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Abstract

Abstract

The intestinal peptide transporter PEPT1 transports most of the 8000 different di- and
tripeptides and a large number of peptidomimetics. Transport is energized by an
inwardly directed electrochemical proton gradient that is generated and maintained
by the (i) Na*/H" antiporter NHE3 in the apical membrane and the (ii) Na*/K* ATPase
in the basolateral membrane of enterocytes. In the nematode Caenorhabditis
elegans lacking pept-1 a highly increased fat accumulation was observed and
animals displayed abnormal fatty acid patterns. By using specific inhibitors it was
shown that the increase in intestinal fatty acid absorption in worms also depends on
NHX-2, a homolog of the mammalian Na*/H" antiporter NHE3 [1]. However, when
WT and Peptl” mice were fed a high fat diet, only WT animals showed an obese
phenotype. Surprisingly both genotypes had increased lipid parameters in plasma
and liver samples. While WT mice adapted to the higher dietary fat content by
increasing villus height Peptl”' mice on HFD had a reduced villi length and IL-6
concentrations indicating an impaired intestinal cell proliferation. These mice had
also lowered concentrations of taurine that may lead to a reduced bile acid
production and secretion. As a result cholesterol degradation may be reduced
leading to an increased fecal energy excretion. Furthermore, while Peptl”' mice fed
a control diet showed enlarged caeca indicating a high bacterial growth, Peptl”
animals on high fat diet had smaller caeca suggesting a reduced bacterial growth.
Fat utilization by bacteria is low and therefore energy excretion is consequently high.
All data indicate that Peptl”' mice on HFD have a maldigestion, i.e. reduced
concentrations of pancreatic enzymes and bile acids and changes in gut microbiota,

and a malabsorption, i.e. decreased villus height in the small intestine.
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Zusammenfassung

Zusammenfassung

Der intestinale Peptidtransporter PEPT1 transportiert die meisten der 8000
verschiedenen Di- und Tripeptide, aber auch eine grole Anzahl von Peptidmimetika.
Der Transport wird ermoglicht durch eine nach innen gerichteten elektrochemischen
Protonengradienten. Dieser wird erzeugt und aufrechterhalten von (i) dem Na*/H"
Antiporter NHE3 in der apikalen und (ii) der Na*/K*-ATPase in der basolateralen
Zellmembran der Enterozyten. Erhohte Lipidakkumulation und Veranderungen in der
Fettsdurezusammensetzung wurden in einem peptl-defizienten Caenorhabditis
elegans beobachtet. Durch Versuche mit einem spezifischen Inhibitor konnte gezeigt
werden, dass die erhOhte Fettsgureabsorption in diesen Wurm abhangig ist von
NHX-2, einem Homolog zu dem Na'/H* Antiporter NHE3 in S&augern. Das deutet
darauf hin, dass PEPT1 und NHE3 sowohl in die Peptid- als auch in die
Fettsaureaufnahme involviert sind. Wurden Wildtyp- und Peptl”' -Mause mit einer
fettreichen Diat gefattert, zeigten nur Wildtyp-Mause einen adipdsen Phanotyp.
Jedoch hatten beide Genotypen erhdhte Lipidwerte im Blutplasma als auch in der
Leber. WT-Mause zeigten eine Anpassung an den hoheren Fettgehalt der Nahrung,
indem die Darmvilli langer wurden. Im Gegensatz dazu hatten Peptl”™ -Mause
verkurzte Darmvilli und eine erniedrigte Konzentration von IL-6, was auf eine
reduzierte intestinale Zellproliferation hindeutet. Diese Tiere hatten auch niedrigere
Konzentrationen der Aminosaure Taurin, was zu einer reduzierte Produktion und
Sekretion von Gallensauren fluhren kann. Eine mogliche Folge davon ware ein
reduzierter Abbau von Cholesterin und damit eine erhohte fakale
Energieausscheidung. Zudem hatten Peptl”'-Méuse auf der Kontrolldiat vergréRerte
Caeca, was auf verstarktes Bakterienwachstum hinweist. Dagegen hatten Peptl”-
Méause auf der fettreichen Diat kleine Caeca, was ein reduziertes Bakterienwachstum
vermuten laRt.

Diese Daten geben einen méglichen Hinweis darauf, dass Peptl”' -Mause auf der
fettreichen Diat unter einer Maldigestion (reduzierte Konzentrationen von
pankreatischen Enzymen und Gallensauren, veranderte Darmflora) und

Malabsorption (verkurzte Villi im Dinndarm) leiden.
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Introduction

Introduction

1 Anatomy and physiology of the gut
1.1 The intestinal tube

The murine intestine is a 40-50 cm long tube [2] that is divided in two main parts:
small and large intestine. Both are separated from each other by the caecum. The
small intestine itself is 29-39 cm long [2] and is subdivided in three parts —
duodenum, jejunum and ileum. The caecum is highly populated by diverse bacteria
[3, 4] which contribute to the digestion of nutrients. The large intestine is relatively
short when compared to the small intestine — only 9-14 cm [2]. It can be further
subdivided into colon and rectum.

The major role of the small intestine is the uptake of various nutrients from the chyme
that is released by the stomach. This uptake is mediated via a number of
transporters, e.g. peptide transporter, amino acid transporter, glucose transporter etc.
which are located on the apical side of epithelial cells in the gut. Dietary nutrients are
then absorbed by the portal vein or the lymphatics and transported to their target
organs such as liver, brain or muscles. To fulfill its absorbent function the gut has a
mean surface of 1.41 m? [5]. This is achieved by (i) circular folds of the murine gut
wall and (ii) evaginations of the mucosa called villi [6]. The intestinal wall is
composed of four different layers (Figure 1) that contribute to further digestion of the
chyme and to the uptake of nutrients: the innermost layer that surrounds the lumen is
called the mucosa . It comes in direct contact with the chyme and is therefore
responsible for secretion of hormones and enzymes and absorption of nutrients
(small intestine) and water (large intestine). The mucosa can be further divided into
the epithelium, the Lamina propia and the Muscularis mucosae. The submucosa is a
thin layer of connective tissue between the mucosa and the muscularis. It includes
large blood vessels, lymphatics and the enteric nervous system branching into the
musoca as well as into the muscularis. The latter one contains the Meissner’s
plexus, an enteric nervous plexus on the inner surface of the muscularis. The
muscularis consists of an inner circular and an outer longitudinal muscular layer.

Both together enable coordinated contractions called peristalsis: the inner layer
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Introduction

propels the food through the gastrointestinal tract and the longitudinal layer shortens
the tract. In between these two muscle layers is the Auerbach’s plexus. The
outermost tissue is the serosa that is composed of a connective tissue and a
secretory epithelial layer (mesothelium). It is responsible for secretion of lubricating

fluid which reduces friction from muscle movement.

Auerbach’s plexus
eosinophilic granulocyte macrophage Meissner’s plexus

lymphocyte plasma cell Paneth cell vein
) Zas S L BUeoen

enterocyte goblet cell Lymphatic vessel Muscularis mucosae artery

Figure 1: Structure of the small intestine. 1. Mucosa 2. Submucosa 3. Muscularis (from Storch and Welsch, 1999, modified)

1.2 Mucosa

The intestinal barrier is formed by the mucosa. It is an epithelial monolayer that is
organized into crypt-villus units and has an intraluminal pH value of 6.1 to 6.8 [7-9].
Proliferating cells are limited to the crypt where the pool of multipotent stem cells is
located [10]. These stem cells differentiate into four different cell types: goblet cells,
paneth cells, enteroendocrine cells and enterocytes [11]. During differentiation cells
migrate from the bottom of the crypts to the villous tip — only paneth cells remain at
the base of the crypts. Reaching the villous tip, cells become apoptotic and are shed
into the lumen where they are digested. Whether a cell differentiates into a paneth
cell, an enterocyte or another cell type is influenced by various factors, e.g.
transcription factors, secretion factors or the extracellular matrix [10]. This cycle of
migration, differentiation and mortality takes 3 — 5 days [12]. Goblet cells secrete
mucins that dissolve in water to form the mucus. Mucus has various functions: in the
esophagus it serves as lubricant for food, in the stomach it protects against the highly
acidic environment and in the intestinal tract it functions as a barrier against

infectious agents, e.g. bacteria, viruses and fungi. Paneth cells are secretory cells
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localized at the bases of intestinal crypts (crypts of Lieberkiahn) [13]. This type of
cells contributes to intestinal defense against micro-organisms by secreting
antimicrobial substances, e.g. lysozyme, intestinal phospholipase A2 and defensins
[14, 15]. Most enteroendocrine cells are found in the islets of Langerhans, but they
are also found in the intestinal tract. They have the ability to secrete different
hormones: Glucagon (a cells), insulin and amylin (B cells), somatostatin (& cells) and
ghrelin (¢ cells) are secreted from the pancreas whereas gastrin (G cells of stomach,
duodenum and pancreas), cholecystokinin (I cells of duodenum), motilin (M cells of
duodenum and jejunum), gastric inhibitory peptide (GIP) (K cells of duodenum and
jejunum), Glucagon-like peptide 1 (GLP-1) and Glucagon-like peptide 2 (GLP-2) (L
cells of ileum and colon) are released from the gut itself. Enterocytes represent the
major cell population along the villus [16]. These are polarized columnar cells with a
height of about 30 um [17]. The apical side, facing the gut lumen, is covered by
microvilli that enlarge the intestinal surface 13 — 19 times [17]. Their functions include
the uptake of ions (Na*, Ca**, Mg?* and Fe®"), water, sugar, peptides and amino
acids, lipids and vitamin B12. The uptake of these compounds is mediated via a
number of transporters in the apical brush-border membrane. On the basolateral side

these substances are released into the bloodstream or the lymphatics.
2 Peptide transport

During the 1970’s, the active absorption of short peptides was shown in mammalian
gut epithelial cells. At this time it was believed to be driven by a transmembrane Na*
gradient. In the 1980°s it was proven to be energized by an inwardly driven proton
gradient across brush-border membranes — but still the transporters remained
unknown. Just in the mid 1990°s the underlying transporters were identified. Today
we know that the transport of peptides across membranes into cells is performed by
specific, energy-dependent transporters. They are found in all kind of organisms from

bacteria to humans [18].

2.1 SLC15 family

The solute carrier (SLC) family is a group of membrane transport proteins with more

than 300 members that are organized into 47 groups |19|. Peetide transeorters
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belong to the SLC15 family. It is also called the Proton-coupled Oligopeptide
Transporter (POT) super family or the Peptide Transporter (PTR) family [18].
Members of the mammalian POT-family are electrogenic transporters that utilize the
proton-motive force for the transport of short chain peptides and peptido-mimetics
across the plasma membrane. So far, four members in this super family have been
identified: PEPT1 (SLC15A1), PEPT2 (SLC15A2), PHT2 (SLC15A3) and PHT1
(SLC15A4). The proteins of this super family vary in size between 450 and more than
700 amino acids. All members are predicted to have 12 transmembrane domains
(TMD) with N- and C-termini facing the cytosol [20]. The characteristics of each

member are summarized in Table 1.

Table 1: SLC15 — The proton-coupled oligopeptide family (modified from [20])

Human gene Protein Predominant Tissue distribution and (sub  -) Human gene

name name substrates cellular expression locus

Di- and tripeptides, : . :
Intestine, kidney, apical, lysosomal

SLC15A1 PEPT1 protons, B-lactam 13933-q34
membrane

antibiotics
Di- and tripeptides, Kidney, lung, brain, mamma land,

SLC15A2 PEPT2 pep y. g- ) Ve 3q913.3-g21
protons bronchial epithelium
Histidine, di- and Lung, spleen, thymus, (faintly brain,

SLC15A3 PHT2 . . . 119121
tripeptides, protons liver, adrenal gland, heart)
Histidine, di- and

SLC15A4 PHT1 Brain, retina, placenta 12924.32

tripeptides, protons

2.2SLC15A1 - PEPT1

PEPT1 (SLC15A1) was the first mammalian peptide transporter cloned from rabbit
intestine in 1994 [21, 22].

2.2.1 Tissue localization

Human PEPT1 was shown to be expressed in a number of various tissues as shown
in Table 2 - mainly being expressed in the apical membrane of enterocytes in the
small intestine [22, 23]. In humans, the highest mRNA levels were found in
duodenum with decreasing levels towards the ileum [24]. Ford et al. showed that

PEPT1 is nearly absent or expressed at very low levels under normal healthy
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conditions in human colonic mucosa [25]. However, PEPT1 expression was changed
in patients suffering from short-bowel syndrome (SBS), chronic ulcerative colitis and
Crohn’s disease. Under these inflamed conditions PEPT1 mRNA and protein levels
were shown to be up regulated [26, 27]. But newest data of our group demonstrate
PEPT1 mRNA and protein expression in murine colon also under normal conditions
without inflammation (unpublished data). Several groups found PEPT1 expression
also in the S1 segment of the proximal tubule in kidney [23, 28, 29] and even in
zebrafish [30]. Furthermore transport activity was detected in renal lysosomal
membranes to transport peptides from the cytosol into lysosomes [31] and in liver
cells where peptides were translocated from lysosomes into the cytosol after protein
degradation [32]. Additonally, PEPT1 is expressed in the nuclei of vascular smooth
muscle cells of the pancreas [33, 34]. Newest data also show PEPT1 expression
(mRNA and protein level) and transport activity in human nasal epithelium [35].

Table 2: Tissue and cellular localization and function of PEPT1 (modified from [36])

Tissue Localization Species Function Reference

: Apical membrane of
Bile duct . Mouse [37]
cholangiocytes

Probably minor or no role in

) Rat, zebrafish, ) ) [23, 24,
) Present depending on the reabsorption of di- and
Kidney ) human to be ] ) 28, 30, 38-
organism » tripeptides and
clarified 40]

peptidomimetics
Transport of small peptides
Liver Lysosomal membrane Rats from lysosome to cytoplasm [32]
after protein degradation

Nasal epithelium Nasal epithelial cells Human [35]
: Present with very low
Reproductive . .

expression in Sertoli Rat, mouse [41]

organs
cells
Lysosomes of acinar
Pancreas Rat [33, 34]

cells

Brush-border . .
. o Absorption of di- and
. : membrane in epithelial . .
Small intestine Human, rat, mouse tripeptides and [22-24, 42]
cells of duodenum, : L
o . peptidomimetics
jejunum, ileum

In mice, PEPT1 was detected in the brush-border membrane of enterocytes in the
small intestine [42]. Additionally, its expression has been shown in apical membrane

of cholangiocytes of the bile duct [37] and in Sertoli cells of the testes [41].
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2.2.2 Gene polymorphism

The gene encoding hPEPT1 is located on chromosome 13g33-34 and contains 23

exons and 22 introns. As this gene is conserved it shows only little genetic
polymorphisms among ethnic groups. Zhang et al. performed a genetic screening of

44 ethnically diverse individuals and indentified nine non-synonymous and four

synonymous coding-region single-nucleotide polymorphisms (SNPs) [43]. Among
these SNPs only one single SNP (P586L) leads to significantly reduced transport

activity.

2.2.3 Molecular structure

The mammalian PEPT1 proteins are highly homologous with 707 aa (rabbit) [22],
708 aa (human) [44], 709 aa (mouse) [45] and 710 aa (rat) [46], respectively. The
protein is composed of 12 TMD with both termini facing into the cytosol. It is

predicted to have a big extracellular loop between TMD 9 and 10 (Figure 2) and TMD

1-4 and 7-9 were shown to be critical for substrate affinity [47-49]. Human PEPT1 is

highly glycosylated and contains two protein kinase C (PKC) binding sites [44].

L
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Figure 2: Model of the human PEPT1 secondary structure
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transport process are highlighted: Residues that alter substrate specificity or are essential for transport activity (red, green) and
the signature motif of the POT-transporter family (blue). (from [50]).
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2.2.4 Transport mechanism

In 1983 Ganapathy and Leibach demonstrated that intestinal peptide uptake is driven
by an inwardly directed proton gradient [51] with an acidic microclimate (pH 6.1 to
6.6) on the luminal surface of the epithelial cells [7]. This gradient is generated and
maintained by the (i) Na'/H" antiporter NHE3 in the apical membrane and the (ii)
Na“/K* ATPase in the basolateral membrane of enterocytes [52] (Figure 3). The
import of peptides is a well ordered and simultaneous procedure in which the proton
binds first to PEPT1 but substrate and proton are imported together [53].

PEPT1 has a broad substrate spectrum with preference to substrates with no net
charge. These compounds are imported with a 1:1 stoichiometry in proton to
substrate flux [54]. For di- and tripeptides with glutamate or aspartate residues, two
protons are required to translocate the substrate into the enterocyte. In this case the
second proton is believed to protonate the side chain carboxyl group prior to
transport [54, 55]. PEPT1 translocates cationic peptides containing arginine or lysine
groups preferentially in their neutral form but in addition also in the charged form.
This happens in a 1:1 stoichiometry in both cases. It was shown by Amesheh and

colleagues that PEPT1 preferentially recognize zwitterionic dipeptides [56].

Na~
NHE3 apnnlnn nnndn | PEPT1
I uuyu J vuv Apical
" OH- - .- - H
INa’ Dipeptides
! Tripeptides

ADP 2K
\_/ D Basolateral

Na'/K'- | | K'-channel
ATPase

Figure 3: Schematic view of peptide transport across the brush -border membrane. PEPT1 transports di- and tripeptides
together with protons (H") into epithelial cells. This leads to an intracellular acidification. To counteract this acidification the
sodium-proton exchanger NHE3 exports H' in a 1:1 ratio out of the cell and imports sodium ions (Na") into the cell. Imported Na*
leave the cell in exchange for potassium ions (K*) via the Na'/K*-ATPase on the basolateral side. Potassium ions are finally
pumped out by a K'- channel.

e —
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2.2.5 Substrate specificity

Natural di- and tripeptides

Human PEPT1 (hPEPT1) has broad substrate specificity and transports most of the
400 di- and 8000 tripeptides resulting from breakdown of dietary protein in the
intestinal lumen. But it does not translocate any single amino acids, tetrapeptides or
larger peptides.

Translocation of peptides occurs stereospecific in the sense that PEPT1 has a much
higher affinity to di-and tripeptides formed of L-amino acids than the ones containing
D-amino acids [57]. Peptides solely consisting of D-stereoisomers will not be
transported by PEPT1 [58]. Additionally, peptides consisting only of basic amino
acids may not be transported by PEPT1 [59, 60].

Due to its cyclic structure that is conformational inflexible peptides containing proline
in either the N-terminal or C-terminal position have demonstrated differences in
transport affinity. Modifications, e.g. methylation or acetylation, in the N-terminal
amino group or C-terminal carboxyl group of peptides lead to a reduced affinity for
PEPT1 [61] and to a total loss of affinity when one or both of these groups is
removed. The decrease in affinity is higher for modifications at the N-terminus [59].
Essential structural features for peptides to be transported by PEPT1 are: (i) L-amino
acids, (ii) acidic or hydrophobic function at the C-terminus, (iii) a weakly basic group
in the a-position at the N-terminus, (iv) a ketomethylene or acid amine bond and (v) a

trans conformation of peptide bonds [36].

Xenobiotics

Beside di- and tripeptides, PEPT1 can transport a large number of drugs, e.g. amino
B-lactam antibiotics of cephalosporin and penicillin classes (cefadroxil), selected
ACE-inhibitors (captopril, enalapril), peptidase inhibitors (bestatin), anti-virals

(acyclovir, ganciclovir) and prodrugs (L-DOPA) [62, 63].

2.2.6 Regulation

PEPT1 was shown to be regulated chronically as well as acutely by a variety of
factors including its substrates, diet or disease.
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Signal transduction:

In the human colon carcinoma cell line Caco-2, it was shown that treatment with
phorbol esters (activator of protein kinase C) decreased Gly-Sar uptake. This was
accompanied by a decrease in Vpyax and an unaltered Kn. This effect could be
blocked by using an inhibitor of the protein kinase C, staurosporine [64]. Also cholera
toxin inhibited the activity of PEPT1 by decreasing Vmax. This inhibitory effect was
blocked by inhibitors of protein kinase A and C [65].

PEPT1 substrates:

Upon expression to Gly-Sar, PEPT1 mRNA and protein levels in Caco-2 cells
increased three and two folds, respectively. Also the uptake of another dipeptide
(Gly-GIn) was increased two fold due to an increase in Vmax but no changes in K,
[66]. Another study showed that Gly-Phe or phenylalanine alone could increase

PEPT1 expression by stimulating the promoter activity [67].

Hormones:

Insulin is the most important metabolic hormone. In Caco-2 cells, it was shown to
increase Gly-GIn uptake by increasing Vmax. Also protein levels were increased due
to release of PEPT1 from a cytoplasmic pool [68]. Buyse and colleagues showed that
leptin increased Gly-Sar and cephalexin uptake in Caco-2 cells with an increased
Vmax but unaffected Ky, [69]. Contrary to these two hormones, thyroid hormone T3
was found to reduce Gly-Sar uptake in Caco-2 cells by decreasing Vmax [70].
Furthermore, it was shown that PEPT1 mRNA, protein and Gly-Sar uptake are
decreased in hyperthyroid rats [71].

Inflammation:

Patients suffering from the short bowel syndrome were shown to have five-fold
increased PEPT1 mRNA levels when compared to healthy subjects [27]. Additionally,
patients with Crohn’s disease and ulcerative colitis have an induced PEPT1
expression in their colon. During these diseases, bacteria (e.g. Escherichia coli)
secrete peptides like formyl-Met-Leu-Phe (fMLP) that act as chemotactic attractants
to recruit neutrophils to the sites of inflammation [26]. As a possible mechanism of
upregulation of PEPT1 in the colon, Vavricka and colleagues demonstrated that
tumor necrosis factor a (TNF-a) and interferon y (IFN-y) could increase hPEPT1
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protein density and transport activity of Gly-Sar [72]. An infection with the protozoa
Cryptosporidium parvum is thought to be responsible for the intestinal malabsorption
syndrome. It has been demonstrated in rats, that during the time of infection PEPT1
protein levels and activity were reduced but returned to normal levels after clearance

of the parasites [73].

Diet:

Hindlet and colleagues could demonstrate that feeding mice a hypercaloric diet (35
% fat) over a period of four weeks resulted in 50 % decrease of PEPT1 mRNA and
30 % decrease in protein of PEPT1. This finally led to a 46 % reduced Gly-Sar
uptake [74] when compared to control mice fed a laboratory chow (3 % fat). These
observations were accompanied by a parallel two-fold decrease in leptin receptor

expression.

Fasting:

After one day of fasting, rats had a three-fold increase in mRNA expression and a
two-fold increase in PEPT1 protein levels and V. in Gly-GIn uptake [75]. A fasting
period of two days resulted in increased PEPT1 mRNA amount and transport activity
in the upper and middle intestinal regions [76]. Other studies showed that different
intestinal regions respond differently to total parenteral nutrition (TPN). It was
demonstrated by lhara and colleagues, that mMRNA and protein levels were increased
in the jejunum after a ten day administration of TPN [77]. A follow-up study showed
no differences in the duodenum but increased mRNA levels in the ileum after rats
have been given TPN for seven days [78]. Although the underlying mechanism
remains unclear yet, Shimakura and colleagues proposed that peroxisome
proliferator-activated receptor alpha (PPAR-a) induces PEPT1 expression by

increasing mMRNA levels [79].

3 Sodium-Proton-Exchange

Since the intracellular pH is important for cell division and development of
multicellular organisms, cells have developed various pH-regulating mechanisms.
The first sodium-proton exchanger was described in kidney tissue by Murer and

colleagues [80].
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3.1SLCOA family

The solute carrier (SLC) family is a group of membrane transport proteins with more
than 300 members that are organized into 47 groups [19]. Sodium-proton
exchangers (NHE) belong to the SLCOA family. Members of this family are driven by
an inwardly-directed sodium (Na®) gradient [81, 82]. The human SLC9A family
consists of 9 members, NHE1-9 (SCL9A1-9), that are organized in two isoforms:
plasma membrane (NHE1-5) and intracellular, organellar isoforms (NHEG-9). The
first group is further subdivided in NHEs that (i) resident permanently in the plasma
membrane (NHE1, 2, 4) [83, 84] and (ii) the ones that cycle between the plasma
membrane and recycling endosomes (NHE3, 5) [85-87]. The organellar isoforms
include NHEG that is located in recycling endosomes [88-90], NHE7 in the trans-
Golgi network [91, 92], NHE9 in late endosomes and NHES8. But the intracellular
localization of NHES is not yet determined [93, 94].

Of all these sodium-proton exchangers, NHE1-3 and 7 are present in all organs of
the gastrointestinal tract and NHEG is found in pancreas and liver. Contrary to this,
NHE4 and 5 do not seem to be expressed in the intestine.

The proteins of this super family vary in size between 645 and 848 amino acids and
consist of two domains: (i) the N-terminal transport domain (~ 500 aa) is responsible
for the exchange of Na* for H" in a 1:1 stoichiometry and (ii) the C-terminal domain
that is involved in the regulation of NHEs by growth factor and protein kinase. All
members are predicted to have 12 TMD with an extracellular N- and an intracellular
C-terminus whereby the plasma membrane-associated isoforms have longer C-

termini.

3.2SLCY9A3 - NHE3

The human NHES3 gene is located on chromosome 5p15.3 and was shown to be
expressed in a number of various tissues as shown in Table 3 — mainly being
expressed in the gastrointestinal tract and kidney. In humans, NHE3 was reported to
be expressed in the brush-border membrane of duodenum, jejunum and ileum as
well as in colon, gall bladder and kidney (for review see [95]).

In mice, NHES is located on chromosome 13. Its expression was demonstrated to be

higher in the epithelial cells of the colonic surface rather than in crypts [96].
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Furthermore, murine NHE3 is expressed in canalicular cells of hepatocytes and on
cholangiocytes [97].

Functional analysis of mammalian NHE3 showed it is the major protein involved in
Na® and fluid reabsorption in the proximal tubule of kidney but also Na* absorption in
ileum. This happens via an exchange of Na*/H* with a 1:1 stoichiometry. Therefore,

NHE3 regulates the systemic electrolyte, acid-base and water homeostasis [98].

Table 3: Tissue and cellular localization and function of NHE3

Tissue Localization Species Reference
Stomach Apical membrane of parietal cells Rat [99]

Duodenum Brush-border Human, rat [100, 101]

Jejunum, lleum Brush-border Human, rabbit, rat [100, 102]

Colon Brush-border Human, rabbit, mouse [96, 102]

Gallbladder Cholangiocytes Mouse, rat, rabbit, prairie dog [97, 103, 104]
Liver Canalicular membranes of Mouse, rat (97]
hepatocytes

Human NHE3 can be inhibited by amiloride (IC50=283 uM), cariporide (IC50=900 yM),
S1611 (1C5=0.05 uM), S2120 (IC50=0.07 pM), S2121 (IC5,=0.61 pM) and S3226
(IC50= 0.02 uM) [105]. Furthermore, it was shown in studies with rats that inhibition of
NHES3 with the specific inhibitors S1611 and S3226 leads to an increased duodenal
bicarbonate secretion and saponification of free fatty acids. As a consequence, these
free fatty acids are not absorbed by the intestinal epithelial cells [106]. From these
findings, we hypothesize that NHE3 counteracts a diet-induced obesity by influencing
intestinal fatty acid absorption with its action on the “fatty acid flip-flop”, the pH

regulation and bicarbonate secretion.

4 PEPT1 and lipid metabolism in  Caenorhabditis elegans

4.1 The link between PEPT1 and lipid metabolism

In the nematode Caenorhabditis elegans, it was demonstrated that a deletion of
PEPT1 leads to drastic changes in the worm. These include amino acid deficiency, a
reduced growth and a reduction of progeny by 60 % [1]. Additionally, Spanier and
colleagues showed that peptl(lg601) worms (PEPT1 knockout worm) had a 2-fold
increased amount of body fat and also larger fat granules in intestinal cells when
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compared to wild-type worms. mRNA analysis of peptl(lg601) worms revealed 1653
genes with more than 1.5-fold up-regulation in expression. Major pathways affected
by these changes were the lipid and fatty acid metabolism, cell signaling and amino
acid metabolism [1], e.g. peroxisomal protein involved in fatty acid oxidation. When
analyzing fatty acid composition the overall concentration of saturated fatty acids
(SFA) remained unchanged but there was an increase in C16:0 fatty acids.
Furthermore, levels of monounsaturated fatty acids (MUFA) were ~50 % higher and
polyunsaturated fatty acids (PUFA) were ~45 % lower in peptl(Ilg601) than in wild-
type C. elegans. The decrease in PUFA levels went along with a down-regulation of

genes involved in elongation and desaturation of PUFAs.

4.2 Interplay between NHE3 and PEPT1

Intestinal di- and tripeptide uptake via PEPT1 is an electrogenic proton-coupled
symport that is driven by an inwardly directed proton gradient. As a continuous H”
uptake would lead to an intracellular acidification, this gradient has to be maintained
by exporting protons back into the intestinal lumen. This process is performed by the
(i) Na*/H" antiporter NHE3 in the apical membrane and the (ii) Na*/K* ATPase in the
basolateral membrane of enterocytes.

In C. elegans, experiments with a fluorescent-labeled C12 fatty acid (BODYPI-C12)
demonstrated a highly increased uptake of this fatty acid in pept1(Ig601) worms. This
was also observed in wild-type worms incubated for 1 h with 1 mM of the PEPT1
antagonist Lys-[z-NO3]-Val. Keith Nehrke showed a functional coupling of PEPT1
(formerly OPT-2) and NHX-2 (homologue to NHE3) in regulation of the intracellular
pH (pHic). NHX-2 was shown to be responsible for recovery of pHi; after acidification
resulting from di- and tripeptide uptake via PEPT1 [96]. Additionally, studies in
human intestinal cells revealed that sodium-proton exchangers maintain the pH
homeostasis [107] and therefore enable proton-dependent peptide uptake. Inhibition
of these exchangers leads to an intracellular acidification that abolishes peptide
uptake via PEPT1. A process directly influenced by changes in the proton gradient is
the uptake of free fatty acids via the “fatty acid flip-flop” mechanism [108] (Figure 4).
Initially, fatty acids are released from their transport protein, protonated and inserted
in the outer leaflet of the plasma membrane with the carboxylic group facing the

intestinal lumen. In this form it crosses the membrane resulting in a re-orientation of
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the carboxylic group to the cytosolic site. After deprotonation the fatty acid leaves the
inner leaflet of the plasma membrane and binds to intracellular fatty acid binding
proteins (FABP).

Albumin

RS

/(\<\

N
? cellular FABP

Intracellular membranes
(mitochondria, ER, etc.)

Figure 4: Functional link between the sodium  -proton exchanger NHE3 and intestinal free fatty acid uptake. Right: Long
chain fatty acids (LCFA) are released from their transport protein albumin. They move to the plasma membrane where they are
protonated. Uncharged fatty acids can cross the plasma membrane via the “fatty acid flip-flop” mechanism. At the inner side of
the plasma membrane they are deprotonated, bind to cellular fatty acid binding proteins (FABP) and are transported to
intracellular membranes (mitochondria, ER, etc.). Protons (H") are co-transported with each fatty acid into the cell. This leads to
a decrease in intracellular pH. Left: Fatty acid binding proteins inside the plasma membrane represent another transport
mechanism for LCFA into the cells.

It was shown, that uptake of BODIPY-C12 was drastically reduced in wild-type and
peptl(lg601) worms when the nhx-2 gene was silenced by RNAI. These worms had a
reduced fat content and smaller fat granules [1]. A decrease in BODIPY-C12 uptake
was also seen after 1 h incubation with 1 yM of the specific NHE3 inhibitor, S3226.
These data confirms results from Nehrke who reported a lean phenotype in nhx-
2(RNAI) C. elegans [109] and proves a functional interaction between the intracellular
pH homeostasis and fatty acid uptake.
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5 Aim of the project

PEPT1 (SLC15A1) is primarily found in the brush border membrane of enterocytes in
the small intestine but also with lower levels in other tissues. In humans, the highest
MRNA levels were found in duodenum and decreasing towards the ileum. It is a
unique feature of PEPT1 to transport almost all of the 8000 different di- and
tripeptides that can be released by breakdown of dietary protein in the intestinal
lumen. Beside di- and tripeptides PEPT1 also transports a large number of drugs,
including B-lactam antibiotics, peptidase inhibitors, anti-virals and prodrugs.
Transport is energized by an inwardly directed electrochemical proton gradient and
an acidic microclimate on the luminal surface of the epithelial cells. This proton
gradient is generated and maintained by the (i) Na*/H" antiporter NHE3 in the apical
membrane and the (ii) Na*/K* ATPase in the basolateral membrane of enterocytes.

In the model organism Caenorhabditis elegans lacking the intestinal peptide
transporter pept-1 a highly increased fat accumulation was observed and animals
displayed abnormal fatty acid patterns. That the increase in intestinal fatty acid
absorption in worms also depends on NHX-2, a homolog of the mammalian Na*/H"
antiporter NHE3, was demonstrated by use of specific inhibitors and down-regulation
of the gene. The findings, however, supported the notion that PEPT1 and the
transmembrane proton gradient essentially affect intestinal uptake of both peptides
and fatty acids and moreover, that the fat absorption might be influenced by PEPT1.

The aim of the project was to explore a possible interplay between PEPT1 and lipid
homeostasis in mammals. We assessed whether a PEPT1-deficient mouse line
shows phenotypic changes when fed a normal high carbohydrate control diet or a
high-fat diet that causes diet-induced obesity (DIO) in wild-type animals. Additionally,
we wanted to address the question whether the interplay between NHE3 and PEPT1
is also found in mammals. Therefore, WT and Peptl”' mice were treated with
amiloride and S1611 to inhibit NHE3 activity. We monitored weight gain, food and

water intake as well as body fat and lean mass composition.

page 17



Methods

Methods

1 Mouse husbandry, handling and sample collection

1.1 Animals

Wild-type C57/BL6 mice were raised in our SPF animal facility. Peptl”™ were
purchased from Deltagen (San Carlos, California, USA). Further breeding of these

knockout animals was carried out in house.
1.2 Mouse husbandry

All animals were kept at 22 + 2 °C and a 12:12 hrs light/dark cycle under SPF
conditions. Mice had access to water and a standard chow (Ssniff, Soest, Germany)

**) and Peptl” mice,

ad libitum. For the experiment homozygous C57BL/6 (Peptl
respectively, were mated to obtain entirely homozygous litter. All procedures in this
study were performed according to the German guidelines for animal care and
approved by the state ethics committee under reference number

55.2-1-54-2531-39-10 and 55.2-1-54-2532-45-11.
1.3 Genotyping

Mice were genotyped by PCR screening with primers (sequences see Table 4)
directed against the Peptl wild-type allele and the LacZ cassette that is inserted in
the targeted allele, respectively. Tail biopsies were digested o/n at 65 °C with
proteinase K (0.5 mg/ml proteinase K, 50 mM KCI, 10 mM Tris-HCI, 0.1 mg/ml
gelatine, 0.45 % Nonidet NP-40, 0.45 % Tween 20, pH 8.3). Afterwards, proteinase K
was heat inactivated at 95 °C. PCR was performed using 1 pl of the digested sample
that contained genomic DNA. PCR products were run on a 1.5 % agarose gel. A
band of 213 bps indicated the product of the wild-type allele and a band of 360 bps

indicated the product of the targeted allele.
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Table 4: Primer sequences for mice genotyping of Peptl” and WT mice

) ) o Amplicon
Primer pair direction Sequence (5°- 3") )
size [bp]
62970 WT Forward AGT GTG GGC TGG TGA GAC ACG TGT C o
62971 Reverse CAG GGG GCG AGA GAAACAGAGTTAG
3195 Neo forward GGG CCAGCT CATTCCTCCCACTCAT 360
62971 Reverse CAG GGG GCG AGA GAAACAGAGTTAG

1.4 Dietary intervention study

High-fat diet feeding study:

During the dietary intervention study male wild-type (WT) and Peptl” mice received
purified diets with a low (13 energy %) or high (48 energy %) fat content. For each
diet and genotype 15 animals were studied. The formulation of each diet is to be
found in the appendix. 6 weeks old male mice were placed separately in cages and
the standard chow was changed to the experimental diet. The feeding trial was

carried out for 12 weeks and animals had access to tap water and food ad libitum.

NHE3 inhibition study:

Since there is no literature available for longtime inhibition of NHE3, we first looked
for the lowest effective dose of amiloride (general sodium-channel inhibitor) and
S1611 (specific NHES inhibitor).

During the NHE3 inhibition study, 3x 15 male WT mice (6 weeks of age) were
separated into three groups of 5 mice (15 mice per inhibitory substance): (i) control
group, (ii) 1% treated group and (iii) 2™ treated group. All three groups were fed a
48 % high-fat diet for the first two weeks of the study. Both treated groups received
either amiloride or S1611 (kind gift from Sanofi-Aventis GmbH, Frankfurt, Germany)
in the drinking water at weeks 3 (5 and 10 pg/ml) and 5 (20 and 30 pg/ml). At weeks
4 and 6, mice had a recovery phase with no supplement in the water. The feeding
trial was carried out for 8 weeks and animals had access to tap water and food ad

libitum.
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1.5 Data sampling during study

Weight gain, food and water consumption:

Body weight and food and water consumption were monitored once a week between
9.00 and 9.30 a.m. for a period of 12 weeks (feeding study) or 8 weeks (NHE3
study). Feces of every mouse were collected at week 4, 8 and 12 for calorimetric

analyzes.

Locomotor activity:

After 4 weeks on the experimental diet 5 mice of each group were housed for three
days in special feeding-drinking-activity cages (TSE-Systems, Bad Homburg,
Germany) to monitor the activity of each mouse. This system enables to detect the
activity in x-, y- and z-direction. It consists of sensor frames with 32 light barriers on
the longitudinal and 16 light barriers on the breadth side. Furthermore, there are
sensors in the holding device for food and water containers that allow measuring the
frequency and amount of food and water consumption. All cages are connected to a
computer with LabMaster V2.8.3 software (TSE-Systems, Bad Homburg, Germany)
which records and visualizes all measurements for 24 h per day. During that analysis

mice received food and water ad libitum.

Indirect calorimetry:

After 4 weeks on the experimental diet 5 mice of each group were housed for three
days in special calorimetry cages (TSE-Systems, Bad Homburg, Germany) to
monitor the oxygen consumption and carbon dioxide production. During that analysis

mice received food and water ad libitum.

NMR analysis:

Mice from the NHE3 study underwent a weekly scan to detect changes in body fat
and lean mass composition. Animals from the HFD feeding study were scanned at
weeks 4, 8, and 12. Therefore mice were put in a restrainer that was locked at both
ends and measured in a LF50H BCA-Analyzer using the m” software (Bruker Optics,

Ettlingen, Germany).
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1.6 Collection of plasma and tissue samples

Blood samples were taken under isofluran anesthesia by puncturing the retro-orbital
sinus with heparin coated capillaries (Neolab, Heidelberg, Germany). To obtain
plasma for further analysis, blood was collected in Li-Heparin coated tubes (Sarstedt,
Nuembrecht, Germany). Collected samples were centrifuged at 3000 g for 10 min
within 1 h to prevent possible degradation. All plasma samples were stored at —80 °C
until they were analyzed.

For collection of tissue samples mice were dissected and organ weights were
determined on a precision balance with 15 male mice per genotype and diet. Organ
weights are expressed in relation to body weight.

Small pieces of the intestine (proximal and distal part of small intestine, colon), liver
and epididymal adipose tissue were put in an eppendorf tube containing 500 pl of
4 % paraformaldehyde for histological analyzes. The remaining samples were put in
an eppendorf tube and frozen directly in liquid nitrogen. For long term storage

samples were kept at — 80°C.

2 Feces analysis

To determine whether the two genotypes show differences in absorption or digestion
of nutrients, we performed fecal analysis for energy content and detailed composition
of excreted nutrients. For this purpose, feces samples of five individual mice per
group were collected at week 4, 8 and 12 during the study. Each sample was dried

for two days in an oven at 50 °C and fecal dry weight was recorded.

2.1Intestinal transit time

Gastrointestinal transit time was determined according to Koopman and colleagues
(1978). Briefly, 10 steel balls of 0.5 mm in diameter were given by gavage at 1900 on
two subsequent days. On each day, during the following 10 h, the feces of individual
mice was collected every 30 min and examined for occurrence of the balls. The
median recovery time of the 10 steel balls was taken as the gastrointestinal transit
time. Since the experiment was performed on two subsequent days, the final transit

time was calculated as median from the values of both days.
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2.2Bomb calorimetry: energy intake by food and fecal energy content

Determination of the calorific value was performed with an automated oxygen bomb
calorimeter 6300 (Parr Instrument GmbH, Frankfurt, Germany). The calorimeter uses
the isoperibolic technique were the jacket temperature is kept constant while the
temperature in the bomb (reaction chamber) changes after burning the sample.

For analysis 0.9-1.1 g of feces or food pellets were grinded and pressed. The pellets
were put onto a high sensitive scale and the exact mass was recorded. Afterwards
each pellet was placed in a small bucket and a thread was tied around the ignition
wire. The sample was placed in the bomb calorimeter and measurement was started
after entering the exact mass of the sample. Results are presented in kJ/g feces dry
weight.

Total energy intake, total fecal energy excretion and energy assimilation were

calculated according to the following formulas:

Total energy intake (kJ) = food intake (g) x energy content in food (kJ/g)

Total energy excretion (kJ) = feces excreted (g) x fecal energy (kJ/g)

Energy assimilation (kJ) = Energy intake (kJ) — energy excretion (kJ)

2.3 Fourier transform infrared spectroscopy (FT-IR)

To identify the fecal components and quantify amounts of carbohydrates, proteins
and lipids, feces samples were analyzed with FT-IR spectroscopy. For analysis the
FT-IR spectrometer Tensor 27 (Bruker Optik GmbH, Ettlingen, Germany) was used.
Mouse feces were homogenized and the powder was loaded on an aluminum 96-well
plate. The spectrometer was pre-cooled by liquid nitrogen. Each sample was
measured in five replicates and data was analyzed using the OPUS software (Bruker
Optik GmbH, Ettlingen, Germany).
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2.4 Analysis of free fatty acids by gas chromatography-mass spectrometry

To measure free fatty acids, caecal content was lyophilized for 20 h under vacuum.
Metabolites were extracted from 10-30 mg of lyophilized caecal content with 500 pl of
ice-cold methanol. After samples were incubated for 10 min at 4 °C on a shaker, they
were centrifuged for 5 min at 4 °C and 14,000 x g. Supernatant was transferred into a
new tube and dried using a vacuum concentrator (SPD 111V SpeedVac, Thermo
Savant).Since gas chromatography-mass spectrometry (GC-MS) requires a
derivatization step, a variation of the two-step technique was performed. To protect
carbonyl moieties via methoximation, 20 pl of pyridine containing 40 mg/ml
methoxyamine hydrochloride were added to the dried pellets and incubated for 90
min at 30 °C. Derivatization of acidic protons was carried out by treatment for 30 min
at 37 °C with the addition of 32 pl MSTFA (N-methyl-N-trimethylsilyl-
trifluoroacetamide). As internal standard, paracetamol was added to each sample. 1
pl of the derivatized sample was injected on the column in a splitless mode. GC was
run on a 30 m long VF-5ms capillary column (0.25 mm inner diameter, 25 pym film
thickness) (VARIAN, Palo Alto, USA) at a constant flow of 1 ml/min helium.
Temperature program started at 70 °C for 1 min followed by continuous heating of 10
°C/min until reaching a final temperature of 330°C that was held for 8 min. Analysis
was carried out on a HP 7890 gas chromatograph (deactivated spit/splitless liners)
coupled to a Quadropole (Agilent 5975) mass analyzer with scan rates of 5 s™ and
mass ranges of 70 to 600 Da. Chromatograms were further processed using the

MetaboliteDetector software 2.06.
3 Lipid analysis in plasma, liver and caecum content

To investigate the differences between wild-type and knockout animals we first
preformed a lipid screening in plasma, liver and caecum content samples. This
screening included the detection of general blood lipid parameters, triglycerides,

phospholipids and non-esterified fatty acids in plasma and liver.
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3.1 Triglyceride analysis in liver and caecal content

Triglycerides in liver were measured with the TRIGLYCERIDES liquicolor™" kit
(HUMAN, Wiesbaden, Germany) according to manufacturer’s specifications. Since
this kit is used to usually measure triglycerides in serum or plasma some modification

were performed to analyze liver and caecal content samples.

Liver and caecal content preparation:

Caecal content was lyophilized for 20 h under vacuum conditions. Liver samples
were homogenized in liquid nitrogen. 20-50 mg of dried caecal content or
homogenized liver were solubilized by adding 500 pl of 0.9 % NaCl. Homogenates
were put on a horizontal mixer for 10 min at RT in a thermo block (Eppendorf,
Hamburg, Germany). The sample was divided for detection of the protein
concentration and for further triglyceride analysis. These homogenates were also
used for phospholipid and non-esterified fatty acid (NEFAs) analysis. 200 pl of the
suspension were transferred in a fresh eppendorf tube and mixed with 500 pl of 0.5
M ethanolic KOH. Samples were shaken in a thermo block for 30 min at 71 °C and 1
ml of 0.15 MgSO, was added. The fluids were centrifuged for 10 min at RT and

13000 g. The supernatant was used for triglyceride analysis.

Triglyceride (TG) analysis:

10 pl of the supernatant and standard, respectively, were mixed with 1 ml of RGT
reagent and incubated for 10 min at RT. RGT reagent alone was used as blank.
Samples were measured at 500 nm wavelength. Results are presented in mg TG/g
protein.

3.2 Non-esterified fatty acid (NEFA) analysis

Non-esterified fatty acid (NEFAs) were measured with the NEFA-HR(2) kit (Wako
Chemicals GmbH, Neuss, Germany). Preparation of reagents and analysis was
carried out according to manufacturer's instructions. For liver analysis the

homogenate containing 0.9 % NaCl from triglyceride preparation was used.
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3.3 Phospholipid (PL) analysis

Phospholipids (PL) concentrations in plasma and liver were detected using the
LabAssay Phospholipid kit (Wako Chemicals GmbH, Neuss, Germany). The assay
was carried out on a microplate using duplicates for analysis. Color reagent and the
standard were prepared according to manufacturer’s instructions. For liver analysis

the homogenate containing 0.9 % NaCl from triglyceride preparation was used.
4 Plasma analysis
4.1 General and lipid parameters in plasma

General blood parameters were analyzed with a Piccolo® xpress Chemistry Analyzer
using the Piccolo® General Chemistry 13 Reagent Disc (HITADO, Mohnesee,
Germany). This panel can measure levels of the following parameters: alanine
aminotransferase (ALT), albumin, alkaline phosphatase (AP), amylase, aspartate
aminotransferase (AST), calcium, creatinine, estimated glomerular filtration rate
(eGFR, calculated), gamma glutamyltransferase (GGT), glucose, total bilirubin, total
protein, blood urea nitrogen (BUN) and uric acid.

Blood lipid parameters were measured with the Piccolo® Lipid Panel Reagent Disc
(HITADO, Mohnesee, Germany). With this panel the following parameters are
measured: total cholesterol, high-density lipoprotein cholesterol (HDL), triglycerides,
low-density lipoprotein cholesterol (LDL, calculated), very low-density lipoprotein
cholesterol (VLDL, calculated), total cholesterol/HDL ratio (calculated).

For analysis 100 ul of Li-Heparin plasma was pipeted into the hole in the middle of
the panel and inserted into the Piccolo® xpress Chemistry Analyzer. Data was directly

printed by the machine in mg/dL or U/L.
4.2 Insulin analysis in plasma

Quantitative determination of plasma insulin level was performed using the Ultra
Sensitive Mouse Insulin ELISA Kit (Crystal Chem Inc., Downers Grove, lllinois, USA).
The assay was carried out on a microplate using duplicates for analysis. All reagents

and the procedure were performed according to manufacturer’s instructions.
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4.3Leptin analysis in plasma

Plasma leptin concentrations were determined using the Mouse Leptin ELISA Kit
(Crystal Chem Inc., Downers Grove, lllinois, USA). The assay was carried out on a
microplate using duplicates for analysis. All reagents and the procedure were

performed according to manufacturer’s instructions.

4.4 Pancreatic lipase and amylase activity in plasma

Pancreatic lipase is the primary lipase that hydrolyzes triglycerides to
monoglycerides and free fatty acids. It is secreted into the duodenum from the
pancreas and in small amounts also by the salivary glands, gastric, pulmonary and
intestinal mucosa. Serum concentrations are normally very low. During disease, e.g.
acute or chronic pancreatitis or obstruction of the pancreatic duct, the pancreas may
begin to autolyse and releases then enzymes including pancreatic lipase into the
serum.

Pancreatic Lipase concentrations were measured using the Lipase assay (Diazyme
Europe GmbH, Dresden, Germany). Everything was prepared and performed

according to manufacturer’s instructions.

4.5 Amino acid analysis
Amino acid composition in plasma was analyzed with the AA 45/32 Starter Kit
(Applied Biosystems Deutschland GmbH, Darmstadt, Germany). Everything was
performed according to manufacturer’s instructions.
5 Histology

5.1 Mounting samples in paraffin
After the organs were removed small samples from adipose tissue were put in 4 %

paraformaldehyde directly and kept o/n at 4 °C. The next day samples were washed

twice with 500 pl PBS and put in 70 % ethanol until further proceeding. Tissue
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samples were put in plastic cassettes and dehydrated for embedding in paraffin

according to the following protocol:

Chemicals for dehydration Time [min] Temperature [°C]
70 % ethanol 60 40
80 % ethanol 60 40
95 % ethanol 60 40
95 % ethanol 60 40
100 % ethanol 60 40
100 % ethanol 60 40
100 % ethanol 60 40
100 % xylene 60 40
100 % xylene 60 40

paraffin 60 58
paraffin 60 58
paraffin 60 58
paraffin 60 58

Dehydrated samples were mounted in a paraffin block and 5 um slices were cut for
different staining. Sections were collected in a 37 °C pre-warmed water bath,

transferred onto microscope slides and dried o/n at 37 °C in a drying oven.

For different staining the paraffin was removed according to the protocol:

Chemicals for rehydration Time [min]

100 % xylene 4
100 % xylene
100 % ethanol
96 % ethanol
80 % ethanol

Bluing in tab water

N W w B~ b

Samples were stained directly.
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5.2 Hemalum and Eosyn (H&E) Staining

H&E staining was used to access morphological changes in tissue after feeding of
different diets. Paraffin sections (5 pym) were stained with Mayer’s Hemalum and
Eosyn Y 0.5 % alcoholic solution with phloxin.

Chemicals for staining Time [min]
Mayer’'s Hemalum 50% in water 1
Bluing in tab water 3
96 % ethanol 0.5
Eosyn Y 0.5% alcoholic solution with Phloxin 5
80 % ethanol Short
96 % ethanol Short

To prevent re-dyeing microscope slides were directly dried by shaking in the hand.
Afterwards the samples were covered with mounting medium (Dako North America
Inc., Carpinteria, USA) and a cover slip (Roth, Karlsruhe, Germany). Subsequently,
the sample was dried deprived from light. The samples were analyzed using a
DMI4000B transmitted light microscope (Leica, Wetzlar, Germany) with the Leica
Application Suite V3.0.0.
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Results

1 Physiological analyzes of wild type and Pept1” mice on a High Fat Diet

During the study the following parameters were monitored: weight gain, food and

water intake, oxygen consumption, activity, body length, rectal body temperature.
1.1Body weight and food and water intake

Prior to feeding the high-fat diet (HFD), the body weight was not significantly different
between Peptl” mice and wild-type (WT) animals at 6 weeks of age. After 12 weeks
on the HFD, genotype-specific differences were observed. Peptl” mice on HFD
showed a significantly reduced body weight (35.86 + 1.40 g) when compared to WT
mice (42.78 + 1.16 g). Animals fed for 12 weeks with the control diet (CD) showed no
significant genotype-specific differences in body weight: Peptl” mice had a final
weight of 26.45 + 0.51 g and WT mice showed a body weight of 28.72 + 0.51 g
(Figure 5A & 5B). The weight gain during the feeding period was as followed: (i)
Peptl”™ mice on HFD gained 15.03 %= 0.93 g, (ii)) WT mice on HFD gained 19.60 *
1.01 g, (i) PEPT1” mice on CD gained 5.06 + 0.28 g and (iv) WT mice on CD
gained 4.57 + 0.49 g. The lower weight gain of Peptl”' mice was accompanied by a
slightly reduced food and energy intake (Figure 5B & 5C). There were also no
genotype-specific but diet-specific differences in drinking behavior. Animals of both
genotypes fed the CD had a significantly higher water intake when compared to the
mice on HFD (Figure 5D).
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Mean body weight, food, energy and water intake of Peptl”' and WT mice on CD and HFD . (A) Images from

sacrificed WT and Peptl”' mice on HFD and CD. Genotypic differences are seen between the mice on a HFD (B) Mean body

weight. (C) Cumulative food intake. (D) Cumulative energy intake. (E) Cumulative water intake. During 12 weeks of the feeding

study, mice (n=15 per group) had access to food pellets and drinking water ad libitum. Data are expressed as mean + SEM.
Significances are given in: (i) a = WT mice on HFD different to all others (p<0.001), (i) b = Peptl” mice on HFD different to

mice on CD (p<0.001), (iii) ¢ = WT mice on HFD are different to mice on CD (p<0.001), (iv) d = mice on HFD are different to
mice on CD (p<0.001)
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1.2 Body composition

Fat and lean mass was measured every four weeks during the whole study (t=0, t=4,
t=8 and t=12 weeks). After four weeks on a HFD, WT mice more than double their fat
mass from 9.08 + 0.81 % to 27.31 £ 4.94 % (p<0.001). Interestingly, this effect was
not seen in Peptl”™ mice on HFD. From the 8" week on Peptl”™ mice on HFD had
also significantly increased fat mass (24.86 + 2.40 %) when compared to Peptl” and
WT mice on CD (Figure 6A). A continuous increase of the fat mass was observed for
mice on HFD while animals on CD had only a slight increase in their fat mass (Table
4). Consequently, both groups on CD had a significant greater amount of lean mass
than Peptl”™ and WT mice on HFD (Figure 6B) while both groups fed with the HFD
showed a decrease in lean mass over the feeding period (Table 5). Finally, we saw
diet-specific differences showing animals on CD having lower fat mass but increased
lean mass compared to mice on HFD. But there were also differences between
Peptl” and WT mice on HFD. Peptl” mice had a lower fat mass but a similar lean
mass when compared to WT mice on HFD.

Table 5: Body composition of Peptl”' and WT mice (n=5). Data are expressed as mean + SEM. WT mice on HFD had a
significantly increased fat mass compared to all other groups (from week 4 on). Peptl"' mice on HFD showed significantly

increased fat mass compared to both groups on CD (from week 8 on).

Mass /body Genotype and diet
Weeks  weight [%] WT-HFD Peptl” -HFD WT-Control Peptl” Control
Fat mass 9.08 £ 0.81 10. 44 + 0.69 8.51 £ 0.81 7.45 + 0.81
0 Lean mass 74.02 +2.74 63.10 + 3.04 69.71 + 3.84 53.45 +3.14
Fat mass 27.31 £4.94 14.62 £+ 1.14 12.10 £ 0.40 8.68 £ 0.28
4 Lean mass 63.99 £ 2.25 69.08 £ 1.26 75.47 £1.08 75.14 £ 1.47
Fat mass 36.57 + 3.58 26.98 £ 2.11 12.34 £ 1.38 10.59 £ 0.58
8 Lean mass 57.73 £ 2.36 61.36 + 1.49 70.71 £2.82 7517 £0.78
Fat mass 38.20 £ 2.23 28.24 £4.32 13.62 £ 0.99 11.43 £ 0.41
12 Lean mass 49.69 + 1.91 57.65 £ 2.59 70.75 + 1.51 74.45 £ 0.40
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Figure 6: Body composition of ~ Pept1” and WT mice . Fat and lean mass of Pept1-KO and WT animals (n=5 per group) were
determined at the beginning of the study (t=0) and after 4, 8 and 12 weeks on HFD. (A) Changes in the percentage of fat mass
per body weight. (B) Changes in the percentage of lean mass per body weight. Data are expressed as mean + SEM.
Significances are given in: (i) a = WT mice on HFD different to all others (p<0.001), (i) b = Peptl™ mice on HFD different to
mice on CD (p<0.001), (iii) ¢ = mice on HFD are different to mice on CD (p<0.001)

After 12 weeks, Peptl” mice on HFD had significantly less perirenal (2.26 + 0.22 %)
and epididymal (4.87 + 0.46 %) adipose tissue per kg body weight relative to WT
mice (3.11 £ 0.18 % and 5.65 + 0.20 %, respectively). The percentage for inguinal
(subcutaneous) (1.33 + 0.12 %) and brown adipose tissue (0.61 * 0.06 %) of
Peptl” mice on HFD was comparable to WT animals on HFD (1.54 + 0.04 % and
0.93 + 0.03 %, respectively) (Figure 7A). Peptl”™ mice on CD had significantly
reduced epididymal adipose tissue (1.41 + 0.07 %) compared to WT mice on CD
(2.68 £ 0.14 %). Inguinal, perirenal and brown adipose tissues were comparable
between these two groups: Peptl” mice (0.49 + 0.03%; 0.46 + 0.04 %; 0.35 +
0.03%, respectively) and WT mice (0.67 + 0.04 %; 0.67 = 0.08 %; 0.38 + 0.03%,
respectively) (Figure 7B). These diet- and genotype-specific differences were also
seen in H&E-staining of epididymal adipose tissue. Epididymal adipocytes of both
genotypes fed the HFD were bigger in size relative to those fed the CD (Figure 7C).
But Peptl”' mice on HFD had also significantly smaller adipocytes compared to WT
animals on HFD.

page 32



Results

>

wr-Hp v - A A | W - contral 54 ;‘
—, 69 C—Wr-HFD  EEEEE WT - Control T T 2l i " e L)
< N : | >, -« ~ ’
>, [ pept1” - HFD I P17 - Control c A A SN Sy 7 { y
- } W 8 T
£ S 1 W YAt | -
- = > B X
= 3 & Sl i 3 i
g A= y i E b S e o
> o S s g ] X iy 2L
5 34 o i ; i
O T ” * = <
m ¢ a,b prT i RS PEPT1- Contral a3 X
o2 = k 5 ! NP
0 e = A P BA S S e
% ) o \ f e
s 14 ab a0 Hlj q i e A~ N "' BRI ' 4 \
4 ook ; { - £ 8 (g
'- L) { foe f A e s
LcE 0- ) 1 |.'. - % . o Y o | B LRI R R
Inguinal Perirenal Brown Epididymal ey el A b g A
i g g A DN e R
Fat Tissue o W e e TR B G e A S SR e
Figure 7: Weight and size of various adipose tissues. Samples (n=15) were collected at the end of 12-weeks HFD. (A)

Amount of adipose tissues in relation to total body weight. (B) H&E-staining of epididymal fat tissue. Samples were fixed in 4 %
paraformaldehyde and embedded in paraffin. 5 ym thick sections were stained with hemalum and eosyn. Data are expressed
as mean = SEM. Significances are given in: (i) a = WT mice on HFD different to mice on CD (p<0.001), (ii) b = Peptl”' mice on
HFD different to mice on CD (p<0.001), (iii) c = WT mice on HFD different to Pept1” mice on HFD (p<0.01), (iv) d = WT mice on
HFD different to Peptl"' mice on CD (p<0.05), (v) e = WT mice on CD different to Peptl"' mice on CD (p<0.01)

1.3 Locomotor activity, energy expenditure and respiratory quotient

Although not significant, mice on HFD showed reduced locomotor activity during
night phases. Peptl” and WT mice on CD and HFD showed no diet-specific or
genotype-specific differences in diurnal patterns and total locomotor activity
measured over three continuous days (Figure 8A). WT animals on HFD had in total
11056.31 + 1835.89 beam breaks and Peptl” mice on HFD had a total number of
10057.25 + 239.18 beam breaks. These values were similar to those of mice on the
CD: WT mice had 12095.86 + 839.29 beam breaks and Peptl”™ animals had
13125.48 £ 2071.94 beam breaks during the measuring period of three days.

During the measurement on three continuous days, no genotype or diet-specific
differences could be determined in overall energy expenditure between the four
groups during day periods: Peptl” and WT animals on CD had an energy
expenditure of 0.76 + 0.06 kJ/h*g and 0.83 % 0.03 kJ/h*g, respectively, and mice fed
the HFD showed values of 0.72 + 0.10 kJ/h*g (Peptl”) and 0.82 + 0.04 kJ/h*g (WT)
(Figure 9A & 9B). Peptl” and WT mice on CD tend to have higher energy
expenditure during night periods (1.09 + 0.02 kJ/h*g and 1.13 + 0.02 kJ/h*g,
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respectively) when compared to Peptl”™ and WT mice on HFD (0.86 + 0.12 kJ/h*g
and 0.89 £ 0.05 kd/h*g, respectively), but this is not significant.
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Figure 8: Cumulative locomotor activity in Peptl"' and WT mice . After 4 weeks on HFD and CD, mice (n=5) were placed
individually in special feeding-drinking-activity cages that were placed in a TSE-system for three continuous days. (A)
Cumulative locomotor activity over the total period of three days. (B) Total locomotor activity of Peptl”™ and WT mice. Data are

expressed as mean + SEM.

Both genotypes on CD showed also a significantly higher respiratory quotient (RQ)
during day and night phases than mice fed with HFD (Figure 9C & 9D). Mice on CD
showed RQ values of 0.82 + 0.01 (WT) and 0.82 + 0.01 (Peptl™”) during day and
0.94 + 0.01(WT) and 0.94 + 0.01(Pept1™) during night. This indicates that these mice
used proteins as source for energy production during day and carbohydrates as
energy source during their activity phases at night. WT mice on HFD showed a RQ of
0.76 £ 0.01 during day and 0.79 * 0.01 during night. This indicates that these mice
used fat as source for energy production. Peptl” animals on HFD had RQ values of
0.78 + 0.01 (day) and 0.81 £ 0.01 (night). For both parameters, energy expenditure
and RQ, a strong increase was measurable for mice on CD during activity phases at
night while it decreased during resting periods at day. For mice on HFD these

changes during day-night-cycles were not as pronounced as for mice on CD.
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Figure 9: Energy expenditure, O , consumption and CO , production in Peptl” and WT mice . Mice (n=5) were placed
individually in special calorimetric cages for three continuous days. (A) Median energy expenditure during day and night cycles.
B) Total energy expenditure during day and night cycles (C) Median metabolic data (RQ) during day and night cycles. D) Total
RQ values during day and night phases. Data are expressed as mean * SEM. Significances are given in: (i) a = WT mice on
HFD different to mice on CD (p<0.001), (ii) b = Peptl”' mice on HFD different to mice on CD (p<0.001), (iii) c = Peptl"' mice on
HFD different to WT mice on CD (p<0.01)

1.40rgan parameters

After 12 weeks of feeding CD or HFD, mice were dissected and organs were
collected and weighted. Only WT mice on HFD developed a fatty liver and had much
bigger fat depots (Figure 10A). Generally, we found mice on HFD having smaller
caeca when compared to animals on CD. Regardless the diets, Peptl”' mice always
had significantly larger caeca than WT mice: Peptl”™ mice on HFD showed a
significantly increased caecum (1.08 £ 0.11 % of body weight) when compared to WT

mice on HFD (0.54 + 0.02 % of body weight). Animals on CD had generally a bigger
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caecum: 1.18 + 0.08 % of body weight (WT mice on CD) while Peptl™ mice on CD
had the biggest caecum of all groups (2.30 £ 0.15 % of body weight). All organs

weights are summarized in Table 6 and Figure 10B.

Table 6: Percentage of organ weight per body weight of Peptl”' and WT mice. Samples (n=15) were collected at the end
of 12-weeks HFD. WT mice on HFD have significantly more epididymal and perirenal adipose tissue compared to all other
groups (A). Regardless the diet, Peptl”' mice have a significantly enlarged caecum compared to WT animals. Peptl"' mice on
CD have the significantly biggest caecum of all four groups (B). Additionally, Pept1” mice on CD have significantly longer small
intestines when compared to all other groups (C). Data are expressed as mean + SEM. Values with asterisks represent

significant differences: (i) ** = p<0.01 and (ii) *** = p<0.001

Organ weight /

_ WT — HFD Peptl” - HFD WT —CD Peptl” - CD
body weight [%0]
Body weight [g] 4322 +1.15 35.86 + 1.15 28.72 +0.51 26.52 +0.55
Pancreas [%)] 0.70 £ 0.04 0.73+0.06 0.94 +0.07 1.05+0.18
Spleen [%] 0.21 +0.01 0.20 £ 0.02 0.29 +0.02 0.34 £0.02
Heart [%] 0.39+0.02 0.44 + 0.04 0.63 £ 0.03 0.64 £ 0.05
Kidney right [%] 0.54 +0.02 0.55 + 0.05 0.73 £ 0.03 0.65 + 0.01
Kidney left [%] 0.53+0.01 0.51 +0.04 0.66 £ 0.03 0.60 % 0.01
Liver Caudate lobe [%] 0.32 +0.03 0.32 +0.03 0.31 +0.02 0.40 + 0.02
Liver Right lobe [%0] 1.43 +0.11 1.23+0.12 1.20 £ 0.06 1.40 £ 0.05
Liver Medial lobe [%] 1.63 £0.10 1.37 £0.13 1.36 + 0.06 1.56 +.0.05
Liver Left lobe [%] 1.66 +0.10 1.43 £0.13 1.39 £ 0.08 1.60 + 0.05
Caecum [%] 0.55 + 0.02 1.19+0.11 ® 1.16 + 0.08 2.38+0.14" ®
Epididymal fat [%] 575+0.18"® 4.18 +0.51 1.94 +0.14 1.28 + 0.09
Inguinal fat [%] 1.50 +0.04 1.19 + 0.51 0.64 + 0.04 0.45+0.03
Perirenal fat [%] 2.86+0.18"®  1.99 +0.51 0.67 +0.08 0.41 + 0.04
Brown fat [%] 0.90 + 0.04 0.61 +0.07 0.43 +0.03 0.34 +.0.02
Small intestine [cm] 3247 +0.76  36.46 + 0.61 3355+0.64  39.72+0.71 ©
Large intestine [cm] 6.19 £ 0.22 6.86 +0.17 6.35 +0.34 7.21£0.19
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Regardless of the diet, genotype-specific differences in length of small intestines
were determined. Peptl” mice had significantly longer small intestines: 36.46 + 0.61
cm (HFD) and 39.72 + 0.71 cm (CD), respectively, than WT animals with 32.47 +
0.76 cm (HFD) and 33.55 + 0.64 cm (CD) in length (Figure 11). Peptl™ mice also
had shorter villi in the proximal part of the small intestine when compared to WT
animals: (i) 547.48 + 5.46 um (WT-HFD), (i) 318.42 + 9.50 ym (Peptl™-HFD), (iii)
434.72 + 10.07 ym (WT-Control), and (iv) 303.26 + 9.09 um (Pept1”-Control) (Figure
12A). Contrary to the proximal small intestine, villi lengths were comparable between
all four groups in the distal part: (i) 209.32 + 2.64 ym (WT-HFD), (ii) 199.58 * 3.61
um (Peptl”-HFD), (iii) 182.12 + 3.14 pm (WT-Control), and (iv) 182.76 + 4.43 pm
(Pept1”-Control) (Figure 12B).
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Figure 11: Villi length and length of small and large intestine of Peptl”' and WT mice. Samples (n=15) were collected at

the end of 12-weeks HFD. (A) Regardless the diet, Peptl knockout animals have significantly longer small intestines while there
are no differences in the large intestine. (B) Villi length in the proximal small intestine: Peptl”' mice have shorter villi. (C) Villi
length in distal small intestine shows no differences between the four groups. Data are expressed as mean + SEM.
Significances are given in: (i) a = WT mice on HFD different to Peptl"' mice on HFD (p<0.001), (ii) b = Peptl”' mice on HFD
different to WT mice on CD (p < 0.001), (ii) ¢ = Pept1l” mice on HFD different to all other groups (p < 0.001)
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2 Feces and caecum analyzes

In order to analyze possible changes in the metabolism of Peptl” and WT mice,

feces samples were analyzed for excreted energy and nutrients.
2.1Feces excretion and transit time

Fecal samples were collected after 4, 8 and 12 weeks of feeding. At all time points
Peptl” mice on HFD showed a significantly reduced feces excretion (1.73 + 0.15 g
feces dry weight). WT animals fed the HFD excreted 2.07 + 0.09 g dry weight of
feces. Both groups fed the CD tend to have a slightly higher feces excretion: 2.45 +
0.03 g feces dry weight for WT mice and 2.49 £ 0.08 g feces dry weight for the
Peptl”' animals (Figure 12). When measuring the gastrointestinal transit time no
differences could be detected between both genotypes (WT: 6.00 + 1.19 h and KO:
6.37 = 1.63 h) although Peptl” animals had longer small intestines.

59 —&—WT-HFD —@— WT - Control

=== peptt” -HED  ==O =" pept1™ - Control

Faeces weight [g]

012 3 456 7 8 9 10111213
Feeding weeks

Figure 12: Weekly feces excreted by Peptl"' and WT mice . Peptl”' mice on HFD showed significantly reduced fecal
excretion during the whole study. Data are expressed as mean + SEM. Significances are given in: a = Peptl"' mice on HFD

different to all other groups (p < 0.001)

2.2 Fecal energy excretion

Fecal energy excretion was measured at 4, 8 and 12 weeks of feeding the selected
diets using bomb calorimetry. Peptl”' mice showed significantly higher energy
excretion already after 4 weeks on the HFD when compared to the other groups.
When calculating the mean energy excretion over the total time of 12 weeks Peptl™”
mice on HFD had 15.47 + 0.26 kJ/g energy in their feces while WT animals on HFD
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excreted 13.37 + 0.20 kJ/g. That was comparable to animals on CD. Peptl”' and WT
animals on CD had an energy excretion of 13.21 £ 0.26 kJ/g and 12.69 + 0.18 kJ/g,
respectively (Figure 13A). When calculating the overall fecal energy excretion per
week, we did not see any genotype-specific differences but mice fed the CD excreted
slightly more energy in their feces. WT and Peptl”' mice on HFD had a mean weekly
fecal energy excretion of 27.91 + 1.59 kJ and 28.10 = 1.30 kJ, respectively, while WT
and Peptl"' animals on CD excreted 31.07 = 0.39 kd and 32.91 * 1.53 kJ,
respectively (Figure 13B). Although Peptl” mice on HFD have increased fecal
energy content, the mean weekly fecal energy excretion is similar to the other

groups. This results from a slightly lower feces excretion (g).
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Figure 13: Fecal energy content and total fecal energy excretion of Peptl"' and WT mice . (A) Fecal energy content.

Peptl"' mice on HFD have a significantly higher fecal energy content compared to all other groups. (B) Total fecal energy
excretion of WT and Peptl”™ mice. Data are expressed as mean + SEM. Significances are given in: (i) a = Peptl” mice on HFD
different to Peptl"' mice on HFD (p<0.001), (ii) b = WT mice on HFD different to all other groups (p < 0.001)

2.3Fourier-Transform Infrared spectroscopy  (FT-IR) analysis of feces and

caecal content

Caecal content was s collected and measured after 12 weeks of feeding the selected
diets using the FT-IR technique. Fecal nutrient content was analyzed at 4, 8 and 12
weeks. While slight differences were found in feces samples (Figure 14A) there were
no differences in the caecal content between the groups (Figure 14B) which did not
change during the feeding period of 12 weeks. Lipids (~2700 cm™), proteins (~1500
cm™) and carbohydrates (~1000 cm™) are presented as peaks in the spectra (see

arrows).
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Regarding the caecal content, mice fed the control diet can be separated from mice
that received the HFD (Figure 15A). Also WT and PEPT1-deficient animals are
separated. Although the differences between the four groups are only small in fecal

samples, the groups can be separated by a cluster analysis (Figure 15B).
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Figure 15: Cluster analysis of fecal

and caecal nutrient content of Pept1” and WT mice . (A) After calculating the

secondary derivative, still caecum samples of the groups could not be clustered. (B) Calculating the primary derivative within the

feces samples the four groups can be separated.
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2.4Caecal lipid analysis

Lyophilized caecal content was used for triglyceride (TG) and phospholipid (PL)
analysis. Among all four groups, highest TG concentrations were measured in WT
mice on HFD (137.93 + 28.90 mg/g dry matter) while Peptl” mice on HFD had TG
concentrations of 74.15 + 13.37 mg/g dry matter. Both genotypes on CD showed
slightly differences in TG concentrations: 34.77 + 5.29 mg/g dry matter (WT mice on
CD) and 18.92 + 3.45 mg/g dry matter (Peptl"' mice on CD) (Figure 16A). Contrary

to this, there were no alterations observed in caecal concentrations (Figure 16B).
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Figure 16: Lipid analysis of caecal content of Peptl"' and WT mice . (A) Caecal triglyceride concentrations. (B) Caecal
phospholipid concentrations. Data are expressed as mean + SEM. Significances are given in: (i) a = WT and Peptl"' mice on
CD are significantly reduced compared to WT mice on HFD (p<0.01), (ii) b = Pept1” mice on HFD different to WT mice on HFD
(p < 0.05), (iii) ¢ = WT mice on CD are different to WT mice on HFD (p < 0.001), (iv) d = Peptl”' mice on CD are different to WT
mice on CD (p <0.01)

2.5Free fatty acids in caecal content — GC/MS analysis

GC/MS analysis revealed Pept1™ mice on HFD having an increased concentration of
fatty acids but a decreased concentration of carbohydrates in their caecal content
while there are no distinct clusters observed within the WT mice (Figure 17A&B).
Test on significant differences among the groups of samples resulting from cluster
analysis were performed with Kruskal-Wallis tests (selected FDR Ilimit = 0.05;
Bonferroni adjustment); clustering was based on Euclidean distance and average
linkage. PCA blot with normalized metabolite data [x = (value-average)/SD] revealed
a clear separation caused by different metabolite abundances for Peptl”™ animals

while WT mice on both diets seem to have comparable metabolites (Figure 17C).
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Results

3 Liver lipids

Since WT mice on HFD developed a fatty liver, they showed the highest
concentrations of TG (488.92 + 58.34 mg/g protein), PL (1302.84 + 286.14 mg/g
protein) and non-esterified fatty acids (NEFAs) (1509.04 + 242.26 mmol/g protein).
Knock-out mice on HFD showed concentrations of 404.19 + 66.62 mg/g protein TG,
820.13 + 114.56 mg/g protein PL and 428.11 + 116.64 mmol/g protein NEFAs.
Regardless of the diet, Peptl” animals had always lower concentrations in all three
parameters when compared to WT mice (Figure18). On CD, lipid concentrations in
WT mice were measured to be 243.15 + 58.46 mg/g protein TG, 686.31 + 77.97 mg/g
protein PL and 402.31 + 69.43 mmol/g protein NEFAs. Concentrations determined in
Peptl” mice were 184.54 mg/g protein TG, 569.74 + 74 mg/g protein PL and 164.37
+ 19.27 mmol/g protein NEFAs. NEFA concentrations determined a genotype-
specific difference for mice on HFD, whereas triglycerides and phospholipids showed

only diet-specific alterations.
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Figure 18: Triglyceride, phospholipid and non-esterified free fatty-acid concentrations in livers of Peptl"' and WT mice.

Samples (n=10) were collected at the end of 12-weeks HFD. (A) Triglyceride concentrations. Mice on CD showed significantly
decreased TG concentrations compared to WT animals o HFD. (B) Phospholipid concentrations. Knockout mice tend to have
lower PL concentrations. Only Peptl”' mice on CD had significantly reduced PL content. (C) NEFA concentrations showed diet-
and genotype-specific differences. WT mice on HFD had significantly increased NEFA concentrations compared to all other
groups. Data are expressed as mean * SEM. Significances are given in: a = all labeled groups are significantly reduced
compared to WT mice on HFD (p<0.01)
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4 Blood parameters
4.1Lipid parameters

After 12 weeks of feeding a HFD, Pept1l” mice were not as obese as WT animals on
HFD - but they had comparable lipid concentrations for cholesterol, HDL and
triglycerides (Table 7). In contrast, Peptl”™ on HFD mice had significantly reduced
concentrations for LDL, VLDL, alanine-aminotransferase (ALT), and glucose: 32.67 +
7.06 U/L, 62.00 + 4.10 U/L and 263.33 + 16.29 mg/dL, respectively, when compared
to WT animals on HFD: 105.67 £ 25.76 U/L (ALT), 121.33 + 18.82 U/L (AST) and
366.00 + 28.45 mg/dL (glucose). Animals on CD generally had reduced amounts of
all parameters when compared to mice on HFD. Peptl” and WT mice on CD had
comparable blood concentrations of cholesterol, HDL and triglycerides. But Peptl”'
mice on CD had significantly reduced amounts of ALT and glucose (18.67 + 1.65 U/L,
53.00 £ 3.19 U/L and 177.50 * 6.35 mg/dL, respectively) compared to WT mice on
CD or HFD. All data is summarized in Figure 19 and Table 7.

Table 7: Plasma lipid parameters of Peptl” and WT mice on CD and HFD (n=6). Data are expressed as mean + SEM.

Values with asterisks represent significant differences: (i) * = p<0.05, ** = p<0.01 and (jii) *** = p<0.001

WT - HFD Peptl” - HFD WT - Control Peptl” - Control

Cholesterol [mg/dL] 187.00 +6.17  162.67 + 516  89.00 + 11.32 88.00 + 3.86
HDL [mg/dL] 109.00 +4.12 95.67 + 4.94 65.50 + 8.52 61.50 + 2.86
Triglycerides [mg/dL] 78.67 £5.77 80.33 £ 6.99 58.33£4.79 52.00 + 5.27

Glucose [mg/dL] 366.00 +28.45 263.33+16.29 244.83+44.71 177.50 + 6.35
Total Cholesterol/HDL 3.47 +0.08 3.43 +0.20 1.35 + 0.02 1.43 +0.02
LDL [mg/dL] 63.00 + 3.92 51.33 + 6.59 12.00 + 2.68 15.83 + 1.82
VLDL [mg/dL] 15.67 +1.20 16.00 + 1.26 11.67 +1.02 10.50 + 0.96
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Figure 19: Plasma lipid parameters in Peptl” and WT mice. Diet-specific differences are detected for all parameters. Data
are expressed as mean + SEM of n=8 mice per group. Significances are given in: (i) a = mice on CD have lower cholesterol
concentrations than groups on HFD (p<0.001), (iij) b = WT mice on HFD have highest glucose concentrations compared to all
other groups (p<0.001), (iii) ¢ = Peptl” mice on CD have lower levels than WT mice on CD and Peptl” mice on HFD (p<0.01),
(iv) d = WT mice on CD have lower LDL levels compared to WT mice on HFD (p<0.05).

Highest plasma levels of non-esterified free fatty-acids (NEFAs) were detected in WT
mice on HFD (0.91 + 0.03 mmol/L) while Peptl”™ mice on HFD had 0.82 + 0.05
mmol/L circulating in plasma. Concentrations measured in mice on CD were
significantly lower compared to those on HFD showing a diet-specific change in this
parameter. Peptl” animals on CD had lower NEFA levels compared to WT mice
(0.43 = 0.03 mmol/L and 0.59 + 0.05 mmol/L, respectively) (Figure 20A).

Also phospholipid concentrations displayed diet-specific changes with mice on CD
having lower levels compared to WT mice on HFD (320.72 + 35.22 mg/dL):
221.37 £ 12.86 mg/dL (KO-C) and 184.29 + 68.72 mg/dL (WT-C). Surprisingly,
phospholipid concentrations in Peptl”' mice on HFD were significantly reduced
compared to WT mice on HFD: 258.60 + 42.95 mg/dL (Figure 20B).
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Figure 20: Non-esterified free fatty-acid (NEFAs) and phospholipid concentrations in plasma of Peptl” and WT mice.

Samples (n=10) were collected at the end of 12-weeks HFD. (A) NEFA concentrations showed diet- and genotype-specific
differences. Mice on CD had lower levels compared to animals on HFD. Knockout animals also showed lower concentrations
compared to WT mice. (B) Phospholipid concentrations showed diet- and genotype-specific differences. Mice on CD had lower
levels compared to animals on HFD. Knockout animals also showed lower concentrations compared to WT mice. Data are
expressed as mean + SEM. Significances are given in: (i) a = WT mice on HFD have higher concentrations compared to all
other groups (p<0.001)

4.2 General chemistry

After 12 weeks of feeding a HFD, Pept1™ mice and WT animals on HFD and CD had
comparable concentrations for albumin, calcium, creatinine,
y-glutamyltransferase (GGT), total bilirubin, total protein, blood urea nitrogen (BUN)
and ureic acid in blood (Table 11). In contrast, Peptl” mice on HFD and CD had
significantly increased concentrations for alkaline phosphatase (87.00 + 13.64 U/L
and 76.33 + 4.06 U/L, respectively) when compared to WT animals: 71.67 + 7.01 U/L
(HFD) and 57.33 + 4.94 U/L (CD). Additionally, liver parameters for ALT and AST
showed diet-specific and genotype-specific differences. For both enzymes levels
were significantly decreased in mice on CD and knockout animals on both diets had
lower levels to WT mice on the same diet. Peptl"' mice on HFD had plasma
concentrations of 31.67 + 6.64 U/L (ALT) and 65.67 + 4.57 U/L (AST). WT mice on
the same diet had levels of 105.33 + 25.54 U/L (ALT) and 129.67 + 21.28 U/L (AST)
while WT mice on CD had 36.67 + 9.53 U/L (ALT) and 100.50 + 16.89 U/L (AST).
Peptl”™ mice on CD had the lowest levels measured for both parameters: 19.83 +
2.12 U/L (ALT) and 57.67 + 2.64 U/L (AST) (Table 8 and Figure 21).
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Table 8: General organ parameters measured in plasma of Peptl” and WT mice on CD and HFD . Data are expressed as

mean + SEM of n=8 mice per group. Values with asterisks represent significant differences: (i) ** = p<0.01 and (ii) *** = p<0.001

WT - HFD Peptl” -HFD  WT - Control Pept1™” - Control
Albumin [mg/dL] 2.23+0.08 1.90 + 0.04 2.03 +0.21 2.13 £0.02
Alkaline F[’Sff]phatase 71.67+7.01"  87.00+13.64 57.33+4.94" 76.33 + 4.06
ALT [UL] 105.33 + 25.54 31.67 + 6.64 36.67 + 9.53 19.83 +2.12
AST [U/L] 129.67 +21.28 65.67 +4.57  100.50 + 16.89 57.67 + 2.64
Calcium [mg/dL] 10.30 + 0.24 9.60 +0.18 10.07 £0.15 9.85+0.13
Creatinine [mg/dL] 0.27 £ 0.04 0.20 £ 0.00 0.20 £ 0.00 0.20 £ 0.00
GGT [U/L] 5.00 + 0.00 5.00 + 0.00 5.00 + 0.00 5.00 + 0.00
Total Bilirubin [mg/dL] 0.70 + 0.07 0.40 + 0.06 0.67 +0.04 0.40 + 0.00
Total Protein [mg/dL] 5.80 + 0.16 5.05+0.11 5.47 +0.11 5.15 + 0.04
BUN [mg/dL] 20.00 + 1.15 2417 +1.92 21.33+1.43 27.50 + 1.84
Ureic Acid [mg/dL] 1.85 £ 0.63 0.95+0.38 0.92 +0.17 0.80 £ 0.11
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Figure 21: ALT and AST concentrations in plasma of

Peptl”' and WT mice. Samples (n=6) were collected at the end of 12-

weeks HFD. (A) ALT concentrations showed diet-specific differences. Also genotype-specific differences were observed in

animals on HFD showing Peptl” mice to have significantly lowered levels of ALT. (B) AST concentrations showed diet- and

genotype-specific differences. Peptl”' mice on both diets had significantly decreased AST levels compared to WT mice on HFD.

Data are expressed as mean + SEM. Significances are given in: (i) a = WT mice on HFD have higher concentrations compared

to all other groups (p<0.001), (ii) b = Peptl”' mice on both diets have lower concentrations compared to WT mice on HFD

(p<0.01)
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4 .3Insulin concentration

After 12 weeks on the specific diets, a general diet-specific decrease in plasma
insulin levels was observed. On the HFD, Peptl”' mice showed reduced plasma
insulin concentrations (1.86 + 0.39 ng/ml) when compared to WT mice on HFD (3.49
+ 0.67 ng/ml). Animals fed the CD showed significantly decreased insulin
concentrations: Peptl”™ mice had a final concentration of 0.60 + 0.16 ng/ml and WT
mice 0.74 = 0.09 ng/ml (Figure 22). Although there were no genotype-specific
differences observed, knockout animals on HFD tend to have lower insulin

concentrations.
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Figure 22: Plasma insulin concentrations of Peptl"' and WT mice . Diet-specific effects showed mice on CD having plasma
insulin concentrations. Samples (n=5) were collected at the end of 12-weeks HFD. Data are expressed as mean + SEM.

Significances are given in: a = WT mice on HFD have higher concentrations compared to all other groups (p<0.001)

4.4 Leptin concentration

Plasma leptin concentrations showed diet- and genotype-specific differences. In
general, mice on CD had lower leptin level compared to both genotypes on HFD, but
Peptl” animals on HFD showed reduced leptin concentrations (38.17 + 5.20 ng/ml)
when compared to WT mice on HFD (68.06 + 7.95 ng/ml). There were no differences
detected between WT and knockout animals on CD: Peptl” mice had final levels of
1.53 £ 0.42 ng/ml and WT on CD showed concentrations of 2.56 + 0.35 ng/ml (Figure
23).
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Figure 23: Plasma leptin concentrations of  Peptl” and WT mice. In a diet-specific manner, mice on CD showed
significantly reduced leptin levels compared to animals on HFD. On HFD, Peptl” mice have significantly reduced leptin
concentrations compared to WT mice. Samples (n=8) were collected at the end of 12-weeks HFD. Data are expressed as
mean *+ SEM. Significances are given in: a = WT mice on HFD have higher concentrations compared to all other groups
(p<0.001)

4.5Pancreatic lipase and amylase activity

The activity of pancreatic lipase was comparable for all groups after 12 weeks of
feeding either a HFD or a CD (Table 9, Figure 24A).

Table 9: Activities of pancreatic enzymes of ~ Pept1” and WT mice on CD and HFD. Data are expressed as mean + SEM of

n=8 mice per group.

WT — HFD Peptl” - HFD WT — Control Peptl™ - Control
Lipase [U/]] 36.09 £ 2.45 35.07 + 1.86 28.51+4.82 36.50 + 4.60
Amylase [U/]] 1102.67 £ 86.59  982.33 +23.73 757.17 £29.52 694.50 + 44.71

Pancreatic amylase displayed diet- and genotype-specific differences. The activity
was generally reduced in mice on CD when compared to animals on HFD (Figure
24B). Regardless the diet, amylase activity was significantly reduced for Peptl”
mice: 982.33 + 23.73 U/L (HFD) and 694.50 £ 44.71 U/L (CD). WT mice displayed an
activity of 1102.67 + 86.59 U/L (HFD) and 757.17 + 29.52 U/L (CD), respectively.
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Figure 24: Enzymatic activity of pancreatic lipase and amylase in Peptl”' and WT mice . Samples (n=8) were collected at

the end of 12-weeks HFD. (A) Enzymatic activity of pancreatic lipase is similar between all four groups. (B) Enzymatic activity of
pancreatic amylase. Peptl” mice show a significant genotype specific reduction on both diets. Data are expressed as mean *
SEM. Significances are given in: (i) a = Peptl"' mice on HFD have lower concentrations compared to WT mice on HFD

(p<0.001), (ii) b = Pept1” mice on CD have lower concentrations compared to WT mice on CD (p<0.01)

4.6 Amino acid analysis

Plasma samples were collected after 12 weeks on CD or HFD and analyzed for its
free amino acid (aa) concentration. Most of the aa analyzed had comparable
concentrations between all four groups. Although there are no obvious diet- or
genotype-specific changes, four aa, taurine, proline, arginine and lysine, showed
differences in concentrations. WT mice on HFD had significantly increased taurine
concentrations (767.92 + 105.42 yM) when compared to all other groups: 499.46 +
39.67 yM (KO-HFD), 442.10 + 40.29 yM (KO-Control) and 450.03 + 47.40 yM (WT-
Control), respectively. Regardless the diet, proline concentrations tend to be slightly
lower in WT mice compared to Peptl” mice. There was a diet-specific difference for
proline in Peptl”™ mice with a 25 % reduced proline content on a HFD: 191.83 +
23.42 yM (KO-CD) and 147.75 + 20.02 uM (KO-HFD). Lysine levels were
significantly increased in Pept1l” mice on CD (420.14 + 42.87 uM) when compared to
all other groups: 353.15 + 24.82 yM (KO-HFD), 311.15 £ 19.67 yM (WT-HFD) and
313.15 + 33.42 yM (WT-Control). Plasmic arginine concentrations were also
significantly higher in Peptl™ mice on CD (118.48 +14.65 uM) than in both WT
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groups: 47.84 + 7.89 uyM (WT-HFD) and 74.85 + 13.96 uM (WT-Control). Additionally,
arginine levels tend to be decreased in Peptl” mice on HFD (97.17 + 9.29 uM) when

compared to Peptl"' animals on CD. All data is summarized in Table 10 and

Figure 25.

Table 10: Concentrations of plasmic free amino acid in
taurine, proline, argininge and lysine (indicated by asterisks). Taurine levels are significantly increased in WT mice on HFD
compared to the other groups. Contrary to this, proline, arginine and lysine concentrations in plasma are increased significantly

in WT mice on CD when compared to the other groups. Data are expressed as mean + SEM of n=9 mice per group. Asterisks

represent aa that show significant changes.

Pept1” and WT mice . There are no differences observed except for

Amino acids [uM] WT — HFD Peptl” - HFD WT — Control Peptl™ - Control
PEtN 6.57 + 0.87 5.86 +0.15 3.76 +0.53 4.07 £ 0.51
Tau 767.92 + 105.42°  499.46 +39.67  450.03 +47.40 44210 + 40.29
Asn 92.18 +9.53 94.82 +6.72 89.02 + 16.38 72.96 + 8.64
Ser 180.00 + 15.97 166.15+6.38  167.41 + 26.49 141.14 + 13.54
Hyp 14.85 + 0.66 18.10 + 1.28 16.97 + 1.52 21.99 +2.12
Gly 253.85 + 12.26 207.62+9.80  266.66 +27.74 178.32 + 18.29
Gln 1070.46 + 86.04  944.00+38.90 868.49 + 85.33 897.73 + 74.60
Asp 10.76 £ 1.27 9.51+1.62 11.77 £3.93 8.78 + 0.90

Cit 53.63 + 3.08 67.80 + 5.69 55.83 + 6.22 76.15 + 8.55
bAla 17.44 +1.99 21.33 +2.36 11.64 + 1.40 12.19 + 2.06
Ala 706.69 +66.33  676.00+39.10 588.67 + 99.82 583.00 + 66.74
Thr 238.69 £23.72  201.23+16.09  184.00 + 23.54 155.72 + 15.90
Glu 67.24 +7.85 62.42 +5.29 61.18 + 11.94 52.00 + 4.36
His 95.39 +5.18 85.84 + 4.94 95.24 + 16.18 79.89 +9.38
Abu 6.27 + 0.48 6.35 + 0.51 9.13+1.35 10.67 + 1.31
Aad 9.15+0.66 10.77 + 0.84 12.21 +1.66 16.54 + 1.72
Pro 128.02 +19.73  147.75+20.02 157.44 + 35.87 191.83 + 23.42
Arg 47.84 +7.89 97.17 £9.29 74.85 + 13.96 118.48 + 14.65
orn 107.83 + 7.58 80.23 +9.32 88.04 + 21.23 60.40 + 6.38
Lys 311.15+ 19.67 353.15+24.82 313.12+33.42  420.14 +42.87
val 300.23 +20.47  281.62+22.40 269.22 + 34.11 251.52 + 26.74
Met 37.17 £5.15 48.95 + 3.63 38.72 +5.55 41.38 +6.23
Tyr 102.65 + 9.44 112.38 + 11.74  123.20 + 23.04 109.55 + 11.51

lle 124.38 + 10.26 109.58 +8.37  107.53 + 13.22 95.93 +8.78
Leu 208.77 +16.88  185.77 +14.76  178.34 +22.69 170.90 + 17.38
Phe 88.80 + 5.50 82.35+5.99 85.21 + 13.38 73.27 +7.36
Trp 85.28 + 2.29 75.04 +3.12 79.57 +8.19 65.52 + 6.54

page 54



Results

= WT-HFD T - Contol

1100m [ peptt™ - HFD I pcp - Contol

1000+ a 11
900+
800+ I
700+ I
6004 1
500+
400+
300+
200=
100+

Plasmic Concentration [uM]

I Il
PE'tN Tau Asn Ser Hyp Gly Gin A;p Cit bAla Aa Thr Glu

Amino Acids

C—WT-HFD . \WT - Control
550« 2 pept” - HFD I pc5t17 - Contol

Plasmic Concentration [uM]
—

O i i

His Abu Aad Pro Arg Orn Lys Val Met Tyr lle Leu Trp

Amino Acids

Figure 25: Concentrations of free amino acids in plasma of Peptl”' and WT mice . Samples (n=9) were collected at the end
of 12-weeks HFD. Concentrations of free plasma aa remained unchanged for most aa measured. Taurine was increased in WT
mice on HFD compared to all other groups. Proline, arginine and lysine were elevated in Peptl” mice on CD compared to the
other groups. Data are expressed as mean * SEM. Significances are given in: (i) a = WT mice on HFD have higher taurine
concentrations compared to all other groups (p<0.001), (i) b = Peptl” mice on CD have higher proline concentrations
compared to Peptl”' mice on HFD (p<0.01), (iii) ¢ = Peptl”' mice on CD have higher arginine concentrations compared to WT

mice on both diets (p<0.05), (iv) d = Peptl” mice on CD have higher lysine concentrations compared to all other groups
(p<0.001).
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5 Interaction of PEPT1 and NHE3

5.1Inhibitory effect of amiloride

WT mice were given amiloride (sodium-channel inhibitor) in different concentrations
to find the lowest effective dose for further studies. After 2 weeks of feeding the HFD,
5 or 10 pg/ml of amiloride was added into drinking water of the animals. There was
no effect observed. During the second week of treatment with either 20 or 30 pg/mol
amiloride in the water, we saw a significant reduction of body weight in the group
receiving 30 pg/ml amiloride. Contrary to this, the control animals and those treated
with 20 pg/ml amiloride showed higher body weights (Figure 26A). During the whole
study all animals showed similar food and water intake: 30.57 g (control group),
29.74 £ 1.76 g (mice treated with 20 pyg/ml amiloride) and 30.51 + 0.91 g (mice
treated with 30 pg/ml amiloride) (Figure 26B). There were also no changes in water
consumption between all groups. So we conclude the decreased body weight being
due to amiloride treatment and not to alterations in food and drinking behavior.

A B C
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Figure 26: Mean body weight, food and water intake of WT mice treated with amiloride . During the whole study mice (n=5)

were fed the HFD. (A) Mean body weight showing a significant decrease after treatment with 30 pg/ml amiloride (grey bar
between weeks 5-6), (B) cumulative food intake showing no differences between the groups and (C) cumulative water intake of
WT mice. Grey bars in weeks 3-4 and 5-6 represent the weeks when mice received amiloride in drinking water. In weeks 3-4
mice were administered either 5 or 10 pg/ml amiloride while in week 5-6 amiloride concentrations were 20 or 30 pug/ml. Data are
expressed as mean + SEM. Values with asterisks represent significant differences of WT mice on HFD compared to the other

groups: * = p<0.05
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5.251611 treatment does not inhibit NHE3

After 2 weeks of feeding the HFD, 5 or 10 ug/ml of S1611 (specific NHE3 inhibitor)
were added into drinking water of the animals. There was no effect (e.g. changes in
body weight, eating or drinking behavior) observed. During the second week of
treatment with either 20 or 30 uyg/mol S1611 in the water, we saw no differences in
treated mice compared to control animals. At the end control mice had a weight of
33.22 £ 0.39 g, mice treated with 20 pg/ml of S1611 had 32.60 + 0.98 g and mice
treated with 30 pg/ml of S1611 showed a weight of 31.03 + 0.82 g (Figure 27A).
During the whole study all animals showed similar food intake: 13.36 g (control
group), 13.74 g (mice treated with 20 pg/ml of S1611) and 13.07 g (mice treated with
30 pg/ml of S1611) (Figure 27B). There were also no changes in water consumption
between all groups: 115.58 g (control group), 15.54 g (mice treated with 20 pg/ml of
S1611) and 16.84 g (mice treated with 30 pyg/ml of S1611) (Figure 27C). Since
S1611 is a highly potent NHE3 inhibitor (ICso = 0.05 uM) we did not further increase
the concentrations.
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Figure 27: Mean body weight, food and water intake of WT mice treated with S1611. During the whole study mice (n=5)

were fed the HFD. (A) Mean body weight, (B) cumulative food intake and (C) cumulative water intake of WT mice. Grey bars in
weeks 2-3 and 4-5 represent the weeks when mice received S1611 in drinking water. In week 2-3 mice were administered either

5 or 10 pg/ml S1611 while in week 4-6 S1611 concentrations were 20 or 30 pg/ml. Data are expressed as mean + SEM.

5.3Fat mass analysis during amiloride and S1611 treatment

NMR anaylsis of fat and lean mass content in the body was measured weekly. For fat
mass analysis, mice showed also no significant difference during the first five weeks.
When mice were treated with 30 pg/ml of amiloride for a period of one week, these

mice had significantly reduced fat mass in their body compared to the other groups:
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0.54 + 0.12 g (mice treated with 30 ug/ml amiloride), 4.20 + 0.63 g (mice treated with
20 pyg/ml amiloride) and 8.57 + 1.88 g (control group) (Figure 28A). When measuring
body lean mass, there were no differences between the three groups during the
whole study: 14.75 + 1.16 g (mice treated with 30 pg/ml amiloride), 15.85 + 0.48 g
(mice treated with 20 pg/ml amiloride) and 15.84 + 0.24 g (control group) (Figure
28B).
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Figure 28: NMR analysis of fat and lean mass of WT mice (n=5) treated with amiloride . During the whole study mice were

fed the HFD. (A) Fat mass content was significantly reduced after treatment with 30 ug/ml amiloride (grey bar between weeks
5-6), (B) Lean mass content remained unchanged during the total study between all groups. Grey bars in weeks 3-4 and 5-6
represent the weeks when mice received amiloride in drinking water. In weeks 3-4, mice were administered either 5 or 10 pg/ml
amiloride while in week 5-6 amiloride concentrations were 20 or 30 pyg/ml. Data are expressed as mean + SEM. Values with

asterisks represent significant differences of WT mice on HFD compared to the other groups: (i) * = p<0.05, (ii) ** = p<0.01

Mice treated with S1611 showed increasing fat mass during 6 weeks of feeding the
HFD which is due to the high calorie feeding. Regardless the administered S1611
concentration, there were no differences observed in fat mass between all groups:
11.62 £ 0.56 g (control group), 10.74 + 0.76 g(mice treated with 20 pg/ml of S1611)
and 8.15 £ 0.53 g (mice treated with 30 ug/ml of S1611) (Figure 29A). The amount of
leans mass remained the same during the whole period of 6 weeks and displayed no
differences between the groups: 17.14 + 0.18 g (control group), 17.90 + 0.31 g (mice
treated with 20 pyg/ml of S1611) and 18.88 + 0.40 g (mice treated with 30 pg/ml of
S1611) (Figure 29B).
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Figure 29: NMR analysis of fat and lean mass of WT mice (n=5) treated with S1611 . During the whole study mice were fed

the HFD. (A) Fat mass content and (B) Lean mass content remained unchanged during the total study between all groups. Grey
bars in weeks 3-4 and 5-6 represent the weeks when mice received S1611in drinking water. In weeks 3-4, mice were
administered either 5 or 10 pg/ml S1611 while in week 5-6 S1611 concentrations were 20 or 30 pg/ml. Data are expressed as

mean + SEM.
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1 Metabolic syndrome

In 1988, Reaven described the Syndrome X that was defined as hyperinsulinemia,
hyperlipidemia and hypertension in non-diabetic individuals [110]. Today Syndrome X
is known as the “metabolic syndrome” and seems to be associated with life style
changes in the westernized countries: (i) increased mechanization of work that was
formerly done by human physical activity, (ii) increasing automobile use, and (iii)
increased accessibility of dense, high-caloric foods. Additionally, there is evidence
that the development of insulin resistance and Type Il diabetes is related to fat
consumption [111]. Besides fat and carbohydrates, diets include proteins. Dietary
proteins are first digested by several linguinal, gastric and pancreatic proteases and
further degraded by peptidases in the intestinal brush-border membrane [112]
resulting mainly in di- and tripeptides. These are then transported into enterocytes
mainly by the intestinal low-affinity, high-capacity peptide transporter PEPT1 that is
energized by an inwardly-driven proton gradient. This gradient is maintained by the
sodium-proton exchanger 3 (NHE3). The role of PEPT1 in vivo was initially
investigated using the nematode Caenorhabditis elegans. Deleting PEPT1 in the
worm resulted in drastic changes, i.e. amino acid deficiency, a reduced growth and a
reduction of progeny by 60 % [113], a 2-fold increased amount of body fat and also
larger fat granules in intestinal cells when compared to wild-type worms [1]. Silencing
the nhx-2 in worms (homologue of NHE3) by RNAi lead to a reduced fat content and
smaller fat granules in wild-type and pept-1(Ig601) worms. These results indicate (i)
peptide absorption as a key process in body protein homeostasis and (ii) a link
between PEPT1, NHE3 and the lipid metabolism. In the present study, it was
determined whether or not the results from C. elegans hold true in mice.

2 The Pept1l” mouse — phenotypes on standard chow and high-protein diet
Wild-type (Pept1**) and knockout (Pept1™) mice with a C57BL/6 genetic background

showed no pathological phenotype when fed a standard diet. Hu and colleagues

demonstrated Peptl™ mice to grow to normal size, body and organ weight.
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Furthermore, these mice showed no differences in serum clinical parameters, e.g.
glucose, bilirubin, urea nitrogen, alkaline phosphatase, ALT, AST or albumin.
Histological analyzes of major organs also excluded any genotype-related
abnormalities [114].

When fed a 45 energy% high-protein diet (HPD), Peptl” mice showed a significantly
reduced food intake during the first three days when compared to WT mice on the
same diet. After four days, Peptl” mice recovered and had a similar food intake to
WT mice on HPD until the end of the experiment. Going along with the reduced food
intake, Peptl”' mice lost weight during the first three days on the HPD. Regardless
the recovery in food intake, Peptl”' mice did not recover in body weight and stayed
significantly leaner than WT mice [115] during the whole study. Analysis of the basal
levels of 40 plasma amino acids and derivatives showed that 24 were increased in
Peptl”' mice compared to WT animals [116]. Also in urine, basal amino acid
concentrations, osmolarity and creatinine levels displayed no differences between
both genotypes. Liver analysis revealed no differences in enzyme activities
(glutamate dehydrogenase, AST, ALT, arginase) and the sum of all amino acids.
Only citrulline, phosphoethanolamine and ethanolamine were significantly increased
but urea was decreased in Peptl”' mice. Additionally, 60 min. after an oral protein
load (178 mg protein), WT mice have significantly higher plasma level in a total of 15
amino acids, including the branched-chain amino acids valine and isoleucine, with
the biggest changes in proline. In liver, concentrations were increased for a total of
12 amino acids with the most pronounced found for proline. But enzyme activities
and urea concentrations showed no differences [116]. Regarding plasma hormone
concentrations, Peptl” mice showed no GLP-1 secretion after an oral protein load
while GIP and CCK concentrations were similar to WT mice (Laure Fourchaud,
personal communication). PEPT1-deficiency goes along with amino acid imbalance
showing amino acids directly or indirectly linked to the urea cycle being over-
expressed. This may indicate an altered hepatic detoxification capacity. Based on
these findings it can be said that under normal conditions PEPT1 contributes only
marginally to amino acid homeostasis while its role increases under high-protein

conditions.
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3 C57BL/6 mice — an obesity prone model for diabetes and metabolic

syndrome

It was already demonstrated that increasing the dietary fat content leads to obesity
and diabetes in different strains of mice, including C57BL/6 [117, 118], and rats
[119]. When fed a HFD ad libitum, BL6 mice develop obesity that is accompanied by
several metabolic abnormalities, e.g. hyperglycemia, hyperinsulinemia, hypertension
and hypertrophy [117]. All this parallels the abdominal obesity in humans which is an
independent risk factor for the development of diabetes [111, 120]. Furthermore,
obese humans suffering from the metabolic syndrome have hypertension and
increased sympathetic nervous system activity [121]. This makes BL6 mice a very

good model to study the human metabolic syndrome.
4 Peptl” mice are partially resistant to high-fat diet-induced obesity
4.1Peptl™ mice showed lower weight gain despite similar energy intake

In the present study, we challenged WT and Peptl”' mice with a high-carbohydrate
control diet (CD) or an isocaloric replaced 48 energy% high-fat diet (HFD) (fat source:
palm oil) for 12 weeks. All mice grew to normal size and did not show altered body
temperatures. Contrary to our findings, Bjursell and colleagues reported increased
rectal core temperatures in mice fed a western diet with 40.3 energy% from fat. Body
temperatures remained increased after 14 days but normalized after 21 days on the
western diet [122]. Since we measured rectal body temperatures only after 12 weeks
of feeding the specific diets, possible changes may be already normalized again.

The HFD fed mice had increased body weight, food intake, energy intake, and
energy absorption. It is known that, satiety and food intake are correlated with
gastrointestinal (Gl) transit and gastric emptying. High-fat meals slow down gastric
emptying from the stomach and are less satiating than isoenergic low-fat meals [123].
We did not see any difference of Gl transit time between both genotypes, concluding
that the knockout of the peptide transporter does not influence gastric emptying or
transit of HFD. Human studies showed that a single HF meal delayed gastric
emptying (GE) and increased hunger 7 h later [123]. While volunteers had shortened
mouth-to-caecum transit time (MCTT) and GE, there were no differences in satiety
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after a 3 days administration of a high-fat meal [124]. A long-time study over 4 weeks
revealed that after 1 week of high-fat intervention (i) GE latency time and MCTT were
decreased and (ii) hunger was increased. GE and MCTT showed no changes after 4
weeks whereas hunger remained increased [125]. This indicates that (i) mass and
energy content of a meal regulate hunger/satiety, (ii) a single HF meal has a
hyperphagic effect and (iii) a Gl adaptation to HF diet occurs within 1 week but

returns to pre-diet levels after longer periods.
4.2 Lower body weight are not due to changes in locomotor activity

Surprisingly, after four weeks on the specific diets, mice fed the HFD had lower
energy expenditure (EE) and respiratory quotient (RQ) than mice on CD. But there
were no significant differences in locomotor activity although HFD fed mice tend to
show reduced activity during night phases. In former studies it was shown diet-
induced obesity is not simply explained by an increased food intake. C57BL/6 mice
on HFD develop severe obesity, hyperglycemia and hyperinsulinemia when
compared to the obesity-resistant A/J strain. Although both mouse strains had the
same caloric intake, BL6 mice exhibited a higher feed efficiency, i.e. gained more
weight per calories consumed [126-128]. Additionally, Brownlow and colleagues
compared the role of motor activity in diet-induced obesity in C57BL/6 and A/J mice.
They showed that spontaneous motor activity was increased in C57BL/6 mice when
compared to A/J animals [126]. Contrary to Brownlow, Bjursell and colleagues
reported a diet-induced reduction in locomotor activity for male C57BL/6 mice 3-5
hours after changing the standard chow to a western diet. When correlating EE and
locomotor activity, they could explain ~ 62 % of the weight gain being due to reduced
locomotor activity.

Body composition analysis via nuclear magnetic resonance (NMR) revealed WT and
Peptl” mice on HFD having bigger fat depots (epidiymal, perirenal, inguinal,
mesenteric and brown adipose tissue) compared to mice on CD. We observed
genotype-specific differences in visceral fat depots (perirenal, mesenteric and
epididymal fat): (i) Peptl” mice on CD had smaller amount of epididymal fat
compared to WT mice on CD and (ii) Peptl” animals on HFD had significantly
smaller fad pads of perirenal/retroperitoneal and epididymal adipose tissue than WT
mice on HFD. Mice fed the CD had smaller adipocytes compared to mice on HFD.
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This indicates a role of PEPT1 in the uptake and storage of fatty acids. Supporting
our data, Rebuffe-Scrive and colleagues demonstrated that C57BL/6 and A/J mice
on HFD have more subcutaneous (inguinal) and visceral (mesenteric) fat compared
to mice on a CD. The selective accumulation of mesenteric adipose tissue was
shown to be characteristic for diet-induced diabetes and obesity in BL6 mice.
Additionally, these mice have enlarged fat cells and higher lipoprotein lipase activities
[129]. Some years later, Funkat and colleagues showed C57BL/6, DBA/2 and 129T2
mice on a 60 % HFD have larger epididiymal, subcutaneous and retroperitoneal fat

pads than mice of the same strain on a CD [130], supporting our findings.
4.3 WT and Peptl” mice on HFD — suffering from NAFLD?

We saw enlarged adipocytes within the epididymal fat depots of HFD fed animals
while there were no obvious alterations in animals on CD. Within the HFD group,
adipocytes of WT mice were significantly increased when compared to Peptl”
animals. It is well known that during obesity adipocytes enlarge and undergo
alterations that affect the systemic metabolism, e.g. fasting whole-body free fatty
acids (FFA) and glycerol release were shown to be increased in obese women
compared to lean women [131-133].

High levels of circulating FFAs may result from (i) increased adipose tissue mass and
lipolysis in adipocytes [134], (ii) dietary sources and (iii) de novo lipogenesis (DNL)
[135]. In obese subjects and individuals with type 2 diabetes (T2D) it was observed
that plasma non-esterified free fatty acid (NEFA) concentrations increase in response
to a lowered capacity of NEFA uptake of the skeletal muscle [134]. FFAs can either
undergo [(-oxidation or re-estrification to triglycerides. In this form they are
transported in very-low density lipoproteins (VLDL) from adipose tissue to the liver. In
the latter case, increased amounts of PLs are needed for package of FFAs and other
components. An increased fat synthesis and fat delivery in combination with a
decreased fat export and fat oxidation leads to esterification of FFAs and glycerol and
hepatic TG accumulation [135] — a characteristic for non-alcoholic fatty liver disease
(NAFLD). In patients suffering from NAFLD, it was shown that approx. 60 % of liver
TGs result from FFA influx from adipocytes, 26 % from DNL and 15 % are from
ingested diets [136]. Contrary to this, in healthy individuals only < 5 % of hepatic TGs

derive from DNL [137, 138]. In our study, livers of WT mice on HFD were drastically
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increased in size and weight and showed the morphology of a fatty liver. Contrary to
these mice, Peptl” animals on HFD showed a normal liver size and morphology.
NAFLD and non-alcoholic steatohepatitis (NASH) is seen as the hepatic
manifestation of the metabolic syndrome. Furthermore, it seems to be strongly
associated with visceral obesity [139]. Thomas and colleagues used proton magnetic
resonance spectroscopy (MRS) and whole body magnetic resonance imaging (MRI)
to investigate the interplay between intrahepatocellular lipids (IHCL) and body fat
content and distribution. They showed that IHCL was increased in subjects with
hepatic steatosis or overweight individuals — suggesting a relationship between
hepatic steatosis and central adiposity [140]. Some years later, Park and colleagues
demonstrated that NAFLD is closely associated with increased “waist circumference,
fat mass, percentage of body fat and abdominal fat” [141]. Additionally, they found
that obese subjects with insulin resistance (IR) and central obesity are more prone to
NAFLD than individuals with less IR and central adiposity.

WT mice on HFD had highly increased plasma insulin, leptin, ALT and AST level.
Elevated plasma glucose and insulin concentrations may indicate for an insulin
resistance (IR). Insulin may suppress adipose tissue lipolysis. In the state of IR, e.g.
NAFLD, its suppressing action is altered. That leads to an increased efflux of FFAs
from adipose tissue [142] and inhibition of B-oxidation of FFAs and by this further
increasing hepatic lipid accumulation [135]. Furthermore, several studies showed
higher leptin levels in obese patients (usually regarded as leptin resistant) and
individuals suffering from NAFLD. Huang and colleagues determined the connection
of the leptin system and NAFLD. They reported increased body-mass-index (BMI)
and serum leptin level in patients with NAFLD (men and women) compared to
controls. Additionally, they saw that the percentage of hepatocyte steatosis correlates
to serum leptin levels, i.e. leptin concentrations seem to increase as steatosis
develops. These results suggest that NAFLD patients show higher resistance to the
action of leptin compared to healthy individuals [143]. Leptin is a small adipocyte-
derived hormone (~ 16 kDa). It is involved in the control of energy intake and
expenditure [144], the regulation of the immune system [145, 146], but also in the
promotion of inflammation and fibrosis [146, 147]. Therefore it is possible that leptin

contributes to NAFLD pathogenesis.
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Besides that, Doi and colleagues investigated the correlation of liver enzymes and
diabetes. During a 9-years follow-up study with 1804 healthy volunteers, 135 subjects
developed diabetes. This went along with increased serum levels of y-glutamyl
transferase (GGT), ALT, and AST (only in men — not in women) [148]. ALT and AST
are mainly located in liver tissue. Therefore, these enzymes function as indicators for
liver inflammation since their concentrations increase during hepatocyte damage.
Regarding all these increased parameters it seems most likely that WT mice on HFD
suffered from NAFLD while Peptl” mice on HFD did not. ALT and AST are important
enzymes in amino acid metabolism. We demonstrated before that Peptl”' mice have
an altered handling of amino acids. Only after a high-protein load most plasma amino
acid concentrations were increased in Peptl”™ animals. Therefore PEPT1 seems to
provide an additional transport mechanism for amino acids when other amino acid
transporters are already saturated. These increased amino acid concentrations are
most likely due to alterations in the hepatic amino acid metabolism since renal

excretion is unchanged [116].
4.4 Adaptation to HFD leads to morphological changes in the small intestine

Our measurements revealed that Peptl” mice fed a HFD have shorter villi in the
small intestine than WT mice on the same diet. This corresponds to an observation in
mice lacking the transcriptional co-regulator tetradecanoyl phorbol acetate induced
sequence 7 (Tis7). Yu and colleagues fed WT and Tis7” mice a 42 energy% HFD for
8 weeks. They demonstrated Tis7” mice having lower villus heights compared to
their WT counterpart. Tis7-deficient animals also showed a reduced weight gain and
lower hepatic TG and cholesterol concentrations than WT mice. Additionally, Tis7
over-expressing mice showed a higher weight gain and higher TG absorption on a
HFD suggesting Tis7 being a regulator of lipid absorption and metabolism [149].
Already Thomson and colleagues demonstrated that rabbits fed a HFD have reduced
jejunal villus height and surface area and mucosal surface area indicating the
importance of dietary fat on villus morphology [150]. Furthermore it was shown that
female Wistar rats fed a high saturated fatty acid diet had decreased ileal villus
height, width, thickness, surface area, cell size, villus density and mucosal surface
area when compared to animals on a high poly-unsaturated fatty acid diet. While ileal

leucine uptake was increased, these rats showed reduced jejunal glucose transport
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[151]. Contrary to this, Li et al. demonstrated an intestinal adaptation, i. e. increased
villus height with long round villi, in pigs that received a HFD of soybean oil (high
percentage of long-chain unsaturated fatty acids) and coconut oil (high percentage of
short-chain saturated fatty acids) for 5 weeks [152]. Also Goda and colleagues
reported an adaptation of rats to the HFD resulting in increased jejunal villus height,
mucosal weight and total protein amount while length of microvilli was decreased
[153]. It was shown that an adaptation occurs to high fat feeding for 4 weeks on a 20
% or 45 % HFD, respectively. Besides an increased villus height resulting from
stimulated cell proliferation the uptake of oleic acid was elevated upon receipt of a
HFD [154-156]. Additionally, dry weight of mucosa is increased in the proximal part of
the ileum thus meaning that mucosa responds to HFD by hypertrophy. Taken
together, hypertrophy and an enhanced fat digestion could influence the
gastrointestinal function and energy intake due to the decreased length of small
intestine exposed to dietary fat. Even rats suffering from short bowel syndrome (SBS)
that were fed a 50 % HFD for 2 weeks had: (i) increased duodenal and jejunal bowel
and mucosa weights and (ii) increased ileal villus height and jejunal crypt depths
when compared to SBS-rats on normal chow (10 % fat) [157].

Going along with morphological changes in the gut also functional changes were
observed in animals fed a HFD. It was shown that pancreatic lipase adapts to dietary
alterations by changes in synthesis, e.g. pancreatic lipase was maximally stimulated
in rats that received a 67 % HFD [158]. In our study, we neither did observe any
changes in pancreatic lipase activity in plasma with respect to WT and Peptl”' mice
(regardless the diet). Nor did we see any alterations when comparing the diets
(regardless the genotype). It was also reported that higher fat concentrations in the
diet lead to increased secretion of fat-digesting enzymes in the pancreatic juice.
Spannagel et al. measured increased release of cholecystokinin (CCK) in rats on a
20 % HFD and an overall increased secretory response when compared to the
control group [159]. In an earlier study in our group Laure Fourchaud assessed the
question whether PEPT1 contributes to postprandial gastrointestinal hormone
secretion by giving these mice a high protein load via an oral gavage. While she did
not see any genotype-specific differences in the secretion of CCK and GIP, no GLP-1
secretion was detectable for Peptl” mice (for further information see PhD thesis of
Laure Fourchaud). In this study we could detect a decreased activity of pancreatic

amylase in Peptl”' mice regardless the diet. Summarizing, Peptl”' mice have the
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same secretion pattern of CCK, GIP and pancreatic lipase as WT mice — but these
mice show reduced pancreatic amylase activity and almost no GLP-1 secretion when
compared to WT animals. These results suggest a partially altered pancreatic activity
in PEPT1-deficient mice.

4.5 Amino acids and impaired bile acid secretion - leading to maldigestion

or malabsorption?

Already in the 1960s and 1970s it has been reported that in state of obesity specific
amino acids, i.e. valine, leucine, isoleucine, phenylalanine and tyrosine, show
elevated plasma concentrations. Proportional with elevated amino acid levels an
increase in insulin was observed suggesting IR in obese subjects (for review see
[160]). Especially branched-chain amino acids (BCAAs), i.e. leucine, isoleucine and
valine, are associated with a lower prevalence of developing obesity [161]. During our
study, we observed changes in some plasma amino acids: taurine, tryptophane,
phenylalanine, lysine, arginine and proline. Taurine levels were increased during our
study in WT mice on HFD that were suffering from fatty liver. The three other groups
had comparable lowered taurine plasma concentrations. Additionally, tryptophane
and phenylalanine were increased in WT animals on both diets when compared to
Peptl” mice on the same diets. But BCAA concentrations remained unchanged.
Besides proteins, the free amino acids tryptophane and phenylalanine have a high
impact on enzyme secretion by the pancreas. As both amino acids are reduced in
Peptl” mice, these animals seem to have a reduced pancreatic enzyme secretion.
Taurine (2-aminoethanesulphonicacid) is a sulfonic acid that is present in diet
(especially seafood and meat), and which can also be synthesized from cysteine and
methionine in postnatal life. Taurine plays a role in the lipid metabolism where it is
needed for bile acid synthesis. Secreted bile acids enhance cholesterol degradation.
Studies in hamsters fed a HFD have shown that taurine seems to have plasma lipid-
lowering effects. On the one hand, supplementation with taurine increased the
activity of cholesterol 7-a hydroxylase (CYP7A1) resulting in enhanced bile acid
synthesis and cholesterol degradation. On the other hand, it inhibited elevation of
hepatic acyl-CoA:cholesterol acyltransferase and by this storage of cholesterol [162].
In addition, taurine seems to improve insulin sensitivity in Otsuka Long-Evans
Tokushima Fatty (OLETF) rats. These animals are a model for T2D and IR. OLETF
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rat on non-purified standard chow show hyperglycemia, IR, increased abdominal fat
accumulation and elevated serum and liver TG and cholesterol levels when
compared with controls. In contrast, taurine-treated OLETF animals have a significant
decrease in all parameters when compared to non-treated OLETF rats. Additionally,
taurine-supplemented rats have an elevated nitric oxide production and urinary nitrite
excretion — suggesting an improved lipid metabolism by enhanced cholesterol
excretion and decreased cholesterol production [163]. A recent study reported that
taurine supplementation counteracts liver damage in NZB/W F1 mice fed with a high-
cholesterol diet [164]. Huang et al. investigated the effects of taurine on development
of hepatic steatosis in hamsters fed a high-fat/cholesterol diet. Supplementing taurine
in drinking water resulted in (i) smaller liver size, (ii) decreased hepatic lipids, (iii) up-
regulation of the LDL-receptor and CYP7A1 gene expression that leads to elevated
fecal cholesterol and bile acid output, (iv) up-regulation of peroxisome proliferator-
activated receptor-a (PPAR-a) and uncoupling protein 2 (UCP2) gene expression
and by this led to an increased energy excretion, (v) enhanced liver antioxidant
capacities and (vi) decreased lipid peroxidation [165].

While it was shown that bile acids could contribute to maintain lipid, glucose and
energy homeostasis, the role of CYP7A1 in obesity and diabetes remains unclear. Li
and colleagues demonstrated that transgenic mice over expressing CYP7A1 are
resistant to high-fat diet-induced obesity and show increased hepatic cholesterol
catabolism and bile acid pool [166]. Several studies showed hypercholesterolemia
being related to an up-regulation of bile acid synthesis and fecal bile acid excretion
[167-169]. Therefore, bile acid homeostasis seems to be important for maintaining

lipid, glucose and energy homeostasis.

4.6 The Peptl”™ mouse — increased energy excretion due to changes in

microbiota?

Different bacterial strains, > 99.9 % of them anaerobes [170], make up the gut
microbiota and are essential for converting ingested food into energy [171]. Berg and
colleagues demonstrated that microbiota occupy all available niches in healthy
humans [172]. The current view is that the human gut flora is composed of 500 —
1,000 different species with a biomass of = 1.5 kg [173]. Shaping of the intestinal

microorganisms begins already at birth [174]. Seféikova and colleagues exposed
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Sprague-Dawley rats suckling pups to a high-fat diet. Interestingly, rat mothers with a
small litter (SL, n=4) had a higher milk fat concentrations than mothers with normal
litter (NL) size (n=10). In the post weaning period, both litter groups received a
standard diet. Still SL pups showed faster growth that was accompanied by a higher
body weight and bigger epididymal and perirenal fat pads. This went along with a
change in the composition and function of intestinal microbiota in jejunum and colon:
SL pups had higher numbers of Lactobacillus/Enterococcus but lowered amount of
Bacteroides/Prevotella when compared to the NL controls [175]. It is known that the
composition of the gut microbiota is influenced by several factors, e.g. the host
development [174, 176, 177], host genotype [178], and the environment [179].
Additionally, it was demonstrated that obesity alters composition and function of the
gut flora in humans and mice [171, 180]. An increased energy yield from ingested
food resulting from an increased efficiency of bacterial fermentation and increased
extraction of energy from dietary fiber may lead to excessive weight gain [181].
Backhed et al. showed germ-free (GF) mice being resistant to diet-induced obesity
(DIO) while mice with a gut flora are not. Since Peptl” mice on HFD showed a
reduced weight gain compared to WT animals on HFD this might indicate an
altered/reduced composition of gut microbiota. Furthermore they observed that GF
mice lacking the fasting-induced adipose factor (Fiaf) are no longer protected from
DIO. Expression of this circulating lipoprotein lipase inhibitor is normally selectively
suppressed by microorganisms in the gut epithelium. The lean GF mice had
increased levels of phosphorylated AMP-activated protein kinase (AMPK) and its
targets involved in fatty acid oxidation. Moreover, Fiaf was shown to induce
peroxisomal proliferator-activated receptor co-activator (Pgc-1alpha) [182]. Therefore
intestinal bacteria play a crucial role in energy intake and body weight regulation.
Thus, they might be involved in the development of obesity and diabetes that are
characterized by insulin resistance, enhanced intestinal permeability, and a low-
grade inflammation. In an earlier study performed in our animal facility, we measured
higher crude protein and crude fat excretion in the feces of Peptl” mice on HFD
(data not shown) compared to WT animals on the same diet indicating a change in
microbial composition. GC-MS analysis of caecal content revealed that Peptl” mice
on HFD have a higher amount of free fatty acids compared to WT animals on HFD.
Comparable results were observed in mice with inhibited Hedgehog (Hh) signaling.
Since a knockout of Sonic-Hh and Indian-Hh is lethal, Buhman and colleagues
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inhibited this signaling cascade by administration of an anti-Hh monoclonal antibody
(moAb) to Balb/c mice. Although these mice had a normal lipid absorption on a 21
energy% HFD, they had a lower TG absorption and an increased fecal excretion of
FFA compared to mice treated with a control moAb [183]. This may indicate a role of
Hh signaling in diet-induced alterations of lipid metabolism.

5 Lipid accumulation due to impaired NHE3 activity?

Besides being an energy source for the body, unesterified fatty acids are key
intermediates in lipid metabolism. They function as second messengers in signal
transduction [184] and modulate ion channel activities [185, 186]. Fatty acid uptake
into cells is generally mediated by fatty acid binding proteins (FABP) and fatty acid
transport proteins (FATP) [187, 188]. Apart from these transport mechanisms,
unesterified free fatty acids are capable of crossing cell membranes by the flip-flop
mechanism [108] in a protonated form. As shown in various cell types, this transport
consequently leads to an intracellular acidification. Hamilton and colleagues
demonstrated that addition of FA to the pancreatic B-cell line HIT (subclone T-15)
leads to a decrease in intracellular pH that can be reversed by adding albumin [189].
Also primary rat hepatocytes showed increased FA uptake by 45 % during cellular
alkalosis and a decrease in FA influx by 30 % in cellular acidosis [190]. Civelek and
colleagues exposed primary adipocytes (from epididymal fat pads) to external FA
leading to intracellular acidification which could be reversed by addition of albumin
[191]. As long as intracellular pH is more alkaline than the pH outside FA uptake via
the flip-flop mechanism is increased. Since PEPT1 co-transports di- and tripeptides
with protons into the cell, this causes a decrease in intracellular pH. To maintain the
proton gradient over the cell membrane, protons are re-exported by the sodium-
proton exchanger NHES3. If the di- and tripeptide transporter PEPT1 is absent proton
influx is lowered and intracellular pH is increased. Consequently, this promotes fatty
acid flip-flop over the cell membrane and enables higher FA uptake. Spanier and
colleagues demonstrated a highly increased uptake of the fluorescent-labeled C12
fatty acid (BODYPI-C12) fatty acid in peptl(Ilg601) worms (worms lacking PEPT1).
Similar results were observed in wild-type worms treated with the PEPT1 antagonist
Lys-[z-NO;]-Val [1]. Since there is a functional coupling of PEPT1 and NHX-2
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(homologue to NHE3) in regulation of the intracellular pH [109], inhibition of NHE3
causes a decrease in FA import.

Amiloride is a potassium-sparing diuretic (Figure 30) blocking sodium channels, e.g
epithelial sodium channel (ENaC) or NHEs. It is used for treatment of hypertension
and cognitive heart failure. Amiloride acts by inhibiting the renal reabsorption of
sodium ions in the late distal convoluted tubules, connecting tubules, and collecting
ducts in the kidneys [192]. By this it promotes excretion of water and sodium but

preventing loss of potassium.
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Figure 30: Structure of amiloride.

(http://content.answcdn.com/main/content/img/oxford/oxfordBiochemistry/0198529171.amiloride.1.jpg)

We observed significant weight loss of WT mice treated with 30 pg/ml amiloride in
drinking water. This was mainly due to a loss in fat mass. Although unspecific,
amiloride was described to inhibit human NHES3 in the fibroblast L cell line (LAP1)
with an ICso value of 283 ymol/l [105]. This leads to a surplus of protons outside of
the cell and lowering of intracellular pH. Elsing and colleagues showed a decreased
FA uptake during cellular acidification that could be reduced by further 57 % when
NHE3 was inhibited by amiloride [190]. Since amiloride is not a specific NHE3
inhibitor we used the specific inhibitor S1611 to investigate whether our observations
are due to reduced activity of NHE3. But we did not see alterations in weight or fat
mass content like during amiloride treatment. Contrary to this, studies in the human
intestinal cell line Caco-2 revealed that selective NHE3 inhibition via S1611 (Figure
31A) reduced transepithelial dipeptide uptake suggesting a role in maintenance of pH
homeostasis [107]. Our group demonstrated that inhibition of NHX-2 in WT worms via
RNAI, or by the specific inhibitor S3226 (Figure 31B) in the worm leads to a reduced
FA import into the cells. Like C. elegans lacking nhx-2, S3226-treated WT animals
also showed a lean phenotype. Additionally, this effect was observed in pept-1

deficient worms that. These animals have increased fat content and also increased
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fat granule size. But after inhibition of nhx-2 via RNAi fat content and fat granule size

were significantly reduced [1].
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Figure 31: Structures of specific NHE3 inhibitors. (A) S1611 and (B) S3226 (from [105]).

Spanier and colleagues proposed mechanisms underlying fatty acid transport in WT,
pept-1(Ig601) and nhx-2 RNAI treated C. elegans: (i) in WT worms PEPT-1-driven
proton influx is neutralized by NHX-2 and FA flip-flop occurs at a low rate, (ii) in pept-
1 deficient worms proton influx is reduced leading to an increased intracellular pH
and enhanced FA flip-flop. Increased FA uptake results in enlarged lipid granules. (iii)
reduced expression of nhx-2 leads to intracellular acidification by pept-1-mediated
peptide/proton co-transport. This leads to an reduction in FA uptake finally resulting
in smaller fat granules an a lean phenotype [1]. The findings, however, support the
notion that PEPT1 and the transmembrane proton gradient essentially affect
intestinal uptake of both peptides and fatty acids and moreover, that the fat
absorption might be influenced by PEPT1.
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Conclusion

Previous studies from our group demonstrated changes in food consumption and
partially altered hormones in case of high-protein treatment of WT and Peptl™ mice.
Dietary fat was shown to influence food and energy intake, intestinal transit, gastric
emptying, the release of gastrointestinal hormones like CCK, GLP-1, PYY and
ghrelin, as well as gut morphology and function. Here we wanted to investigate
whether and how the intestinal di- and tripeptide transporter PEPT1 affects the lipid
metabolism. Studies show a morphological adaptation of the small intestine to an
increased amount of dietary fat resulting in increased ileal and jejunal villus height
and crypt depths indicating a stimulated cell proliferation. It is known from literature
that adipocyte-derived leptin induces IL-6 production and the ensuing IL-6 receptor
signaling. In cell culture experiments IL-6 treatment was associated with activation of
STAT3, ERK, p38, MEK and JAK2 leading to nuclear translocation of STAT3 — all of
these being early events of cell proliferation. We saw elevated leptin and IL-6 (earlier
study, data not shown) concentrations in WT mice on HFD. These mice also had
increased villus height. Contrary to this, Peptl” mice on HFD have lowered leptin
and IL-6 concentrations. Also villi height in the small intestine is decreased
suggesting an impaired adaptation to high-fat feeding. As PEPT1 mediates uptake of
di- and tripeptides it is no wonder that concentrations for some plasma amino acids
are changed. Among these amino acids taurine was shown to be reduced in Peptl”
mice. Taurine plays a role in lipid metabolism since it is needed for synthesis of bile
acids that mediate cholesterol degradation. Furthermore secretion of pancreatic
amylase and the gastrointestinal hormone GLP-1 was shown to be altered in Peptl™

mice.

Taken together, Peptl” mice seem to have a maldigestion resulting from impaired
secretion of pancreatic enzymes and bile acids. This may lead to the observed
malabsorption of dietary fat and in the end result in a non-obese phenotype.
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Composition of control and high-fat diet Ssniff, Soest, Germany.

Diet name Control 48 % High -fat

Maisstarke, pre -gelat. % 47.79 27.79

Saccharose % 5.00 5.00

L-Cystine % 0.20 0.20

Trace elements % 6.00 6.00

Butylhydroxtoluol % 0.01 0.01

Palm oil % 20.00

Crude protein % 21.30 21.30

Crude fibre % 5.00 5.00

Starch % 46.70 27.20

Nitrogen free extracts

ME (Atwater) MJ/kg 15.50 19.80

Fat kd% 13.00 48.00

C12:0 % 0.01 0.01

C16:0 % 0.56 8.88

C20:0 % 0.03 0.13

Ci8:1 % 1.33 8.75

C18:3n3 % 0.33 0.43

page 75



Abbrevations

Abbreviations

aa amino acids

ALT alanine aminotransferase
AMP adenosine monophosphate
AMPK AMP-activated protein kinase
AST aspartate aminotransferase
BMI body-mass index

bps base pairs

BUN blood urea nitrogen

Ca*' calcium ions

°C degree Celsius

CCK cholecystokinine

CD control diet

CYP7A1 cholesterol 7-a hydroxylase
DIO diet-induced obesity

dL deci liter

DNA desoxyribonucleic acid

DNL de novo liposynthesis

EE energy expenditure

e.g. for example (lat. exempli gratia)
FABP fatty acid binding protein

Fe¥ iron ions

Fiaf fasting-induced adipose factor
FT-IR Fourier-transform infrared spectroscopy
g gram

GE gastric emptying
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GF
GGT

Gl

GIP
GLP-1
GLP-2
Gly-GIn
Gly-Phe
Gly-Sar

HDL
HFD
HPD

ICs0
IFN-y
IHCL

KCI
kJ
Km
KO
KOH

LCFA
LDL
LPS

MCTT
mg
Mg®*

Abbrevations

germ-free
gamma-glutamyltransferase
gastrointestinal

gastric inhibitory peptide
glucagon-like peptide 1
glucagon-like peptide 2
glycyl-glutamine
glycyl-phenylalanine

glycyl-sarcosine

hour (s)

high density lipoprotein
high-fat diet
high-protein diet

half maximal inhibitory concentration
Interferon gamma
intrahepatocellular lipids

insulin resistance

potassium chloride

kilo Joule
Michaelis-Menten-constant
knockout

potassium hydroxide

liter
long chain fatty acid
low density lipoprotein

lipopolysaccharide(s)

mouth-to-caecum transit time
milli gram

magnesium ions

page 77



Abbrevations

MgSO,4

min

Mm
MM

ml

mm
mM
MRI
mRNA
MRS
MUFA

Na*
NaCl
NAFLD
NASH
NEFA
NHE3
nhx-2
NL

nm
NMR

o/n

PBS
PCR
PEPT1
Pgc-1a
PKC

PL

POT
PPAR-a

magnesium sulphate

minute (s)

micro liter

micro meter

micro molar

milli liter

milli meter

milli molar

magnetic resonance imaging
messenger ribonucleic acid
magnetic resonance spectroscopy

mono-unsaturated fatty acid

sodium ions

sodium chloride

non-alcoholic fatty liver disease
non-alcoholic steatohepatitis
non-esterified fatty acid

mammalian sodium-proton exchanger 3
sodium-proton exchanger 3 in C. elegans
normal litter

nano meter

nuclear magnetic resonance

over night

phosphate-buffered saline

polymerase-chain reaction

peptide transporter 1

peroxisomal proliferator-activated receptor 1 alpha
protein kinase C

phospholipids

proton-coupled oligopeptide transporter superfamily
peroxisome proliferator-activated receptor-a
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PTR
PUFA

RNA
rpm
RQ
RT

SBS
sec
SEM
SFA
SL
SLC
SNP
sOB-R

TG

TMD

TNF-a

UCP2

Vmax
VLDL

WT

Abbrevations

peptide transporter family

poly-unsaturated fatty acids

ribonucleic acid
revolutions per minute
respiratory quotient

room temperature

short-bowel syndrome

second (s)

standard error of the mean
saturated fatty acids

small litter

solute carrier

single nucleotide polymorphism

soluble leptin receptor
triglyceride (s)
transmembrane domain

tumor necrosis factor alpha

units

uncoupling protein 2

maximal velocity

very low density lipoprotein

wild-type
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Amino Acids:

Aad 3-aminoadipic acid Leu Leucine
Abu 2-aminobutyric acid Lys Lysine
Ala Alanine Met Methionine
bAla Beta-Alanine Orn Orithine
Arg Arginine PEtN Phospho-Ethanolamine
Asn Asparagine Phe Phenylalanine
Asp Aspartate Pro Proline

Cit Citrulline Ser Serine
GIn Glutamine Tau Taurine
Glu Glutamate Thr Threonine
Gly Glycine Trp Tryptophane
His Histidine Tyr Tyrosine
Hyp Hydroxyproline Val Valine

lle Isoleucine
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