by infiltration of macrophages into adipose tissue [2, 118,
155], the higher levels of LPS found in obese CV mice may have secondarily caused
the changes in adipose tissue.

As an adaptation to HFD is assumed to mediate morphological changes in the
intestine, villus length of the electrophysiological investigated sections of the small
intestine were assessed. In contrast to other studies [138, 139], no elongated villi in
small intestine of DIO mice were observed - regardless of the animal facility. Villus
length seems in fact to depend on diet fat quality. Sagher et al. demonstrated a
reduction in villus length by feeding rats a diet high in saturated fatty acids, whereas
diets high in mono- or polyunsaturated fatty acids increased villi length [156]. In
accordance with the unaltered villus length we also observed no differences in GLP-2
and IL-6 levels, which contribute to cell homeostasis in the intestine [138, 140, 157].
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Despite the absence of macroscopic changes in gut morphology, protein expression
levels of several tight junction proteins were determined in the jejunum and colon by
western blotting. Most of the studies investigating the influence of HFD on tight
junctions considered the tight junction protein occludin and the scaffold protein ZO-1
as markers [117, 135, 158-161]. In the study by Cani and colleagues, ZO-1 but not
occludin expression was decreased [3]. In the present study, occludin and ZO-1
protein expression levels remained unaffected by DIO and this is in line with most of
the other studies [117, 135, 159, 161]. Mice lacking the tight junction protein JAM-A
were reported to have an increased intestinal permeability [18]. We thus assessed
JAM-A protein levels but no changes were found, whereas in rats HFD caused a
decreased JAM-A expression in the small intestine but not in the large intestine [151].
Finally, three members of the claudin family, claudin-2, -3 and -5 were profiled.
Barrier tightening claudins are known to be down-regulated and redistributed in
inflammatory bowel disease such as Crohn's disease associated with increased
permeability [24]. In our DIO mice claudin-3 and claudin-5 levels remained unaltered,
though. The pore-forming tight junction protein claudin-2 was found up-regulated in
patients suffering from Crohn's disease [24, 25], whereas HFD did not change
intestinal claudin-2 expression [118, 158, 161]. Although our analysis did not provide
evidence for any change in tight junction protein expression, proteins in the junctional
complexes undergo phosphorylation such as of the myosin light chain and can
rearrange quickly [160, 162]. TNF for example is known to induce phosphorylation of
myosin light chain by activating myosin light chain kinase leading to the endocytosis
of occludin and to tight junction disruption [163]. Since these processes were not
studied here, we cannot exclude that they contributed to the increased permeability
found in animal of the HFD group kept in the CV facility.

Feeding a HFD is also known to enlarge the bile acid pool size in mice and to
increase fecal bile acid excretion as shown previously [112, 113]. The most
hydrophobic bile acids such as deoxycholic acid (DCA) and lithocholic acid (LCA)
were claimed to disrupt the epithelium and thus we analyzed bile acid concentrations
in our cecal samples using LC-MS/MS technology [142]. In accordance with other
studies in rodents, the cecal concentration of the secondary bile acid DCA was
significantly increased in mice fed the HFD independent of the facility [136, 164].
However, the differences between cecal DCA concentration of the HFD and of the
CD group were significantly higher in the CV facility compared to the SPF facility.
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DCA or LCA were shown to decrease transepithelial resistance and increase
monolayer permeability in a dose-dependent manner in Caco-2 cells in
concentrations between 50 uM to 250 uM [165]. Moreover, upwards from 10% of rat
bile juice added to Caco-2 cell monolayer transepithelial resistance was reduced and
permeability increased. A combination of rat bile juice and a fat emulsion yielded
additive effects on the permeability but not on the transepithelial resistance [151].
Stenman et al. reported a DCA-induced barrier dysfunction in murine small and large
intestine after exposure of tissues to 1-3mM DCA in Ussing chambers [142].
Minch et al. also reported that a concentration of 1 mM DCA decreased barrier
function in human colonic biopsies [166]. Supplementary, the transmucosal passage
of killed Escherichia coli ascended in the presence of minimum 100 uM DCA.
However, the order of magnitude of 1 mM DCA corresponded to physiological
concentrations in the feces of mice under HFD conditions [142]. Stenman et al.
defined the HFD-induced alterations in the fecal bile acid profile of mice as the main
cause for intestinal barrier dysfunction but not obesity per se [136, 167]. How bile
acids can impair the gut barrier function apart from causing cell lysis and membrane
solubilization remains to be determined. It is speculated that bile acids could inhibit
the fusion of two adjacent junctions [168] or cause changes in the phosphorylation
status of tight junction proteins inducing a redistribution of proteins in the junctional
complex [169]. The higher absolute increase of cecal DCA concentrations in the
cecum of mice housed in the CV animal facility may thus be causative for the
observed changes in gut barrier integrity. However, since barrier function was not
decreased in the SPF facility despite increased DCA levels an additional determinant
needed to be considered — the intestinal microbial colonization. A significant role of
the microbiome for the maintenance of an intact gut epithelium is also suggested by
studies with probiotics [146], prebiotics [158] and antibiotics [3, 144].

Studies have shown that the intestinal microbiota is shaped by diet and hygienic
status of the animal facility [81-84, 141] but whether this also alters gut barrier
integrity is not known in essence. The increase of the Firmicutes/Bacteriodetes ratio
in response to HFD found in the present studies is in accordance with other studies
[82, 84] and was found similarly in both animal facilities. In contrast, the increased
alpha-diversity found in feces samples of CV DIO mice with a deteriorated gut barrier
was unexpected, since HFD is usually linked to a decrease in bacterial diversity [81,
84]. The diversity index (Shannon index) used to quantify species diversity appears
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to reflect better the true diversity within a ecosystem, since not only the presence or
absence of taxa but also the evenness is considered. Individual bacterial species
such as Akkermansia muciniphila were recently proposed to be associated with the
control of gut barrier function during DIO [170]. In the present study, Akkermansia
muciniphila turned not out to be a candidate regulated by diet and/or housing
conditions. Interestingly, we found the relative sequence abundance of Clostridium
scindens increased in response to HFD regardless of the facility and this bacterial
species is involved in the formation of secondary bile acids by 7a-dehydroxylation
[171]. Moreover, cecal DCA concentrations correlated quite well with the relative
abundance of bacterial species from the order Clostridiales. For example
Acetatifactor muris, which is known from the intestine of obese mice, may play a
significant role on gut barrier homeostasis [172]. Therefore, the involvement of
bacteria from the order Clostridiales should be studied further.

Recently, the mucus layer that covers as a viscous barrier the entire gut surface has
received considerable attention and it has been demonstrated that mucus secretion
and bacterial penetration through the mucus is altered in disease [173]. Muc2 is the
most abundant gel-forming mucin expressed in the intestine. Mucins are highly
glycosylated and in animals treated with HFD oligosaccharide chains of colonic
mucins were found to be altered [174]. It is thus perceivable that a HFD and/or
obesity can affect mucus quantity, mucus quality and its functional characteristics. It
has also been reported that a reduction in the thickness of the mucus layer is
accompanied by metabolic endotoxemia or vice versa [170] but findings are
ambiguous [152]. Jakobsson et al. demonstrated different penetration of the inner
colonic mucus layer by bacteria in genetically identical mice but housed in different
rooms of the same animal facility. As the mucus phenotypes were reproduced by
colonization of germ-free mice with the respective microbiota, it was substantiated
that different microorganisms affect the colonic mucus barrier differently [141].

In conclusion, the phenotypic changes found in gut barrier integrity between mice fed
a HFD but housed under different hygienic conditions were associated with
alterations in the intestinal microbial colonization, the luminal levels of secondary bile
acids, the portal LPS levels and the inflammatory tone in adipose tissue. Thus, the
present study demonstrates that the intestinal barrier integrity in mice fed a HFD

depends on the hygienic environment and is independent of obesity.
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4.2 GLP-1 secretion can be affected by microbial products

4.2.1 Bile acid homeostasis is slightly altered by feeding a high-fat diet

There is only one major route to eliminate cholesterol from the body and that is by
conversion of cholesterol into bile acids followed by biliary excretion and finally fecal
loss. In diets based on animal fat (lard and beef tallow) the cholesterol amount is
considerably higher than in control diets usually replacing fat by carbohydrates. Since
luminal bile acids and in particular DCA were shown to have effects on the epithelium
and alter its tightness, it was assessed whether the bile acid homeostasis is affected
by HFD since the beef tallow-based diet provided 0.03% (wt/wt) cholesterol.

In the intestinal lumen dietary cholesterol or cholesterol from biliary secretion is
absorbed by the sterol transporter Niemann-Pick C1-Like1, incorporated together
with triglycerides into chylomicrons and released into the circulation via the lymphatic
system [175]. In accordance with other studies our cholesterol-containing HFD
caused a hypercholesterolemia [119, 176] but not a hypertriglyceridemia [135, 176].
Although in the present study hepatic cholesterol levels were elevated, the
cholesterol-derived bile acid intermediate 7a-hydroxy-4-cholesten-3-one (C4) and
total hepatic bile acid pool remained unaltered. However, cecal and fecal bile acid

concentrations were elevated in animals receiving the HFD.

In contrast to other studies [112, 113, 177], cholesterol 7a-hydroxylase (Cyp7af)
MRNA expression was not markedly up-regulated, but Cyp7a? expression is known
to have feedforward and feedback regulation by bile acids and their intermediates
[178]. The liver X receptor a (LXRa) is the dominant protein of the feedforward
regulation. Mice lacking LXRa cannot induce Cyp7atl expression in response to
cholesterol feeding [112]. Oxysterols as intermediates of the bile acid synthesis are
ligands of LXRa and can stimulate the transcription of Cyp7a? [179]. In the present
study the mRNA level of sterol 27-hydroxylase (Cyp27a1) which converts cholesterol
into the oxysterol 27-hydroxycholesterol, was elevated in the liver of animals
receiving the cholesterol-containing HFD. Consequently, probably more oxysterols
were formed from cholesterol and Cyp7ail expression in turn could be elevated.
However, the farnesoid X receptor (FXR) is a key transcriptional factor in the
feedback regulation of Cyp7afi. Bile acids bind to FXR, thereby the transcription of

small heterodimer partner (SHP) is activated which in turn represses the Cypzat
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transcription [178]. Mice lacking SHP exhibit an impaired negative feedback
regulation [180]. As in the present study hepatic Fxr and Shp gene expression
showed a tendency towards up-regulation in HFD animals, an inhibition of Cyp7a1
expression via negative feedback regulation is likely. Besides slight regulatory effects
on the Cyp7afl regulation, bile acid transporters, receptors and binding proteins
within the enterohepatic circle were not affected in gene expression by the
cholesterol-containing HFD intervention except a reduced ileal expression of the
fibroplast growth factor 15 (Fgf15). This finding is also known from humans with
impaired glucose tolerance or type 2 diabetes mellitus [181, 182]. In addition to its
regulatory effects on bile acid synthesis, Fgf15 (Fgf19 is human the ortholog) controls
also energy homeostasis. Administration of recombinant FGF19 to DIO mice was
shown to increase the metabolic rate accompanied by a weight reduction and
improved glucose homeostasis [183]. In our study the decreased Fgf15 expression

may have contributed to the development of DIO.

4.2.2 Incretin hormone secretion is altered in high-fat diet condition

DIO is generally associated with increased fasting plasma levels of blood glucose,
insulin and the incretin hormones glucose-dependent insulinotropic peptide (GIP) and
glucagon-like peptide-1 (GLP-1) [184] and this was confirmed in the present study
with the mice on HFD. Duodenal transcript and plasma levels of GIP were elevated.
These observances are in accordance to other studies reporting elevated GIP
secretion in diabetic patients and in healthy men after short-term overfeeding [185,
186] but the insulinotropic activity of GIP is diminished [187]. GLP-1 plasma levels
remain unchanged or even tend to be reduced in diabetes [188] but are increased in
response to short-term overfeeding [189]. It must be pointed out that the majority of
studies measures total GLP-1 concentrations and not only the biologically active
forms GLP-1 (7-36) and GLP-1 (7-36 amide). In the present study, transcript levels of
the GLP-1-encoding Gcg gene were unaltered, but fasting active GLP-1 levels were
increased. These findings are in accordance with Nakajima et al. describing fasting
and postprandial GLP-1 levels as increased during the development of obesity and
glucose intolerance in rats [190]. The authors suggested that the enhanced GLP-1
secretion was due to an increased sensitivity to luminal stimuli to attenuate the

development of impaired glucose tolerance and obesity.

87



DISCUSSION

Since incretin action is impaired in obese and diabetic conditions, the enhancement
of hormone secretion from the gastrointestinal tract is considered as a therapeutic
target. Current approaches to improve incretin action are the applications of
exogenous GLP-1 receptor agonists mimicking GLP-1 or dipeptidyl peptidase 4
inhibitors reducing the GLP-1 degradation in the circulation [191].

4.2.3 GLP-1 secretion upon stimulation by bile acid- and short-chain fatty acid
is enhanced in primary colonic cell cultures from animals fed a high-fat
diet

Sensing of dietary constituents such as carbohydrates [38-40], lipids [42-44] and
proteins [41] causes a release of GLP-1/2 from enteroendocrine L cells. In addition to
nutrient-stimuli, for example bile acids or microbial products such as short-chain fatty

acids are supposed to be involved in GLP-1 release [45-49].

Microbial fermentation products of dietary fibers so-called short-chain fatty acids are
possible stimuli for GLP-1 secretion. The short-chain fatty acids acetate, propionate
and butyrate are mainly formed in the large intestine. The short-chain fatty acids
concentration in the lumen of the proximal colon amount to around 100 mM, whereas
plasma concentrations are several orders of magnitude lower [192]. They activate the
free fatty acids receptors 2 (FFAR2) and 3 (FFAR3) with a half maximal effective
concentration (ECsp) of 0.3-1 mM and have been shown to cause PYY and GLP-1
release [193]. Whether these receptors are located in the apical or basolateral
membrane of the L cells is still not defined but based on the ECs, value a basolateral
localization is very likely [46]. Tolhurst et al. reported an enhanced GLP-1 secretion
from primary colonic cell cultures upon stimulation by short-chain fatty acids.
Moreover, FFAR2 and FFAR3 contribute to short-chain fatty acid-mediated GLP-1
secretion as in mice lacking FFAR2 or FFARS3 the secretory GLP-1 response was
impaired in vivo and in vitro [45]. Additionally, intra-colonic application of propionate
promoted GLP-1 release in wild type animals but not in mice lacking FFAR2 [47]. In
the present study it was observed that propionate but not acetate was able to elicit a
GLP-1 release that was significantly elevated in primary colonic cell cultures obtained
from DIO mice exhibiting a hyperglycemia and hyperinsulinemia. Propionate is known
to have a higher affinity for FFARS3 than acetate [194] and intestinal FFAR3 in DIO
mice may be expressed at higher levels which could explain the findings. As luminal

88



DISCUSSION

short-chain fatty acids concentrations are relatively constant, it is plausible that there
is a chronic stimulatory effect on the L cells via FFAR2 and FFARS contributing to the
circulating fasting GLP-1 levels [45, 47]. This effect in combination with an
up-regulation of FFAR2 or FFAR3 might explain the elevated circulating plasma
GLP-1 level observed in DIO mice in the present study. Beside in intestinal L cells,
FFAR2 and FFAR3 are expressed in pancreatic B cells. Recently, Tang et al.
provided evidence that under HFD-induced diabetic condition acetate levels were
elevated in the plasma and were able to inhibit glucose-stimulated insulin secretion
via FFAR2 and FFAR3 [195]. Therefore, microbial fermentation products can affect
incretin output and in turn insulin secretion from B cells but also the insulin secretion
directly via the short-chain fatty acid receptors expressed in the B cells. And, both

pathways may be altered in obese and/or diabetic mammals.

Bile acids are also potent stimulators of GLP-1/2 secretion. The primary bile acids
such as CA and CDCA are transformed by the microbiota to the secondary bile acids
e.g. DCA and LCA in the large intestine [101]. Bile acids are agonists of the
G protein-coupled receptor TGR5 and are shown to elicit GLP-1/2 release. Reimann
et al. demonstrated an enrichment of TGR5 in the enteroendocrine L cell population
in the intestine [72]. The ECs, of bile acids for binding to TGR5 ranges from 0.5 uM
up to 10 uM (LCA = DCA > CDCA > CA) [56, 57]. Bile acid-mediated GLP-1 output
was reported from immortalized enteroendcrine cell lines such as STC-1, NCI-H716
or GLUTag and mixed primary intestinal cell cultures [48, 49, 196]. Additionally, intra-
intestinal administration of DCA or a tauro-conjugate of CA was shown to increase
plasma GLP-1 levels in healthy men [197, 198]. DCA is the most abundant
secondary bile acid in humans or rodents and fecal DCA were found to be elevated
after HFD feeding in the present study. Therefore, we focused on DCA and for the
first time we demonstrated a concentration-dependent effect on GLP-1 release in
primary colonic cell cultures similar to an effect on GLP-1 secretion from the STC-1
cell line [196] (Figure 33A). GLP-1 release from L cells activated by the
G coupled-receptor TGR5 was reported to be a cAMP-dependent mechanism
inducing intracellular calcium increase [59]. Initially receptor activation was
demonstrated by cAMP formation [56, 57] and later by intracellular calcium increase
in model cell lines [49]. In the present study, we showed for the first time the

stimulus-secretion coupling in murine primary colonic cultures. It should be noted that
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DCA evoked a higher GLP-1 secretion compared to LCA, although LCA has a higher
receptor affinity to TGR5. This observation might be explained by a poor solubility of
the monohydroxy bile acid LCA in water/buffer [199].
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Figure 33: Dexoycholic acid (DCA) induced glucagon-like petide 1 (GLP-1) secretion from primary colonic
cell cultures. DCA triggers GLP-1 secretion in a concentration-dependent manner. (B) HFD intervention

enhances responsiveness of DCA-induced GLP-1 secretion of primary colonic cell cultures.

Based on elevated fecal bile acid concentrations and enhanced GLP-1 secretion in
DIO mice in vivo, bile acid-mediated GLP-1 secretion from primary colonic cell
cultures prepared from DIO mice was investigated. In contrast to a recently published
study, reporting an enhanced basal secretion from small intestinal cultures generated
from mice fed a HFD for 2 weeks [200], the basal secretion in our primary colonic cell
cultures from DIO mice was not elevated. Interestingly, DCA evoked elevated GLP-1
release from colonic primary cell cultures obtained from DIO mice compared to
controls. Unaltered Gcg gene expression and basal secretion from primary colonic
cell cultures gave reason to the assumption that the elevation might be arise from a
higher sensitivity to sense DCA in DIO status (Figure 33B). Although TGR5 mRNA
levels were not elevated in colonic crypt cultures derived from DIO mice, it could be
not excluded that TGRS participates in the enhanced responsiveness to DCA in
cultures prepared from HFD fed mice. Of note, dietary compounds such as
cholesterol and palmitic acid both included in the HFD were shown to be involved in
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the regulation of G protein coupled receptors by affecting membrane composition and
posttranslational modifications [201]. To further elucidate the mechanism of bile acid-
triggered GLP-1 secretion primary cell cultures obtained from TGR5-deficient mice

should be investigated.

There is growing evidence that the activation of TGR5 by bile acids is involved in
regulation of satiety, glucose tolerance and energy metabolism and for that reason
TGRS5 is a promising target for diabetes therapy. For instance, in diabetic patients the
rectal administration of taurocholate was shown to increase plasma GLP-1 and to
lower plasma glucose significantly [202]. Bile acids sequestrants such as colestimide
or colesevelam are also employed to alter GLP-1 response as these non-absorbable
resins interrupt the enterohepatic circulation by binding bile acids. Consequently, the
concentration of bile acids in the distal intestine is increased and GLP-1 secretion
from L cells is enhanced [203]. Harach et al. demonstrated in TGR5-deficient mice
that TGR5 is responsible for an elevated GLP-1 secretion when applying anionic
exchange resins [204]. Whether the administration of bile acids sequestrants lead to
increased GLP-1 secretion followed by an improvement of insulin resistance in

diabetc patients is discussed controversially [205-208].

Bile acids may not only affect GLP-1 output but may contribute also to the
maintenance of the intestinal epithelium via control of growth and repair mediated by
GLP-2. Parker et al. for example reported a bile acid-mediated GLP-1 and GLP-2
release from GLUTag cells [49]. Moreover, mice lacking TGR5 exhibited a
deteriorated intestinal barrier integrity and a TGR5 agonist ameliorated dextran
sulphate sodium-induced colitis in mice [209, 210]. Total GLP-2 fasting plasma levels
were not elevated in our DIO mice in vivo. It must be pointed out however that for the
detection of murine GLP-2 there are only assays available detecting both biological
active GLP-2 (1-33) and inactive GLP-2 (3-33) forms. Unfortunately, due to technical
feasibility GLP-2 secretion was not sufficiently measurable from primary colonic cell
cultures. The co-secretion of GLP-1 and GLP-2 from the same cell type suggests the
possibility that DCA also affects GLP-2 secretion via TGR5 and this may contribute to

maintenance of the gut barrier and epithelial integrity in DIO mice.

91



CONCLUSIONS

5 Conclusions

The present study is the first comprehensive assessment of gut barrier integrity in
response to HFD in mice including the effects of diet on intestinal microbial
colonization and GLP-1/2 secretion in response to bile acids and short-chain fatty
acid (Figure 34).
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Figure 34: Gut barrier integrity and glucose homoestasis are interlinked via enteroendocrine secretion.
Abbreviations: BA, bile acids; GLP-1, glucagon-like peptide-1; GLP-2, glucagon-like peptide-2; GPCR,
G protein-coupled receptor; LPS, lipopolysaccharide; SCFA, short-chain fatty acid; TJ, tight junctions.

HFD was demonstrated to induce DIO in C57BL/6 mice within four weeks needed to
attenuate glucose tolerance indicated by fasting hyperglycemia, fasting

hyperinsulinema and elevated incretin hormone secretion in vivo.

Our animal studies employing different mouse strains, a variety of diets and different
feeding regimes and times revealed that none of these parameters altered intestinal
barrier function. The only determinant on background of a high (animal) fat diet that
was found to impair the gut barrier was the animal facility, more specifically a
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conventional animal quarter. Comparing such a conventional facility to a SPF facility
under the same experimental conditions (mouse strain, diet etc.) the intestinal
microbial colonization was identified as a pivotal factor for maintaining epithelial
integrity in obese animals fed a high-fat diet. A dietary factor that contributes to the
intestinal homeostasis is cholesterol and the bile acids derived thereof.

Cecal and fecal bile acid concentrations and in particular the concentration of the
secondary bile acid DCA were enhanced in mice receiving a diet based on animal fat.
The higher load of the intestine and the microbiome with bile acids and in particular
DCA may cause higher GLP-1 (possibly GLP-2) release via TGR5 as shown for
DCA-mediated GLP-1 secretion investigated in primary colonic cell cultures. This
response appears to be enhanced in obese animals as suggested by studies in
primary colonic cell cultures prepared from DIO mice. Such an augmented
responsiveness was also observed for GLP-1 release in response to short-chain fatty
acids. Therefore, the bile acid receptor TGR5 and the short-chain fatty acid receptors
FFAR2/FFARS3 become interesting targets for diabetes treatment.

Taken together, our studies do not provide strong evidence or support for the
hypothesis that high-fat diets and/or obesity cause a priori an increased gut
permeability followed by LPS translocation and an increased inflammatory tone. Even
the identical diet as used in the study by Cani et al. [2] failed to produce significant
changes in the gut functions assessed in our studies. However, the new findings in
our experiments are that the fat component used in the diet is a crucial parameter for
gut integrity. Animal fat sources provide a high cholesterol intake and a diet-
dependent increase the secondary bile acid DCA. In turn the microbiome is affected
and depending on the hygiene status of the animals and their facilities the intestinal
epithelial integrity is altered.
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