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BACKGROUND

67%. This is the proportion of the US population thateisher overweight

(25<BMI<30) or obese (BMI>30). This number includaisout 17% of children aged
from 6 to 19 according to Time magazine (June TD72 Even with its healthy fancy
cuisine and the French paradox, France has not $jgemed by this epidemic. In 2003,
41.6% of the French population was overweight aseb This proportion increased from
31.6% in 1997 to 41.6% within 6 years. We can gasihgine that this number increased
since then and the proportion could be reaching F0eétty soon. And this trend is

followed in every single western country.

Obesity has now become first cause of mortalityhimm US before smoking, and
adiposity has been positively correlated as afastor in mortality among adults (Singh,
Lindsted et al. 1999). Surprisingly in developirayuntries where most of the people used
to starve decades ago a similar trend is appedfagever this epidemic hits different
socio-economical group; in developed countries [eewojfith lower income will tend to be
more obese when in developing countries people gher income will tend to have a

higher BMI (Ball and Crawford 2006).

So what are the causes of obesity since it seefins spreading like a pandemic?
Is obesity the result of nature or nurture, or Bo@an we think about a model broad
enough to include all social, economical, biologfe&tors that can influence obesity so

we can try to point out who is responsible? (Eg&erinburn et al. 2003).



After the class-action filled against the four Ihagt-food corporations in 2002,
which from the point of view of the world seemediculous, and after the success of the
movie “Super Size Me”, people started to realiz thaybe widely available cheap and
processed food might not be good for your healththat maybe having a sedentary life,
watching TV 8 hours a day with brain washing conuias might not be good as well.
But here is the fact: 1 on 4 Americans visits d fasd everyday. So do you think the

fast-food should take the blame for obesity?

Most people will blame it on genetics, on sedent#gy; billions are spent on
research trying to understand the mechanisms wmagrbbesity. Just by looking at the
number of publications on Pubmed, over 100.000 zapave been published since the
first publication of the post-mortem description ancase of Extreme Obesity (Oliver
1880). That is more than 2 papers a day for alrhb8tyears. And yet no solution has
been found, or should | say no solution want tédumd. Can you imagine the amount of
money spend under the name of obesity? Betweendthg companies, the diet
companies, the books, the DVDs, the personal trainbe gyms, the food industry
everything that involves obesity sells, so why vdowle want to find a cure to obesity or
should | say why would we want to find the causeliesity when it is clear and simple.

Eat healthy, avoid cheap and processed foods ardis& and you won't get obese.

Of course there are some genetics factors in ghesitime single nucleotide
polymorphisms (SNPs) that are going to affect yargision to eat or your ability to store

or burn fat. Of course there is an interaction leetwgene and diet since as any other



animals we evolved in parallel with what we ategaading to what was available in our
geographical area. This is irrefutable. But whathis proportion of the responsibility of
our genes when we intoxicate our body with food i know will make us obese. If the
real will of our governments is to fight obesitiieh the solution should be simple. Let's
act directly to the root of the problem by eduocgtour kids about nutrition and let's

focus all our efforts in providing cheap healthpdado the mass.

But instead our governments will urge to pass katbiban lawsuits against fast-
food companies or will fund research in hope tal firew targets to cure the symptoms of
obesity but not the cause so drug companies cae midkons on the sales of their new
miracle drug and downstream HMOs too. Health idamger a moral priority but has
become a business. If we get rid of the major gnobthen maybe we can focus on the
remnants obese people that would still be. Whaoiblame? The people who would
rather die than quit going to their favorite fasod? The lobbying of the food and drug
industries that would do anything to make milliams the back of the population? The
government who would rather protect his intereskeeping alive those industries than
trying to solve the problem from the source? | gube responsibility is shared by all of

them.

In that case, my part of responsibility was to ustind how our decision to eat
can be influenced by our diet and especially by igh-fat diet which is pretty
representative of our Western Diet. The first ainthis study was therefore to prove on

an animal model that at a behavioral level, thasitet to eat can be modified by a high-



fat diet. The second aim was to identify the pdrtresponsibility of a well-known
receptor involved in the control of food intake ttielecystokinin 1 receptor (CCK1-R).
The final aim was to understand how the commurooaetween this receptor and others

receptors and hormones involved in the decisiaatovas modified by a high-fat diet.

In the humongous wall of research on obesity, ithike brick | am adding...



INTRODUCTION

|/ DIETARY FAT: FROM THE PLATE TO OXIDATION

A. WHAT IS DIETARY FAT?

Dietary fat or lipids are one of the four majorsdas of biologically essential
organic molecules found in all living organisms e(ttother classes are proteins,
carbohydrates, and nucleic acids). They have irgdrate molecular weights that range
between 100 and 5000 kDa and they include many idaénctlasses such as
hydrocarbons, steroids, soaps, detergents or evane momplex molecules such as
waxes, triacylglycerols (fats and oils), phosphidkp sphingolipids, fat-soluble vitamins,
and lipopolysaccharides). They function as baryieneceptors, antigens, sensors,
electrical insulators, biological detergents, meamler anchors for proteins, and, last but

not least, a major energy source.

Because of its lipophilic nature, dietary fat is pontant in the body to
compartment space from inside to outside but aisemthe body between the different
organs, or at a more microscopic level within d lbetween the different microstructures

such as cytoplasm, the reticulum, the Golgi appardhe nucleus or the mitochondria.



a) The chemical classes of lipids

- HydrocarbonsThey contain only hydrogen and carbon. They magdturated

or unsaturated, branched or unbranched, cyclic liphatic, or they may exhibit a

combination of these characteristics.

- Substituted hydrocarbon8lcohols (R-CHOH), aldehydes (R-CHO), acids (R-

COOH), and amines (R-GNH;) are examples of substituted hydrocarbons. Such
molecules are usually found in low concentrations cells, as they are rapidly
metabolized. Fatty acids are the most abundanhefsubstituted hydrocarbons. The
major saturated fatty acids in higher animals aknjic (16 carbons) and stearic (18
carbons), followed by smaller amounts of 12-, B 20-carbon fatty acids. The major
monounsaturated fatty acids are oleic acid (@8)1which has 18 carbon atoms and a cis
double bond at carbon 9; vaccenic acid (&8)] which has the double bond at carbon
11; and palmitoleic acid, (16aI7), which has a cis double bond at carbon 9. Th@ma
polyunsaturated fatty acids in plasma and tissuesliaoleic (C18:&6), arachidonic
(C20:406), eicosapentaenoic (EPA; C28%, and docosahexaenoic (DHA; C223.

Fatty acids are essential building blocks for meambrlipids.

- Waxes, Esters, and EtheWaxes are long-chained, rather nonpolar compounds

found on the surfaces of plants and animals, mamyesters of long-chain alcohols, R’-

CH.OH, and long-chain fatty acids, R-COOH, (e.g., R&EIH,-R’). These tend to be
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solid at ambient temperature. Ethers are gooddraregainst water loss which explains

their high concentration in skin lipids.

- Acylglycerol and FatsMany complex lipids have a backbone of glyceeoB-

carbon polyalcohol. When two fatty acids are redetéh glycerol to form ester bonds, a
diacylglycerol or diglyceride is formed. Diacylgsml are biochemical intermediates in
many lipolytic reactions. They are critical builditblocks used in the synthesis of more
complex phospholipids and triacylglycerols, andogecmessengers for some membranes
triggered reactions. A triacylglycerol or triglyode is formed when all three hydroxyls
of glycerol form ester bonds with fatty acids. Txilglycerols are the major storage lipids
of plants and animals. In animals, adipose tissuiné main source of fat, but skeletal
muscle, heart, liver, skin, and bone marrow oftemtain appreciable amounts of

triacylglycerols in intracellular oil droplets.

- GlycerophospholipidsThey have a phosphate at the 3 position of gblcand

acyl or alkyl groups on at least one (usually baih}he other glycerol carbons. The
phosphate esterified to the sn-3glycerol may be {phosphatidic acid) or esterified to

other small molecules.

- Sphingolipids They are formed by the addition of fatty acidsthe base of

sphingosine (Bell et al., 1993). The sphingolipréqursors or breakdown products as

sphingosine and ceramide may have important rotfesedlular second messengers
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(Hannun 1996). Sphingomyelin may also have a mnoléhe intracellular movement of

cholesterol.

- Steroids They are defined as “all those substances tleastancturally related to
the sterols and bile acids to the extent of possgdhe characteristic perhydro-1,2-
cyclopentano-phenanthrene ring system.” (Gunsto@84)l Steroid hormones (i.e.
testosterone, androgens, estrogens, progesteroosol, cortisone, aldosterone, and
vitamin D hormone) are formed from cholesterol. §&qenolecules exert major effects in
regulating metabolism in higher animals. The alkadital salts of hydroxylated bile acids
conjugated with taurine or glycine are natural dggats synthesized in the liver and
secreted into bile. They solubilize phospholipia&l a&holesterol in the bile of higher
animals, thus permitting secretion of cholesterdb ithe gut. The excretion of both
cholesterol and bile acids is the major way cheledtis removed from the body. Bile
acids also aid in the digestion and absorptionatfand fat-soluble vitamins in the

intestine.

- Other Lipids Eicosanoids are oxygenated fatty acids pringypdérived from
the 20-carbon fatty acids, arachidonic acid, eitgs#oic acid, and eicosapentaenoic
acid. Acyl coenzyme A and acylcarnitine are keglintediates in fatty acid metabolism.
Lipopolysaccharides (endotoxin) are a large clddsaoterial glycolipids, present in the

outer leaf of the outer membrane of gram negatigarisms.
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b) What is dietary lipid specifically?

Dietary lipids have been described as that patt@fdiet that can be extracted by
organic solvents (Borgstrom, 1986), mostly non pbfads such as triacylglycerols and
polar lipids such as phospholipids. By far the tgsaquantity of dietary lipids is in the
form of triacylglycerols (triglycerides). Furthermeomost of these triglycerides contain
predominantly long-chain fatty acids (chain lenghid.4 to 20 carbons) esterified to the
glycerol backbone. Dietary triacylglycerol is a wragource of energy, with a higher
caloric density than the other macronutrients. Othetary lipids include the fat-soluble
vitamins A, D, E and K, cholesterol and cholestestiers, and phospholipids, but we will

not focus our study in those types of dietary psthce they are not the most abundant.

B. DIGESTION AND ABSORPTION OF DIETARY FAT

a) Luminal digestion of lipids

The digestion of triacylglycerols begins in thers&xh, with the action of gastric
lipase secreted by the gastric mucosa and thedirlgpase secreted by the serous Van
Ebner glands of the tongue. Acid lipases hydrolyeeylglycerols that contain medium-
chain fatty acids faster than they hydrolyze thosaetaining long-chain fatty acids.
Although the enzyme works well in the stomach, fblgably continues to digest
triacylglycerol in the upper duodenum where the iptbetween 6 and 7. Acid lipase

preferentially cleaves the fatty acid at the sneSifion of the triacylglycerol molecule,
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regardless of the fatty acid esterified to this ifpms. The 1,2-diacylglycerols
(diglycerides) and fatty acids produced as a resftiithe action of acid lipases may
promote the emulsification of dietary fat in th@metich. Grinding and mixing of the
gastric contents also contribute to dispersiorneflipid droplets. The combined action of
bile and pancreatic juice brings about a markeshgéan the chemical and physical form
of the digested lipid emulsion. Most of the digestiof triacylglycerol is brought about
by pancreatic lipase in the lumen of the upper phtthe intestinal tract. Pancreatic lipase
works at the interface between the oil and aquebases. Pancreatic lipase acts mainly
on the sn-1 and sn-3 positions of the triacylglptemolecule to release 2-
monoacylglycerol and free fatty acids. In orderb® efficient, the lipase needs the
colipase factor synthesized and secreted by therpas as procolipase and activated to
colipase in the small intestine by proteolytic el@ge by trypsin. The binding of the
colipase to the triacylglycerol/aqueous interfadleves the binding of lipase to the

lipid/aqueous interface.

b) Absorption of lipids by enterocytes

The digestion products of triacylglycerols are pmathantly monoacylglycerols
and fatty acids. Although these lipid digestiondarots are somewhat polar, they have
very limited capacity to dissolve in water. Thetkgplial surface of the small intestine is
surrounded by a layer of water called the unstirager, and the thickness of the
unstirred water layer depends on how vigorouslystimall intestinal contents are mixed.

Increased mixing reduces the thickness of the wedtwater layer. This unstirred water

14



layer represents a barrier that lipids must crosfore they can be absorbed by the
enterocytes (small intestinal epithelial cells). @eercome this barrier, lipid digestion
products are first solubilized in mixed bile salicelles which provide an efficient
mechanism for transport across the unstirred watgr and the subsequent uptake of
these lipid molecules by the enterocytes. At léast different mechanisms have been
proposed for the uptake of lipid digestion produmtghe small intestine: passive uptake
versus carrier-mediated uptake. Once digestedislipre presented to the surface of the
brush border membrane of the enterocytes; the ptedii lipid digestion can dissolve in
the lipids of the brush border membrane. The canagon gradient between the lipids in
the brush border and those in the intracellular mamment of the enterocytes favors
initial diffusion of these products into the cellhe rapid reesterification of the
intracellular lipids to form triacylglycerols, phasolipids, and cholesteryl esters by
enzymes of the endoplasmic reticulum helps mairtainintracellular concentrations of
these lipids, thus favoring the continued uptakedifiusion of these lipids into the
intracellular compartment of the enterocytes. Tharanwater-soluble products of lipid
digestion, such as glycerol and short-chain fatigs if present, are efficiently taken up

by diffusion.

Specific binding proteins have been identified thmety participate in the uptake

processes for some lipids, including fatty acidd elmolesterol. These binding are located

at the apical membrane of the small intestinabhetial cells.
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A difference in the abilities of the proximal anidtdl small intestine to absorb fat
had been described in rats (Sabesin and Holt M¥I5;Clark et al. 1980). Not only was
the distal intestine much less efficient than thexpnal intestine in chylomicron
production (Sabesin and Holt 1975), but also th@aorhicrons produced by the distal
intestine were larger (Wu, Clark et al. 1980). Tiheestigators suggested that this
difference between intestinal segments could betdube availability of phospholipids
for the coating of pre-chylomicrons or to alteredtracellular membrane lipid
composition. Most phospholipids are absorbed bettoeechime reaches the distal small
intestine. Although the proximal intestine is supgl with biliary phospholipids, the
distal small intestine has to meet most of its phofipids requirements by either de

novo synthesis or uptake of lipoproteins from tleessma.

C. WHAT HAPPENS TO FAT AFTER ABSORPTION?

Once absorbed in the enterocyte, lipid compounds again in aqueous
environment. Lipid digestion products need to lamsported from the apical membrane
to the reticulum endoplasmic where they are largedesterified for export in
chylomicrons. 2-monoacylglycerols and fatty acidse areconstituted to form
triacylglycerol, mainly via the monoacylglyceroltheay. The other pathway present in
intestinal mucosa for the formation of the triadyypgrol is called the glycerol 3-
phosphate pathway. During normal lipid absorptitte monoacylglycerol pathway is
much more important than the glycerol phosphatbvgay in enterocytes because of the

abundant supply of 2-monoacylglycerol and fattydaznd their efficient conversion to
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triacylglycerol, and also because 2-monoacylglycénbibits the glycerol phosphate
pathway.

The formation of chylomicrons needs the assembblyntestinal lipoproteins.
Lipoproteins are lipid-protein complexes formedthg small intestine and the liver for
the export of lipids from these organs. The smatkstine secretes the following
lipoproteins: (1) chylomicrons; (2) intestinal velgw density lipoproteins (VLDLS,
small chylomicrons); and (3) high density lipopiote(HDLS). Both chylomicrons and

intestinal VLDLs are triacylglycerol-rich lipoprates.

During fasting, the major lipoproteins secreted thg small intestine are the
intestinal (apo B-48-containing) VLDLs. Chylomiconare the major lipoproteins

secreted by the small intestine following a lipichrmeal.

Only the small intestine secretes chylomicronse Tinajor apolipoproteins
associated with chylomicrons are apo A-l, apo Advid apo B-48. Traces of apo E and
apo C are also added to the chylomicrons after thdry into the circulation. The fatty
acid composition of the triacylglycerol of chylomoos closely resembles that of the
dietary lipid consumed. The intestinal triacylglyalerich lipoproteins are transported
from the endoplasmic reticulum to the Golgi appasaihe Golgi apparatus serves as the
final site of assembly for many proteins and alpogroteins where they receive their
final glycosylation. The Golgi vesicles containitige pre-chylomicrons migrate toward

the basolateral membrane of the enterocytes, amahgiomicrons are discharged into

17



the intercellular space through exocytose. Chylooms are the major lipoproteins

produced by the small intestine following a lipeach meal.

The majority of absorbed fatty acids are trangmbrby intestinal lymph as
chylomicrons and intestinal VLDLs. However, theseevidence for portal transport of
long-chain fatty acids, and this transport is iased when there is a defect in the
intracellular esterification of fatty acids to forrmacylglycerol or impairment in

chylomicron formation.
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|I/ DETECTION OF DIETARY FAT

A. DUODENAL PHASE OF THE DETECTION

Lipids, after being digested by the lipase into oglgcerides and free fatty acids,
are taken up into the enterocytes and incorporat@dchylomicrons with lipoproteins.
The increase in the synthesis of ApoB, Apo AlV dipdis triggers the assembly and the
secretion of the lipoproteins necessary for thdarhicron formation in the lumen of the
endoplasmic reticulum (Hussain, Fatma et al. 200i)ds in the intestine are a potent
inhibitor of gastric secretomotor function, thes&nce othis feedback response implies
the existencef chemosensors that can detect the presence wémtatin the intestinal
wall. Only long-chain free fatty acids are ablegptoduce a secretomotor response of the
small intestine. Long-chain triglyceride requirds/lomicron formation for absorption,
and there is strong evidence that the formatioghgflomicron is required for sensory
transduction in the intestinal wall (Raybould 1999he detection of lipids in the
duodenum wall has several functional effects sushaalecrease in gastric motility,
increase in gastric acid secretion and decreaf®thintake. These processes tightly
regulated to match the digesti@ad absorptive capacities of the intestine witheghtry
of foodfrom the stomach. Food intake is also regulatddrtid entry of nutrients intdhe

intestine.

There are strong evidence that the apolipoproteilV A(Apo A-1V), a

glycoprotein synthesized by the human intestinelantoth the small intestine and liver
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in rodents, is necessary in the transduction ofifhé signaling to the brain through the
vagal afferent pathway (Whited, Lu et al. 2005)testinal apo A-IV synthesis is
markedly stimulated by fat absorption and doesapgear to be mediated by the uptake
or reesterification of fatty acids to form triglya#es (Phan and Tso 2001). Rather, the
local formation of chylomicrons acts as a signaltfee induction of intestinal apo A-1IV
synthesis. The stimulation of intestinal synthemml secretion of apo A-IV by lipid
absorption are rapid; thus apo A-1V likely playsde in the short-term regulation of
food intake (Tso and Liu 2004; Tso, Sun et al. 2004e formation of chylomicrons
with apolipoprotein A-IV released from the intestirmucosa during lipid absorption
stimulates the release of endogenous CCK that edae8vCCK(1) receptors on vagal
afferent nerve terminals, initiating feedback intidm of gastric motility (Glatzle, Wang
et al. 2003; Glatzle, Darcel et al. 2004). In orfierthe CCK pathway to be active, the
neural afferents of the vagus nerve need to betinteherwise the feed-back control is
abolished (Holzer, Turkelson et al. 1994). At tbeel of the small intestine it is now
clear that in order to be detected lipids or lohgin fatty acids (>12 Carbons) need to be
signaled through the formation of chylomicrons, evhirigger a release of CCK which

will bind to the CCK1-R on the vagal afferents.

B.ILEUM PHASE OF THE DETECTION

Most of the lipids are absorbed in the small intestHowever if some lipids
were to appear in the distal gut, there are sorddiadal feedback control in the ileum.

Peptide YY is a 36-amino acids peptide discoverethfthe porcine gut in 1982 for its
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inhibition on the exocrine function of the pancrédatemoto 1982). Since it has been
identified as a gut-hormone, its effect on gasiriotility, gastric secretion and food
intake have been widely studied. It is synthesireithe L-type endocrine cells of the Gl
mucosa. It is stimulated by intraluminal nutrients;luding glucose, bile salts, lipids,
short-chain fatty acids and amino acids (Ballant@@6). PYY inhibits many Gl

functions, including gastric acid secretion, gasemptying, small bowel and colonic
chloride secretion, mouth to caecum transit timangpeatic exocrine secretion and
pancreatic insulin secretion which is generallyezhthe ileal brake (Van Citters and Lin
2006). Although the release of PYY from lipids iswnclear, the modulation of PYY

secretion by others gut-hormones and its own actioother gut-hormone peptide is still

controversial.

PYY seem to be regulated by CCK production fromghaximal gut to the distal
gut. Administration of a CCK-1 receptor antagonidexoloxiglumide abolished the
effect of long chain fatty acids, on plasma lev&doth ghrelin and PYY. This shows
that generation of long chain fatty acids througtrblysis of fat is a critical step for fat-
induced inhibition of ghrelin and stimulation of P¥n humans; the signal is mediated
via CCK release and CCK-1 receptors (Lin, Cheyl.e2@00; Degen, Drewe et al. 2007).
Therefore CCK serves as a foregut signal linkirtgriahe proximal gut with the release
of distal gut PYY (Whited, Tso et al. 2007). Aldeetrelease of PYY has been shown to
have an effect on the release of intestinal apphpi@in A-1V via a posttranscriptional

mechanism of action (Kalogeris, Qin et al. 1998).
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C. FROM DETECTION WITHIN THE GUT TO SIGNALING IN THE BR AIN:

THE GUT-BRAIN AXIS

Once the dietary lipids have been broken down dsrded by the enterocytes,
they need to be signaled to the brain in orderd@pathe gastrointestinal function with
the bowel for a cost-effective absorption. In tHisction, the gut-brain axis is
particularly important. The gut-brain axis is corapd of “the gut, the pancreatic islets of
Langerhans, elements in the portal vasculature, eveh visceral adipose tissue
communicating with the controllers of energy bakancthe brain by means of neural and
endocrine pathways” (Badman and Flier 2005). In case we will focus on a few gut-
hormones and on the neural pathway from the guhéohindbrain: the vagus nerve.
There are more than 15 gut-hormones with anoreidgeffects described but the point of
this introduction is to focus on the ones imporiandietary fat detection and the one that

could be involved in a potential adaptation to aligtipid.

Most of afferent vagal fibers pass through nodosegtia to terminate into the
nucleus tracti solitari (NTS) (Konturek, Konturek al. 2004). The NTS shows a
viscerotopic fibers distribution from esophagus atmmach ending at its rostral-lateral
part, from stomach at caudal-medial part and frotestines at central and rostral part of
the NTS. The vagal afferent neurons with cell bedethe nodose ganglia enter the brain
stem, which is an important crossroads for inforamasignaled from the gut to CNS and
required to control gut functions via long vago-ghareflexes (Konturek, Konturek et al.

2004). Information from the vagal afferents endshi@ NTS; some signals from the gut

22



are transmitted to higher center of integration tie hypothalamus such as the
paraventricular nuclei (PVN) or the arcuate nuclARC). CNS projection initiated by
gut-brain signaling run through vagal afferentspiession of c-Fos, that serves as a
marker of neuron activation by vagal signaling frgat to brain, confirmed an increase
in the NTS after administration of CCK (Rinaman,fldtan et al. 1994) hence by lipids
as well (Lo, Ma et al. 2007). These mechanismsiwillice a feed-back control on food
intake and gastric secretion through vagal effereAtthough this pathway seem to be
the most important in the short-term regulationfoéd intake (meal to meal) and
digestive system there is some evidence that guvnoes also have a direct effect on the

hypothalamus by crossing the blood brain barrier.

The inhibition of food intake by apo A-1V can albe mediated centrally (Liu, Doi et
al. 2001). Other evidence suggests that apo A-1Y also be involved in the long-term
regulation of food intake and body weight, as itregulated by both leptin (Morton,
Emilsson et al. 1998) and insulin (Attia, Touzanak 1997). PYY (3-36) acting through
Y2-receptors on NPY-containing cells in the arcuatieleus inhibits NPY release and,

thereby, decreases appetite and promotes weigh{Boanetti, Orlando et al. 2005).
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[1I/ SENSING LIPIDS WITHIN THE BODY

Since lipids are highly calorific, they are the oregource of energy of the body and they
are stored into adipocytes to form the adiposei¢is$he adipose tissue was for a long
time considered as a simple storage organ but simceiscovery of leptin in 1994 it is

now described as a complex endocrine organ (Figebsovszky, Wabitsch et al. 2007).

A. LEPTIN: A BIOMARKER OF ADIPOSITY

Leptin is a 16 kDa protein hormone produced by wWidte adipose tissue
discovered in 1994 by Jeffrey M. Friedman and eglless at the Rockefeller University
(Maffei, Fei et al. 1995). It is synthesized in @aliytes in response to an increase in
adiposity. It is therefore a good biomarker of fawrage available for the body. Leptin
binds to its receptor Ob-R which is found in maisgues in several alternatively spliced
forms raising the possibility that leptin exertdeefs on many tissues including the
hypothalamus. Ob-R is a member of the gp130 fawiilgytokine receptors which are
known to stimulate gene transcription via activatiof cytosolic STAT proteins
specifically STAT3 in the hypothalamus nuclei (\&Es Halaas et al. 1996). Leptin is
secreted from the adipocytes into the blood straathen circulates until it reaches its
receptor in target tissues. Transport of leptim itite brain is reduced by fasting. The
transport system for leptin shows a diurnal rhytiirich is partially saturated in mice
with normal weight and even more in obese mice (&ah Kastin 2007). Secretion of

leptin is insulino-dependent since insulin incredsglyceride stores in adipocytes,
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therefore after a meal there is a significant iaseein leptin secretion in rodents and
humans (Dallongeville, Hecquet et al. 1998; LeidaywChang et al. 2006) and a steadily

decrease in a fasted state (Levitt Katz, Abrahaat. &006).

B. ROLE OF LEPTIN IN THE CONTROL OF FOOD INTAKE

The major site of action of leptin is the hypotmmales. The hypothalamus receives
and integrates neural, metabolic, and humoral f8ginam the periphery. In particular,
the arcuate nucleus contain two population of nesithat are the most leptin-sensitive
(Cone 2005). The first population of neurons exgeestwo potent orexigenic peptides,
the melanocortin antagonist Agouti-related peptidgrRP) and the Neuropeptide Y
(NPY). The second population expresses the peptidaine and amphetamine-related
transcript (CART) and the large precursor peptidegpiomelanocortin (POMC). Both
sets of neurons project to second-order, melanacdrtreceptor (MC4R) expressing

neurons within the hypothalamus and elsewherearbthin (Coll, Farooqi et al. 2007).

In the arcuate nucleus leptin inhibits NPY/AgRP m&s, and fasting
significantly upregulates the expression of NPY &giRP which will in turn increases
food intake. In contrast to NPY/AgRP neurons, PORIERT neurons are stimulated by
leptin and fasting decreases POMC expression whilthncrease food intake (Meister

2000).

Leptin receptors are also found outside of the aecwucleus, although the
importance of leptin's activity at these otherssit@s not been clear until recently. The

caudal brainstem contains both leptin-responsivb;RD-expressing neurons (Grill,
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Schwartz et al. 2002) and a population of POMC oiesirjust like the arcuate nucleus.
Although fasting induced a fall in POMC mRNA in hotegions, in contrast to the
arcuate, the reduction seen in the brainstem wasewversed by leptin administration.
Furthermore, leptin did not cause STAT-3 phosptlatigh or cfos activation within

brainstem POMC neurons, suggesting that leptinasiigm via POMC-derived peptides in

the CNS occurs entirely via hypothalamic POMC near@Huo, Grill et al. 2006).

Leptin receptors have also been detected on thesvagrve and apart of being
activated by adipocyte-derived leptin they coulsloabeen activated by leptin produced
by the stomach (Buyse, Ovesjo et al. 2001). It sedmat leptin acts directly on vagal
afferent neurons to trigger acute influxes of ecetlar calcium and that there is
cooperation between leptin and CCK in the activatdd some vagal afferent neurons.
This could contribute in the modulation of viscerallexes and control of food intake.
Acute activation of vagal afferents by leptin alcamed in combination with CCK may
contribute to modulation of visceral reflexes andtcol of food intake (Peters, Karpiel et
al. 2004, Peters, Ritter et al. 2006). Recent stidiven pointed out that the vagal afferent
sensitivity to CCK and leptin is concentrated inurons that innervate the stomach and

duodenum in order to enhance satiation (PeterrRit al. 2006).

Leptin receptors are also present on adipocyteshaweé an important role in

regulation of adiposity by a negative feed-bacKegitin secretion directly on adipose

tissue through the binding to the leptin recepittugn, Li et al. 2003).
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I\VV/ CONCLUSION

Through this introduction we described how diefatyin a non-pathological state
were first digested, then absorbed and finally cdeté and signaled to the brain in order
to modulate and tune gastro-intestinal function fowdl intake. We also pointed out the

role of the central nervous system and the adipssee in the energy homeostasis.

The next step was to go trough all these proceamdsstudy the effect of a
chronic ingestion of a high-fat diet on the lipidgekstion and absorption, but more
interestingly on the adaptation of the lipid signglfrom the gut to the brain and within

the body through the adipose tissue.

Therefore we focused our review on the major afesontrol of food intake: the

Gl tract, the gut-brain axis and adipose tissue.
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CHAPTER 1

ADAPTATION TO DIETARY FAT

(status in preparatior)

I%gém el , y ,’ 3 !f ﬂ'ﬁ, €O Lrimite M é.z%.é -
and yet ¢t o the modt frecious thing we have. "

(AHbernt Ecnstein)
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ABSTRACT

This review focuses on the most recent findingadaptation to dietary fat at the
level of the digestion, absorption and signalinghui the gut and the brain and also at
the peripheral level. It is now clear that chromgestion of dietary fat will lead to
changes in the digestion process of lipids by gdlyeincreasing the enzymes needed to
breakdown the triglycerides. Most recent findingsvén shown that anatomical and
physiological permeation of the gut wall was magtifiwith chronic ingestion of fat. In
addition, the normal signaling of fat through thmib-gut axis feed-back is attenuated
leading to an over consumption of this hyper calomtrient. Adaptive changes occur at
the peripheral level such as the gastrointestnaak,tthe adipose tissue and the liver but
also at the central level from the vagus nerveht hypothalamus. We will therefore
present in this review the most obvious changeatenadaptation to high-fat diet at the
level of the central and peripheral system in otdeunderstand how this adaptation can
be involved in the modification of the control afod intake and in a long-term lead to

obesity.

KEYWORDS: adaptation, lipid detection, high fat diet, foodake regulation, nodose

ganglia.
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|/ ADAPTATION OF THE GASTROINTESTINAL TRACT

A. STOMACH

It is known for 25 years that the enzymatic systeesponsible for hydrochloric
acid secretion in the stomach show a responséhighafat diet by increasing the HGO
ATPase activity (Khramtsov and Chernikov 1982). Magcently a high-fat diet has been
shown to decrease the expression of gastric ppas#i (enzyme responsible of preparing
the lipase-catalyzed fat digestion already in tteensch), which releases colipase and

enterostatin involved in the onset of early sat{®#nzell, Lowe et al. 1998).

The stomach also has an endocrine role with theesec of the orexigenic
hormone: ghrelin (Kojima, Hosoda et al. 1999). @hris released from the stomach and
plasma levels of ghrelin reach a peak right beéoreeal and is decreased after ingestion
of food (Tschop, Smiley et al. 2000). It binds tee tGrowth Hormone Secretagogue
Receptor (GHS-R) on the vagus nerve (Date, Murakamal. 2002) and acts by
stimulating gastric motility (Inui, Asakawa et &004). Little is known about the effect
of a chronic consumption of a high-fat diet on g¢fireelin system. So far, it is known that
fasted plasma ghrelin is decreased in obese hufrsh@p, Weyer et al. 2001), and in
fasted rats on a high-fat diet (Beck, Musse e@02) but it is not associated with a
difference in mMRNA expression on a fed state (Linsky de la Cour et al. 2005). This
decrease was also described in fasted mice onhafdtigliet (Lindqvist, de la Cour et al.

2005), this was associated with a decrease in ggmession at the level of the fundus of
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the stomach on a fasted state. On the contrarysyé@edet al. have shown that plasma
ghrelin was decreased in mice fed a high-fat dretadfed state but not a fasted state

(Moesgaard, Ahren et al. 2004).

The stomach also presents other endocrine cellspii2ethe development of
obesity in DIO rats there was no significant diéiece in the number of gastric PYY
positive cells between DIO and DR tissues (Hyldpidkman et al. 2007). Secretion of
gastric leptin does not seem to be modified by HiggHfeeding but overall plasma leptin
changes upon high-fat feeding. The change in pldsptan will be discussed further in

the chapter.

Concerning the motor function of the stomach, & baen shown that adaptation
to an high-fat diet increases gastric emptyingumban (Cunningham, Daly et al. 1991;
Castiglione, Read et al. 2002). In rodents gastmptying is inhibited by a high-fat diet
on a short-term exposure (Whited, Hornof et al.£d8ut is reduced after adaptation to

the diet (Covasa and Ritter 2000).

B. SMALL INTESTINE

Once fat exits the stomach, it is released in thallsintestine through the pylorus
and start to be digested by the lipase coming ftleenexocrine pancreas helped by the
bile acids coming from the gall bladder to emuldifye triglycerides. Adaptation to a

high-fat diet can modify the enzyme content in $heall intestine which will change the
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biodigestibility of the triglycerides and therefotieeir absorption. After 4-week on a
high-fat diet, the capacity for lipid digestion aabsorption was greater than rats fed a
chow diet due to an increase in uptake and re@estgion capacity of the ileum and
jejunum (Singh, Balint et al. 1972). In humans, theuth to caecum time was increased
in volunteers fed a high-fat diet for 14 days (Cuagham, Daly et al. 1991). More
recently, Petit et al. showed an increase in lghdorption capacity with an induction of
the intestinal mitotic index and in the expressidrgenes involved in fatty acid uptake,

trafficking and lipoprotein synthesis in mice (Refirnould et al. 2007).

Concerning the endocrine role of the small intestiih was reported that there
were no differences in plasma CCK secretion betweam and obese people in a fasting
state as well as in response to the ingestion mix@d meal (Lieverse, Masclee et al.
1994) however other studies showed an increaskagma CCK in humans fed a high-fat
diet for 14 days at 90 and 120 min after the megdr{ch, Murray et al. 1995) and in rats
(Spannagel, Nakano et al. 1996). Both rodents amdahs data suggest that intestinal
apo A-1V synthesis and secretion become less resporo fat following its chronic
consumption (Tso and Liu 2004). In rats fed a higlt-diet for 15 weeks the
concentration of plasma PYY was significantly higlre Diet Induced Resistant (DR)
group than in Diet Induced Obese (DIO) or Chow EeH) group, while no significant
difference was found between DIO and CF group (PK0.The expression of PYY
MRNA in the ileum and colon was increased in DIO4dfed a chow diet for 8 weeks
compared to DIO rats kept on a HF diet (Yang, Wangl. 2005). The same decrease in

plasma PYY has been described in a mice model 2&aveeks on a high-fat diet. DIO
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mice had a significant lower level of plasma PYYngared to DR or LF mice (Rahardjo,
Huang et al. 2007). There are some evidence thedeohuman also have a decreased

plasma PYY after a meal (le Roux, Batterham e2@06).

C. PANCREAS

The changes in the digestion of a high-fat meal dapendent on the enzyme
synthesized by the exocrine pancreas and the tidis @oming from the gall bladder. It
has been shown that amylase activity is decreaseais fed a high-fat diet for 52 weeks
compared to rats fed a chow diet. They conclude ttie reduction of intracellular and
secretory amylase activity may be a long-term adeptesponse of the pancreas to a
reduced carbohydrate component, and this long-tadaptation of the pancreatic
secretion of amylase may be due to the changé®imtracellular amylase activity rather

than to the altered sensitivity of the acinar tokQCee, Ahn et al. 2006).

D. GALL BLADDER

Bile salts are also really important for fat digeistand fat absorption. In rats, fat
feeding stimulated bile salt synthesis (Botham Bogld 1983). In humans, both low-fat
and high-fat diets decrease the bile acids turn@ret synthesis and, consequently,
impair removal of cholesterol from the body viaebdcids (Bisschop, Bandsma et al.
2004). Bile acids are either excreted or reabsomxdthe circulation. Watanabe et al.

(Houten, Watanabe et al. 2006; Watanabe, Houteal. €006) demonstrated that bile
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acids increase the metabolic rate in brown fatuéssy binding to a G-coupled protein
receptor (TGR5) that increases cAMP content andided type 2 deiodinase enzyme
(D2) expression, thereby enhancing local conversibrihyroxine (T4) to the active
triiodothyronine (T3) and downstream increasing abetic rate in the brown fat of
rodents for sustaining body temperature in coldddmns (adaptive thermogenesis). So
bile acids seem to block fat accumulation by indgcthyroid hormone signaling in
brown fat. On a high-fat diet, the D2 response @arsensitive to bile acids through an
unknown mechanism. In humans, a similar mechanisnskeletal muscle has been

described (Baxter and Webb 2006)

E. COLON

PYY expression in the ascending colon was increasedbese mice but the
MRNA expression was not significantly differentrfrdean mice in the same tissue (le
Roux, Batterham et al. 2006). These findings sugtied the plasma PYY deficiency
observed in obese mice may result from an impd®éd release rather than a decreased
synthesis, although the possibility of an enhandedrance rate or reduction in mMRNA

translation can not be excluded.

The colon is also really important in energy irtadnd lipid metabolism since it
contains about 10 bacteria and yeasts cells, representing abouirtess the number of
cells in our body. The human intestinal microbigenome ("microbiome™) contains at

least 100 times as many genes as our own genonus, ihmans are superorganisms
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whose metabolism represents an amalgamation obmarand human attributes (Gill,
Pop et al. 2006). Recent evidence have shown thah dree mice were not able to
become diet-induced obese suggesting an import@ataf the gut microflora in the
offset of obesity and that this phenotype was aasat with increased levels of AMPK
in muscle and liver and their downstreams targetlired in fatty acid oxidation such as
acetyl-CoA carboxylase or carnithine-palmitoyltrimase. In addition to this
phenomenon, germ free knockout mice for the gen@asting-induced adipose factor
Fiaf (a circulating lipoprotein-lipase inhibitor moally selectively suppressed in the gut
epithelium by the microflora (Backhed, Ding et 2004)) are not protected from diet-
induced obesity. The plasma Fiaf is decreased bgnah high fat feeding (Kersten,
Mandard et al. 2000). In conclusion, germ free atsnare protected from diet induced
obesity by two complementary but independent meshanthat result in increased fatty
acid metabolism; first by elevated levels of Fiahich induces Pgcet and second by
increased AMPK activity (Backhed, Manchester et2@l07). Furthermore the study of
the obese microflora showed a difference in thegriion of the two bacterial dominant
division Firmicutes and Bacteroidetes with diffdreapacities in energy harvesting in
favor of the Firmicutes. This trait was transmissilzolonization of germ-free mice with
an ‘obese microbiota’ results in a significantlyegter increase in total body fat than
colonization with a ‘lean microbiota’ (Turnbaughgy et al. 2006) These findings
suggest that the gut microbiota can influence Isadles of the energy balance equation

(energy intake and energy expenditure).
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[I/ ADAPTATION OF THE GUT-BRAIN AXIS

A. VAGUS NERVE

Once dietary fat has been absorbed, it needs stmhaled to the brain in order to
adapt the Gl function to the bowel. This is theerof the vagus nerve: to carry gut signals
to the brain. The signals coming out of the Gltteae modified by chronic consumption
of a high-fat diet but is there any adaptationhat level of their chemoreceptors on the

vagal afferents?

In the nodose ganglia, where all the cell bodiesnfrthe sensory fibers in the
vagus nerve are concentrated, 33% of the neuroflgsrdNPs) contained CCK1-R
MRNA. CCK mRNA was not found in normal nodose gang\o significant difference
in the number of NPs labeled for CCK1-R mRNA wasedied following 48 h food

deprivation or a high-fat content diet (Broberdé¢o)mberg et al. 2001).

Recent studies from Burdy@gs al. suggest a regulation of the receptor expression
with nutritional status. In fasted rats, the expi@s of the CB1 receptor is increased and
decreased after refeeding. This can be mimickedpégpheral CCK injection or
abolished by injection of lorglumide, a CCK1-R ajuaist, demonstrating a effect of the
anorexigenic CCK pathway on the orexigenic canr@tigipathway (Burdyga, Lal et al.
2004). Similarly, they demonstrated an interactioetween the orexigenic ghrelin

pathway with the anorexigenic CCK pathway. The caxti of CCK and ghrelin are
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mediated by a common population of vagal afferenirons. Ghrelin may act to limit the
action of CCK in depressing expression of CB-1 an@H-1 receptors and other
orexigenic receptors (Burdyga, Varro et al. 2006).

Little is known about the effect of the diet on thepression of gut-hormones
receptors at the level of the vagal afferents. Hewé& seems to be an important question
since vagal afferents are the first players in shert-term regulation of food intake.
Therefore if their activity can change with didtgetshort-term regulation will also and
that could evolve to long-term changes in adipoaitgd body weight and finally lead to

obesity.

B. HINDBRAIN

The hindbrain is the part of the brain that comstrohconscious processes. It is
composed by the cerebellum, the pons and the naedhlbngata in humans. It is really
important in the control of food intake since iteéses information from the gut through
the sensory fibers in the vagus nerve. These fileemsinate on dorsal hindbrain neurons
of the nucleus of the solitary tract and area pos&t. Dorsal hindbrain expression of Fos-
like immunoreactivity (Fos) following intraperitoaeCCK injection or oleate infusion
into the duodenum of rats maintained on high fas w@mpletely abolished compared to
rats fed a low fat diet suggesting a diminutionvafjal CCK responsiveness (Covasa,
Grahn et al. 2000; Covasa, Grahn et al. 2000). i&isal activation is dependent on the
CCK1-R, therefore an antagonist of the CCK1-R stbpsactivation in the nucleus of the

solitary tract (Webb, Gulley et al. 2005; Lo, Maa&t2007).
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[1I/ ADAPTATION OF THE CENTRAL NERVOUS SYSTEM

A. HYPOTHALAMUS

The hypothalamus links the nervous system to th#o@me system via the
pituitary gland, therefore it regulates metabolasna it plays a major role in the control
of food intake and energy balance. Since the hyathus is really important in the
long-term regulation of food intake, many studiesdé been published on the changes

that occur at the level of the different nucleihiitthe hypothalamus.

Rats fed a high fat diet had a significantly lowarel of hypothalamic apo A-1V
MRNA than rats fed a low fat or chow diet after WR. Intragastric infusion of lipid
emulsion to animals that were fasted overnightiBgantly stimulated hypothalamic apo
A-IV mRNA in low fat and chow rats but had no effé@t high fat rats. This demonstrates
that chronic consumption of a high fat diet sigrafitly reduces apo A-IV mRNA levels
and the response of apo A-IV gene expression tamgidipids in the hypothalamus (Liu,

Shen et al. 2004).

What are the effects of a high-fat diet or obesitythe expression of the two

different populations of neurons in the arcuateews?

- AgRP/NPY: The agouti-related peptide (AgRP) is a peptide esgzd only in

the arcuate nucleus in the hypothalamus with ossgproperties by being a natural
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competitive antagonist of the MC4-R receptor (OltmaWilson et al. 1997; Tritos and
Maratos-Flier 1999). Neuropeptide Y is a brain meptwith structural similarities to

peptide YY and pancreatic polypeptide (Tatemota]dtist et al. 1982).

Their expression is decreased with a chronic hagh#feeding in mice
(Ziotopoulou, Mantzoros et al. 2000; Wang, Storkral. 2002; Huang, Han et al. 2003;
Staszkiewicz, Horswell et al. 2007). This decrehss also been described in rats
(Archer, Rayner et al. 2004). However some datayesigthat elevated AQRP mRNA
along with reduced proopiomelanocortin (POMC) mRISAassociated with many types
of obesity (Mizuno, Makimura et al. 2003). The legé NPY mRNA expression in the
arcuate and dorsomedial hypothalamus was decréasats fed a high fat diet but was
only decreased in the arcuate in mice (Bi, Cheal.e2007; Chen, Hansen et al. 2007).
However this decrease is still controversial sireent study showed an increase in NPY

and its receptor in DIO rats (Wang, Yang et al. 7200

- CART/POMC: cocaine and amphetamine-regulated transcript (CARTa
brain-located peptide with satiety properties andlosely associated with the actions of
two important regulators of food intake, leptin amelropeptide Y (Kristensen, Judge et
al. 1998). Similarly the proopiomelanocortin (POMER complex polypeptide precursor
which is cleaved in smaller peptides such as thamoeortins, alpha-, beta- and gamma-

melanocyte-stimulating hormone (Coll 2007).
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After 2 weeks on a high-fat diet the level of CAROMC mRNA was not
changed in mice (Heijboer, Voshol et al. 2005) afier thirteen weeks they became
obese and had a concurrent reduction of POMC mRipAession in the arcuate nucleus

(Huang, Xin et al. 2004).

DIO rats have a decrease in the number of neucanying alpha-MSH and

CART peptide in the arcuate nucleus of the hypatinails (Tian, Li et al. 2004)

- MC4-R: The melanocortin 4 receptor exerts a tonic intobitiof feeding
behavior by bonding to its natural ligandMSH in the secondary neurons in the
hypothalamugFan, Boston et al. 1997). In mice fed a high-fat,ca 40% higher level of
MC4-R mRNA expression in the ventromedial hypothatanucleus (VMH) has been
described compared to mice fed a low fat diet (Hydfan et al. 2003; Enriori, Evans et

al. 2007).

The expression of these neurons is regulated kynlepespite high levels in
leptin in DIO rats or DIO rodents in general, theye a reduced leptin sensitivity at the
level of the hypothalamus (Ricci and Levin 2008).sheep, gene expression for Ob-Rb
was higher in Lean animals than in Fat animalstierte was no difference in expression
between Fat and Normal animals (Kurose, Igbal e@05). In rats chronically fed a
high-fat diet there was no difference in the hyptdmic Ob-R mRNA compared to the
rats fed a low fat diet (Peiser, McGregor et aD@0ahu, Nguyen et al. 2002). The same

observation has been made in mice (Enriori, Evams. 007) but an increase in SOCS-
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3, a potential suppressor-of-cytokine-signaling iatug central leptin resistance

(Bjorbaek, EImquist et al. 1998), levels was obsdrv

In conclusion, these data altogether show an dveealral leptin resistance due
to an increase in the suppressing pathway of legignaling within the primary neurons
in the melanocortin system which in turns reactabyincrease in MC4-R in secondary

neurons to compensate the lackid¥ISH produced.

There is also a theory where leptin permeabilitpdigh the blood-brain barrier
would be dependent upon triglycerides concentrationthe plasma. Therefore a
hypertriglyceridemia would decrease the permegbiiif leptin leading to a leptin
resistance in the hypothalamus. This would sohe ghradox of why obesity should
induce resistance to an anorectic signal becaupertnglyceridemia is also observed
with starvation; therefore the triglyceride-induaedistance to leptin transport across the
blood brain barrier was first evolved to limit tisggnal of leptin in the brain during

starvation (Banks, Farr et al. 2006).

B. MEsoLIMBIC REWARD CENTER

The mesolimbic reward center is the region of trarbthat processes pleasurable
feelings. The mesolimbic pathway is one of the akpathways in the brain that links the
ventral tegmentum in the midbrain to the nucleusuatbens. It is one of the four major

pathways where the neurotransmitter dopamine isdo’he mesolimbic pathway is
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thought to be involved in producing pleasurabldlifge and is often associated with
feelings of reward and desire, particularly becaakdhe connection to the nucleus
accumbens, which is also associated with thesesstat

It is well known that preference for high-fat foasl higher than other food
because of the palatability of the food. This prefiee tend to override the physiological
mechanisms affecting fat intake, therefore fat oomstion is often determined by the
amount of fat in the food (Drewnowski 1997). Behitbse orosensory aspects, some
molecular effects of high-fat food on the mesolimgystem have been demonstrated.

After 6 weeks on high-fat diet, DIO mice had a figantly higher level of
Dopamine 2 (D2) receptor mRNA expression in theeaafrthe nucleus accumbens and
ventral parts of caudate putamen compared to theamRRLF mice. Dopamines 4 (D4)
receptor mMRNA expression in the ventromedial hyalatmic nucleus (VMH) and the
ventral part of the lateral septal nucleus were algnificantly higher in the DIO mice
compared to the DR and LF mice. D4 receptors may ph important role influencing
satiety via the mesohypothalamic pathway while Bf#receptor may regulate reward
and motor centers via mesolimbic and nigrostripédhways (Huang, Yu et al. 2005). An
experiment on rats trained on either a chow diet bigh-fat diet showed the implication
of the dopamine-3 receptor in the hyperphagia oiaexpected high fat meal (Davis,
McQuade et al. 2006). The study of the mesolimbistesn in humans is more
complicated and involves psychological effects Wwhican enhance or inhibit this
pathway but an interesting model describing hovsietty to reward can influence your
preference to high-fat/high-sugar food and theesfarcrease your BMI has been

described (Davis, Patte et al. 2007).
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I\V/ ADAPTATION OF THE PERIPHERAL SYSTEM

A. ADIPOSE TISSUE

Eating a high-fat diet will also modify the periphke system of an organism
especially if the organism has the capability torestfat in adipose tissue. By eating a
high-fat diet, rodents and humans increase theipoady. Leptin is secreted
proportionally to adiposity. However in DIO roderdad in obese human there is an
increase in the ob gene expression and plasma leiich induces a state of resistance
to leptin as seen previously (Guerre-Millo 1997ptin production is increased in rodent
and human by insulin and corticosterone. Leptinresgion increased linearly with age
but only under a high fat diet despite body weigain under both diets (Staszkiewicz,
Horswell et al. 2007). At the same time, the respoto hyperleptinemia in the adipose
tissue is different in rats fed chronically a higi-diet than rats fed a low-fat diet. As
seen in the hypothalamus there is an increase BSS® mMRNA in adipocytes. This
increase is associated with a decrease in mRNAesgmn of the leptin receptor,
therefore the STAT-3 was less activated in ratstfed60% high-fat diet than rats fed a
4% low-fat diet. These data altogether show thatirleresistance at the level of the WAT
inhibit the fat depletion effect of leptin throughdecrease in Ob-R expression and an

increase in SOCS-3 expression (Wang, Orci et &5R0

We can find in the adipose tissue the endocannabisygstem (EC). The EC

system has been shown to have an important roémeéngy homeostasis and control of
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food intake (Cota, Marsicano et al. 2003). On fasstate, there is an increase of
endocannabinoids in the small intestine (Gomez,aavet al. 2002) and an increase in
CB1 receptor in the nodose ganglia (Burdyga, Lalle2004) which leads to an increase
in food intake. FAAH is the hormone that degradedoeannabinoids (Giang and Cravatt
1997). Preliminary recent study indicate higheels\wof circulating endocannabinoids in

obese women, in addition a reduction of FAAH in #tpose tissue has been described
compared to lean women (Bluher, Engeli et al. 200&jtation on this enzyme has been

pointed out as potential cause of obesity (Sipealraet al. 2005).

B. LIVER, PANCREAS, MUSCLE AND BONES

It is well known and described that the lipid metizdm is modified in obese
versus lean animal and human. The purpose ofekisw was to describe the changes in

the centers of regulation of food intake on a clurbigh-fat feeding.

It is evident that understanding all the mechanimas are modified on a high-fat
diet in every organ will help to have a better ustending the energy balance and
homeostasis as a whole but this is not the focusioEtudy here since we are essentially

interested in the adaptation of the detection efady fat.

Briefly, consumption of a high fat diet will lead & non-alcoholic fatty liver and

to an insulin-resistance in rodents and in humAngcent study even showed the role of

the skeleton in the energy metabolism. They dematestthat bones have also an
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endocrine role by producing osteocalcin. This harengeems to play a role in fat and
glucose metabolism. Mice knocked out for the gein@steocalcin tend to be more obese

and insulin resistant than mice producing a latsiEocalcin (Lee, Sowa et al. 2007).

It would be too ambitious to try to describe wisahappening at the level of every
organ when rodents and humans are fed a high-&at @his is why our review only
focused on how the system that controls short-texgulation of food intake can be
modified by chronic ingestion of a high-fat diethwously, studying how the metabolism
adapts to the high-fat diet is interesting also iarah important part of the equation in the

energy homeostasis.
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V/ CONCLUSION

Despite many years of study of the control of faathke, the mechanisms
underlying the adaptation to dietary fat are siiitlear. There are many evidences on the
adaptation of the long-term regulation of food ke&tasuch as the leptin-resistance of the
hypothalamus but little is known about the adaptabf the short-term regulation at the
level of the vagus nerve. However it seems importanunderstand if there is a
modification of the short-term control of food ik&asince short-term regulation is at the
base of the decision to eat. So if the system h#arg adapted will tend to be orexigenic,
then it is more likely that you would become obédses therefore essential to understand

what is happening at the level of the vagus neftez ahronic ingestion of a high-fat diet.

46



FIGURE LEGENDS

Figure 1: Recapitulative Table of the effect of a chronigastion of a
high-fat diet on different organs involved in tHeog-term regulation of food intaké.
means an increas¢, means a decrease and means no change in the hormone, the

receptor or the function compared to a chronic stiga of a chow diet. The same
symbols mean an increase or a decrease in fodceiimaa non-pathological state caused

by the hormone or receptor.
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CHAPTER 2

ADAPTATION OF LIPID -INDUCED SATIATION IS NOT

DEPENDENT ON CALORIC DENSITY IN RATS
(status published

"The modt exeiting plnase to hear in dcience, the one that heralds wew
:. . ) (Am|g é/lMl?Wldﬁ “’ul

(Deaac Ascmon)
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ABSTRACT

Food intake is modulated by ingestive (gastroiimagtand postingestive signals;
ingested fat is potent to produce short-term safgdtiation) but this can be modified by
long-term ingestion of a high fat diet. AIM: Detdma whether altered lipid-induced
satiation is dependent on the fat content of tie¢ dather than increased caloric density
or changes in adiposity. METHODS: Initial experirteedetermined the differences in
the microstructure of meal patterns in rats fedgh liat diet (HF: 38% fat kcal) and in
rats pair-fed an isocaloric, isonitrogenous lowdegt (LF: 10% fat kcal) and changes in
meal patterns measured after long-term maintenandcbke HF diet. RESULTS: Rats fed
the HF diet had a significant 50% increase in nmregjuency compared to rats fed the LF
diet; in addition, there was a significant reductio meal size (32%) and inter meal
interval (38%) consistent with induction of satat After 8 weeks on the HF diet, these
parameters tend to approach those of rats maidtaome the LF diet. There was a
significant 56% decrease in the activation of nesron the NTS in response to
intragastric gavage of lipid in rats maintained8arveeks on the HF compared to LF diet.
CONCLUSION: Dietary fat alters meal patterns catesiswith induction of a short-term
satiety signal. This signal is attenuated with lbegn exposure to dietary lipid, in the
absence of ingestion of additional calories or geann body weight. This adaptation of

short-term satiety might contribute to diet inducdesity.

KEYWORDS: high fat, meal pattern analysis, satiation, dadptation, food intake

50



INTRODUCTION

In addition to its role as a digestive and absweptirgan, the gut is also a sensing
and signaling organ. In order to accomplish thisss®y role, the gut uses neural and
endocrine pathways to communicate with controllefs energy balance in the
hypothalamus and hindbrain (Strader and Woods 208&)en nutrients are detected
within the intestinal lumen, information is senttb@ brain via either neural pathway, for
example the vagal afferent pathway, or via humpedhways. The gastrointestinal tract
is primarily involved in the short-term factors thiagulate food intake such as satiation,
the physiological process of meal termination, \ehsrthe long term control of body
weight and food intake is a function of the cenmalvous system (Burton-Freeman,

Gietzen et al. 1997).

It is well known that dietary fat has a satiatirffpet (Greenberg, McCaffery et al.
1999; Lucas and Sclafani 1999). The mechanism bghndiietary lipid is detected in the
intestine involves the formation and secretion loflomicrons and apolipoprotein A-IV
(Whited, Lu et al. 2005), and subsequent activatio@ CK;Rs, likely those expressed on
vagal afferents terminating in the gut wall (Moraadenheim et al. 2001; Reidelberger,
Hernandez et al. 2004). This leads to lipid-induicgtbition of gastric emptying, gastric
acid secretion and inhibition of food intake (T@y et al. 1999; Glatzle, Wang et al.
2003; Whited, Thao et al. 2006). This feedbackesystllows the organism to match

ingested nutrients with the digestive and absoeptapacity of the small intestine.
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It is accepted that there is a positive relatiopdtetween the level of fat in the
diet and the body weight, possibly contributingie long-term to obesity (Lissner and
Heitmann 1995). Recent evidence suggests that esandipid detection in the gut may
contribute to diet-induced obesity. Recently Covikaet al showed that dietary fat
sensing within the small intestine was reducedais adapted to a high fat, high energy
diet (Covasa and Ritter 1999). Persistently elel/atasma levels of CCK accompanying
long-term HF diet consumption, leads to severaptda changes such as increased food

consumption due to reduced sensitivity to periph€@K (Savastano and Covasa 2005).

The endocannabinoid system, consisting of the C&%ptor and its natural
ligands (anandamide and 2-arachidonoyl glycerslkniown to be an important regulator
of food intake (Cota, Marsicano et al. 2003; Vickand Kennett 2005). On a fasted state,
there is an increase in anandamide in the smaltine but not the hypothalamus leading
to an increase of food intake (Gomez, Navarro e@02; Kirkham, Williams et al.
2002). If the nutritional state can influence theagtity of endocannabinoids produced,
we can imagine a similar regulation of its recep@B1. We know that injection of CCK
will decrease CB1 expression in the nodose ontadastate (Burdyga, Lal et al. 2004).
Therefore we hypothesize that CB1 expression laé modified by nutritional state
but also by dietary history since there is somél@we that endocannabinoids level can

be increased by high-fat diets (Matias, Bisognal.€2006).

Although there is evidence to show rats freely &eligh fat diet result in diet-

induced obesity and diminished sensitivity to daetecof lipid in the intestine, little is
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known about how the feeding behavior, in terms afampatterns, changes with
adaptation to a high fat diet, nor whether the geas dependent on the increase in body
weight or adiposity. The purpose of the preserdystuas to clearly identify whether the
response to a high fat diet and its effects onifegbehavior and body weight is due to
calorie content or to the dietary fat itself. Thigs accomplished by developing two
precision pellet diets: one high in fat (38% faflkelF), the other low in fat (10% fat/kcal
LF), both having the same energy density. The fuist of the present study was to
determine the effects of dietary fat on meal patelThe second aim was to demonstrate
how detection of dietary fat changes with sustaiséichulation by analyzing meal
patterns during long term maintenance on an isacalisonitrogenous high fat diet. The
third aim was to establish that the endocannabirgydtem can be regulated by
nutritional status and by dietary history and tfene contribute to the development of

hyperphagia.
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MATERIALS AND METHODS

Animals

Adult male Sprague Dawley rats weighing 245-320g tla¢ start of the
experiments were housed individually in cages atabted to a 12-h light:dark cycle
(lights off at 09:00 am) in a temperature-contrdli®om. Water was freely available
throughout the experiments, and body weight waerdsd daily. All experiments were
performed in protocols reviewed and approved byitisatutional Animal Care and Use

Committee, UC Davis.

Rats were maintained on either a 38% of energyitdt (high fat diet: HF) or a
10% of energy fat diet (low fat diet: LF). The coosjgion of the diets can be found in
Table 1 Note that the LF diet is 263% higher in carbolayern the form of corn starch
than the HF diet, and that the HF diet is 214% éigh fiber in the form of cellulose than
the LF diet. Both diets were isonitrogenous (21%iérgy) and isocaloric (3.4 kcal/g).
The HF diet was offeredd libitum and LF rats were fed based on HF daily caloric

intake.

Food intake analysis

Feeding patterns (number of meals, duration of mewdal size, inter meal

interval) were continuously measured from 09:00 t@n03:00 pm using food intake
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monitoring cages (The Habitest® System, Coulbourstruments) delivering 45 mg
pellets (Bioserv Custom Dustless Precision Pelld@tsg¢ pellet dispensers were controlled
by infrared pellet-sensing photo beams. Individoellets were delivered in response to
removal of the previous pellet. Data was recorded analyzed using Spike2 (version
5.07, Cambridge Electronic Design 1988-2004) andSkgmaStat (version3.11, Systat
Software Inc. 2004) and Graph Prism® (version 3@faphPad Software Inc. 1994-
2000). A meal was defined as an acquisition oeast 5 pellets within 600s preceded or
followed by 10 mins of no feeding. According to titerature Levitsky and Collier, 1968
and Castonguay et al. 1986 (Castonguay, Kaisdr £0&6), 10 min of no interruption of
the beam was used to define a meal. In additiora| siee and intermeal interval were
optimized by varying the definition of meal sizeorft 3 to 6 pellets per meal and
observing the resulting food intake graph. The neimbf meals calculated by the
software was compared to the actual number of ntekrmined by visually examining
the food intake plot. Following each change in m&aé and IMI definition, the meal
parameters calculated by the analysis program €3pikambridge Electronic Design,
Cambridge, England) was examined and compared ¢o ftlod intake plot. The
parameters were optimized by empirical comparisstwéen the food intake plot and the

meal definition criteria.

Body composition

At the end of the experimental period, rats werhanized using an overdose of

sodium pentobarbital (Nembutal, Abott Laboratorie)0mg/kg IP). Epididymal,
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mesenteric and retroperitoneal fat pads were disdeEat-pads weights were measured

to 0.01 g.

Experimental Protocols

Experiment 1: Effect of a high fat diet on meal paerns.

Rats (n=16) were maintained on the feeding protasalescribed above for up to
21 days in order to determine the short-term effecta high fat diet compared to a low

fat diet on meal patterns.

Experiment 2: Effect of a long-term exposure to aigh fat diet on meal patterns.

Rats (n=16) were maintained on the same feedingqobas described above for
8 weeks in order to determine the long term effett high fat diet on the meal patterns.
There was no significant difference in the weighthe LF versus the HF group at the

beginning of the experiment (LF: 284 £ 7 g, n=8;:ABO + 8 g, n=8).

A subpopulation of these rats (n=8) were fed the di&t for 9 days before
randomizing them into low fat and high fat groupfeal patterns were then analyzed
according to the method described above. Data walyzed using a one way-ANOVA

with individual rat as an independent variable eAftnaking sure there was no significant
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difference between rats (data not shown), we ramihthe rats into two groups and we

subjected the parameters to a one-way ANOVA withdiet as an independent variable.

Measurement of c-Fos protein expression in the NTS

After 8 weeks on the respective diets, rats (HA#55), were gavaged with 1.5
mL lipid (Intralipid 20%; Baxter HealthCare Corfeenfield). After 90 min, animals
were deeply anesthetized with sodium pentobarl{fteEmbutal, Abott Laboratories;
100mg/kg IP), heparin was also injected (1 ml/ky &Ad rats transcardially perfused
with phosphate buffered saline (PBS) buffer (0.1 pH 7.4) followed by 4%
paraformaldehyde. The brains were removed, postfix@nd processed for DAB
immunocytochemistry for c-Fos protein accordinghe protocol described by (Whited,

Lu et al. 2005).

Free-floating brains sections (100 pum), obtaineédgua vibratome, were washed
3 times with PBS. Primary antibody (anti c-Fos, t8aDruz) was applied at a dilution of
1:2,000 with 2% goat normal serum, 0.2% Triton X3,10.1% bovine serum albumin in
PBS (GS-PBS) for 60 min at room temperature andi°&@& overnight with gentle
agitation. The biotinylated secondary antibody {gaati-rabbit immunoglobulin G;
Vector Laboratories, Burlingame, CA) diluted 1:2080 GS-PBS was applied for 120
min at room temperature. Tissue was incubated for i@ ABC solution (StandarBlite
Vectastain ABC Kit, Vector Labs, Burlingame, CA, A)S DAB solution (Sigma, St.

Louis, MO, USA) was added for a 5 minute incubatowl then 50 pL pD,-PBS (0.1 ml
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30% HO,: 10 mis PBS) was added to catalyze the DAB reartibe reaction was
stopped with a PBS wash. Tissue was thoroughly addbetween each incubation
period. Images were taken on a Provis microscopkeamalyzed using Paint Shop Pro,
Edition 7. A stereotaxic rat brain atlas was useddtermine the location of the NTS in
each section of tissue (Paxinos & Franklin, 20@l)egion of interest was drawn around
the nucleus of the solitary tract (NTS) and theaapestrema (AP) and all activated
neurons in the NTS region of interest were countéelurons were determined to be
immunopositive (above threshold) by their color amk. Representative sections were
chosen to represent regions of the NTS: caudal Bf&gma -14.6 to -14.08 mm), mid-
NTS (-14.08 to -13.30 mm) and rostral NTS (-13.8012.80 mm). Three sections were
chosen for each region for a total of nine sectwersrat. The numbers of labeled neurons
per section were averaged for each region for eaclhis value was used in subsequent

statistical analyses.

Western Blot Analysis

On week 4 and 8, 2 HF and 2 LF rats were gavagdd Wb mL of intralipid 20%
(Baxter HealthCare Corp., Deenfield) when 2 HF and- were gavaged with 0.9 mL of
saline. 30 min after gavage, animals were aneggtketvith 0.5 mL of Nembutal Sodium
Solution (Abott Laboratories). Duodenum, ileum,agladipose tissue, nodose ganglion,
NTS and Hypothalamus were collected and store@@&rCC. Tissues were processed to
be run for proteins assays. Suspension buffer (.08s Base 112.7 mL of 0.5M EDTA

dissolved in 500mL ddH20, 1 % Triton-X 100, 1% [Raxe inhibitor cocktail (Sigma)
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and PMSF (10Qug/mL in 100% Ethanol) has been prepared up jih Her mg of tissue.
Tissues have been homogenized, sonicated andfugettiat 10,000 rpm at 4°C 10 min.
the supernatant were collected and protein coretemtrwere determined by DC protein
assay (Biorad). The concentrations were read anf®0n Perkin EImer HTS 7000 plate
reader using HT Soft 2.0. Tissue proteins extraetse analyzed on 10% Tris-Acetate
Gels with MOPS Running Buffer using the InvitrogérCell SureLock Mini-Cell for 60
min at 200 V and 125 mA and transferred on polyhitlgne difluoride (PVDF)
membranes for 75 min at 30 V and 140 mA. The foihgnsteps were performed at room
temperature. The membranes were then wet in mdtharashed in 20 mL of Tris-
Buffered Saline + 0.1% Tween-20 (50 mL 10x Tris fietéd Saline and 0.5 mL Tween-
20 in 449.5 mL ddH20) (TBST), blocked for 60 minBhocking Buffer (100 mL Tris
Buffered saline + 3mg casein + 0.1 mL Tween 20)nBry Antibody (Rabbit polyclonal
Anti-Cannabinoid CB1 Receptor Unconjugated, BioseuCamarillo, CA USA) was
applied at a dilution of 1:1000 for 60 min at rotemperature and then overnight at 4°C.
The membranes were washed three times with 20 m&%fmilk-TBST. Secondary
antibody (anti-rabbit conjugated with HRP) at a0D@ dilution in milk TBST was
applied on the membranes for 60 min at room tentperaMembranes were washed
three times with 20 mL of TBST and then reactedhvii® mL of Lumiglo for 1 min (0.5

mL 20x Lumiglo reagent + 0.5 mL 20x H202, 9 mL dd»)2
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Experiment 3: Relative preference for the low-fat 6od in rats fed high-fat or low-fat

diets.

A further group of rats (n=8) was adapted to tmespective maintenance diets
(HF or LF) for 1 week before preference testingaregRats were fedd libitum from
09:00 am to 03:00 pm and food deprived from 03:00tp 09:00 am during this period.
Total food intake and weight were recorded dailp. @revent neophobia before the
initiation of the preference testing, all rats wgieen access to each of the two diets (HF
or LF) on 2 different occasions as previously diésct (Savastano and Covasa 2005).
After the last day of diet exposure, 6-h 2-choicefgrence testing began from 09:00 am
to 03:00 pm. For all rats, the 2 different dietsrevgpresented in two different cups
containing 20 g of each diet during two consecutlags with the position of the diets
within the cage (left or right side) randomized aiternated each test day. The food

intake was measured at the end of the first, tiifitth, and sixth hour.

Statistical Analysis

In Experiment 1, data from day 5 to day 18 werelyaea for the number of
meals, the meal size, the eating rate, the intaal iméerval, the meal duration and the
total food intake per day and per rat; data wererayed for each day and each diet
group. The parameters were subjected to a one-WY\AA, with maintenance diet as

independent variable.
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In Experiment 2, the parameters from 16 rats fedBfaveeks were subjected to a
two-way ANOVA with maintenance diet and time asdapdndent variables, data were
not geometrically connected, and some subjects méssing data for some levels so we
could not perform a Two Way Repeated Measures ANOYDAta were compared
between Week 2 and Week 8 in order to show an atapt All analyses were
conducted using SigmaStat (version 3.11, Systatw@oé, Inc.)Differences among
group means were analyzed using multiple compagpsocedures (Holm-Sidak method),

with overall significance level P<0.05.

In Experiment 3, we did the preference testing aat8, 4 rats maintained on a
HF diet and 4 rats maintained on a LF diet. Meaakies for each rat were subjected to a
two-way ANOVA, with maintenance and exposure datsndependent variables. Paired
samples t-test did not reveal any significant slitierence for any of the preference test;
therefore, the left- and right-side intakes wereled for further analysis. Mean intake at
each time point for each rat was subjected to aviap ANOVA, with maintenance and
exposure diets as independent variables. The velpteference was determined by the
total amount consumed for each diet divided by tihtal amount of food consumed

across all preference tests, multiplied by 100iéddya percentage.
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RESULTS

Experiment 1: Effect of high vs. low fat diet on meal patterns

There was no significant difference in the quantifyfood ingested in the first
meal between the LF and the HF fed groups. Howetiersize of the™ and 3' meal
was significantly 34% and 31% smaller in the HF paned to LF group, respectively

(P<0.001) Fig. 1).

The meal frequency in the HF group was significaB®% higher compared to
the LF group (4 £ 0.2 vs. 6 £ 0.2, P<0.001). Thisrease in meal frequency was due to a
significant shorter inter meal interval which wasluced by 36 % and 41 % for meal 1

and meal 2, respectively, in the HF compared td_thé&d rats Fig. 2).

Experiment 2: Effect of long term exposure to a high fat dietbmdy weight, food intake

and meal patterns

After 2 weeks, rats fed an isocaloric low fat diained more weight than rats on
the isocaloric high fat diet (P<0.001); the diffece was significant from week 2 to week
8 (Fig. 3). There was no significant difference in the adipoindex (calculated as the
sum of the peritoneal, mesenteric and epididymiapéals divided by the body weight)
between the two groups at 4 weeks or at 8 weekgeg@ks: LF: 2.51 + 0.28 % vs. HF

2.16 £ 0.28%, n=4 in each group, NS; 8 weeks LEO2 0.39 % vs. HF: 2.98 + 0.39,
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n=4 in each group, NS). There was a 62% increaieeifecal pellet output in the HF rats
compared to the LF rats throughout the experime £ 0.1 vs. 3.2 + 0.2 g/day, LF vs.

HF, n=8 in each group, P <0.001).

There was no significant difference in food intdk&pressed as percent of food
intake per g of body weight) between the HF andddrrats at week 2. However, after 8
weeks on the LF or HF diet, there was a signifi@# increase in the food intake in HF

fed but not in the LF group (p<0.09jig. 4).

After maintenance on the HF diet for 8 weeks, time ©f the meal 2 was
significantly increased in the HF group comparedweek 2 (P<0.05)Hig. 5). In
addition, there was a significant increase in thi &after meal 2 in the HF fed rats
(P<0.001) Fig. 6). However, these parameters did not change froek\eto week 8 in

the rats fed the LF dieE{g. 5 and 9.

Effect of HF vs. LF diet on lipid-induced c-Fos f@io expression in the NTS

In rats fed the low fat diet for 8 weeks, thereaisignificant increase in the
number of neurons expressing c-Fos in the NTS sparse to intragastric gavage with
lipid, the region in the brainstem where vagal &ifés terminate, as previously
described. However, in rats fed the HF diet for &elss, the number of c-Fos
immunoreactive in the NTS is significantly decreahsempared to the LF fed rats (n=5 in

each group, p<0.001Fig. 7a and 71.
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Effect of HF vs. LF diet on CB1 expression in Gictr the nodose ganglia and the

hypothalamus

Gl tract. The CBL1 receptor was detected in the colon butmtite duodenum or ileum of

any groups, HF or LF, fasted or fed (data not shown

Nodose gangliaThere is an overall increase in the receptor tasted state. There is an
overall decrease in the receptor in all groups &teeeks on the diet. On a fed state, the
difference in the expression of the nodose betw&eveeks and 2 weeks was 3-fold
bigger in the HF group than in the LF group. Thigedence between the fasted and fed
state expression of CB1 is 2-fold higher in the gtBup than in the LF group after 8

weeks Fig. 8).

HypothalamusThere was a 10-fold decrease difference in theaddlthe expression of
CB1 in the HF group fasted vs. fed compared todgtdd vs. fed. The expression of CB1

was 4 times bigger in the fasted state in the Higjgicompared to the LF grouigig. 9).

Experiment 3: Relative preference for the low-fat food in rats fed high-fat or low-fat
diets.

During preference testing, rats were presented thightwo different diets on two
different occasions to test the effect of the pasiof the food in the cage. There was no

significant difference between the two differensipions allowing us to pool the food
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intake between the two days. When LF-maintainesl snadre presented with the HF and
the LF diets at the same time, rats ingested 2 ¥ of the HF diet and 18.9 + 1.7 g of
the LF diet within the 6-h test intake period. Sarly the HF-maintained rats presented
with the HF and LF diets at the same time ingeStédt 3.2 g of the HF diet and 17.6 £
3.0 g of the LF diet. Only the cumulative 6-h faathke is presented because the relative
preference did not differ among the test. Rats leathibited a significant preference for
the LF diet when exposed to both of the diets atsime time. In addition, when exposed
to a single diet during the acclimatization peribe total food intake did not differ
between the two maintained groups. There was evendency in the HF group to eat

more than the LF group (P = 0.068).
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DISCUSSION

The results of the present study show that feedirtggh fat diet compared to an
isocaloric low fat diet elicits different feedingetavior, characterized by an increase in
meal frequency and a decrease in meal size. Theonsistent with the higher lipid
content of the meal eliciting short-term satietynédler and more frequent meals). The
results also show the satiating effect of the highdiet is modified with time and
decreases when rats are maintained on the dies, Tieal size and IMI increase over the
8 weeks on which the rats are maintained on thk fagdiet. In addition, there was a
significant increase in the amount of diet eatethi high fat fed rats. This adaptation
occurred in the absence of any change in adiposity body weight in the high fat fed
group. Taken together, this data suggests thargiét is responsible for the changes in
the feeding behavior observed with long-term adaptdo a diet of high fat content and
that a deregulation of the cannabinoid system cbalthvolved in the change in feeding

behavior.

After the first meal, rats on the high fat diet atealler and more frequent meals than
rats fed the low fat diet. This suggests that aaigenerated within the meal involving
the detection of dietary fat in the ingested foeahinates a meal sooner. However, after
the cessation of the meal, this decrease in mealrsisults in the initiation of the next
meal sooner than in the LF fed rats, either dudéamore rapid fading of the short-term
satiety signal in the HF group or due to anothgnail that detects the overall calorie

content of the prior meal. This finding is in cagtr with previous findings where
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ingestion of a high fat isocaloric diet increasked meal size in rats (Warwick, McGuire
et al. 2000). However, this study used liquid detsopposed to the solid diet used in the
present study. Our data from the third experimeoiws that rats prefer the LF to the HF
diet, suggesting that the HF diet is less palattide the LF diet. In addition, the eating
rate was reduced in the HF group compared to theag&in suggesting a less palatable
food (Swiergiel and Cabanac 1989). No significaffecence was shown when both diets
were presented to rats sequentially. There is ecel¢hat the meal patterns of two diets
with differing palatability depend upon the methotl presentation with differences
appearing when the diets are offered simultaneobsly not when they are offered
sequentially (Sunday, Sanders et al. 1988grefore it is more likely that the HF diet is
not as palatable as the LF diet, but it is unlikéiyt the rats fed a HF diet are
experiencing an aversion to this diet. Thus, iumdikely that palatability alone can

account for the differences in meal patterns olesebetween the two groups.

The main differences were observed after the fimstl; there was no significant
difference in the size of the first meal, presuryattle to the overnight fast and a
relatively high orexigenic drive in all the ratsgardless of the fat content of the
maintenance diet. We predicted that HF rats woeldniore satiated because they were
ingesting more calories in the form of lipid regudtin a longer inter meal interval, they
do a shorter IMI. However, we observed a decreasater meal interval. This shorter
inter meal interval in rats ingesting high fat diéias already been described (Warwick,
McGuire et al. 2000). We have done an analysig®fpnd post-meal correlation between

meal size and IMI and we have not found any typeasfelations. Furthermore, in the
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literature the correlation between meal size and rdinains controversial. Le Magnen
and colleagues consider that there is a correldigiween meal size and IMI using long
end-of-the-meal definition supporting the depletiepletion idea of food intake (Le
Magnen and Devos 1984). However, when Castongualy cafleagues used a log-
survivorship analysis of different end-of-the-mdafinition, they concluded that there is
no correlation between meal size and intermeatvatgdCastonguay, Kaiser et al. 1986)
Differences in dietary fiber between the isocalddE& and LF diets are unlikely to
account for the reduced inter meal interval effastit has been demonstrated in a
previous paper; rats fed HF diets, either highoar in fiber content, drank more oil than
rats fed the HC diet implying that fiber does nieet postprandial satiety (Reed and
Friedman 1990). The fact that the meal size isaded supports the hypothesis that fat

by itself modifies the meal patterns by increasiatiation but not satiety.

In this study we demonstrate for the first timettfzd is not by itself responsible for
the increase of body weight, at least for a reddyishort period of 8 weeks. In previous
studies using high fat, high energy diatklibitumthere is a significant increase in body
weight and adiposity in the high fat fed rats. e tpresent study, we controlled the
caloric content and the fat content intake in bgtbups so that we could separate the
effect of fat from that of calories or adiposityufing the 8 weeks period on the diet, the
increase in body weight in the HF group is smallem the LF group. This has been
described in a previous paper were rats were fets@saloric HF diet (Ramirez and
Friedman 1990). Palatability of the food could als® responsible for the difference

between the two groups as palatable food can offsethal appetite regulation and
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therefore body weight control (Erlanson-Alberts&i05), the high fiber content of the
HF food also prevent overeating and excessive wejgim (Van Itallie 1978) and finally

it has been shown that daily fat excretion was tgreen high fiber food compared to
normal fiber food (Munakata, Iwane et al. 1996)s this over excretion of fat in the HF
group combined with the higher palatability of fbed in the LF group could explain the

difference in body weight increase.

The second aim of the study was to demonstrate fdeding behavior can be
modified after a long-term exposure to a HF diee ¥und that the intrameal satiety or
satiation (reduced meal size) of meal 2 and meehS reversed after 8 weeks on the HF
diet. In addition, there is no significant diffecenin the inter meal interval before the
third meal between the two groups. This suggestisatiaptation to the short term satiety
signal has occurred in the absence of any incriealsedy weight or adiposity compared
to the LF fed rats. Thus it would seem that thepgataon occurs solely in response to the
level of dietary fat content. It is likely that shadaptive response involves the vagal
afferent pathway and CCK, as activation of neurarthe NTS following an intragastric
lipid challenge, as revealed by immunoreactivity ¢eFos, is markedly reduced in the
HF compared to the LF rats. Thus, although the waljable in these experiments is the
level of ingested fat, the adaptation to ingesieid linvolves the same deficit as seen in

other studies employing high energy high fat di€svasa, Grahn et al. 2000).

It has already been described that maintenanceatsf an high-fat diets reduces

sensitivity to some satiety peptide signals. Redusensitivity to satiety signals might
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contribute to overeating and obesity often obsewkdn rats are maintained on high-fat
diets (Covasa and Ritter 1998) which is often assed with a decrease sensitivity to
CCK (Covasa, Marcuson et al. 2001; Savastano ansao2005) or PYY deficiency
that would reduce satiety and could thus reinfarbesity (le Roux, Batterham et al.
2006). Little evidence has been shown concernimptantial adaptation of the neural
center of the control of food intake: the hypothale, even though it has been shown
that after a long-term exposure there was a reatuati the Apo A-IV mRNA production

in the hypothalamus after a lipid-preload (Liu, Blet al. 2004). The increase in the IMI
had already been described in the hyperphagiaSprague-Dawley rat model of chronic
diet-induced obesity (Farley, Cook et al. 2003)isTdonfirms that the changes we see are
due to adaptation to the high-fat content of thet dnd not the high fiber. Taking these
data altogether, it is more likely that the changesobserved with time are due to a
decrease in the sensitivity of the vagal-afferendétect fat in the high fat group by

decreased sensitivity to CCK or by a decreasedandlease of PYY.

Finally these changes could be due to an adaptatitime digestion or the absorption
of the dietary lipid. It has been shown that thieran effect of the amount of fat on the
adaptive response of rat pancreatic lipase to it (Sabb, Godfrey et al. 1986).
Pancreatic lipase activity adapts primarily to twmount of dietary fat and though
increases in HF rats but some results indicatealsaurce of dietary fiber, cellulose, can
affect the availability of enzymes and bile acidstihe small intestine (Forman and
Schneeman 1980; Schneeman and Gallaher 1980; Soamudfasper 1984). Although

fiber reduces the absorption rate of fat and cartiaie because it decreases the
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availability of the enzymes and bile to digesttfare is no significant effect of cellulose
on oleic acid absorption (Vahouny, Satchithanandaal. 1988). Fat could therefore still
be sensed through free fatty acids like oleic agitiin the small intestine even though

triglycerides are not broken down yet.

The third aim of the study was to incriminate thed@cannabinoid system as
responsible for the change in feeding behaviorrdfoee we looked at the expression of
the CB1 receptor in two important center of regalabf food intake: the nodose ganglia
and the hypothalamus. We wanted to prove thathheges in behavior due to a chronic
ingestion of a high-fat diet were correlated withanges in expression of the CB1
receptor. Although the changes were not signifid@tause the power of the test was
weak due to a small sample size (n=2), there cbeala significant effect of the diet on

the CB1 expression (P=0.0520 in the nodose and)B30.in the hypothalamus).

In the nodose ganglia, we observed an overalledeer of the cannabinoid receptor
between 2 weeks and 8 weeks. Rats are still om ¢gnewth curve and need therefore
more nutrients than adult rats. The increase ixigeaic factors would encourage the
rats to eat more to supply the body with the nergssutrients. In both groups, at 2 and 8
weeks, the increase on a fasted state is consistémtthe fact that anandamide is
increased during fasting (Gomez, Navarro et al.220therefore we expected to see an
increase in its receptor. The decrease on a féel ist@onsistent with the data showing a
decrease in CB1 receptor after injection of CCK r(Bga, Lal et al. 2004) since

ingestion of a high fat preload (intralipid) is ggito increase CCK production in the
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small intestine and then inhibit the expressiothef CB1 receptor. Surprisingly on a fed
state, the decrease in CB1 expression in the H&pgafter 8 weeks was 3-fold higher
than the decrease in the LF group. Furthermorel¢icecase between the fasted state and
fed state is 2-fold higher in the HF group thamhe LF after 8 weeks on the diet. Even if
any explanation may be impossible so far, it isn@sting to notice that the expression of
one of an important receptor involved in the cdntifofood intake can be regulated by

long-term adaptation to a high-fat diet in the reelganglia.

These changes occurred in the center of short#tegulation of food intake but they
also occurred in a different manner in the hypathmls: center of long-term regulation
of energy homeostasis. After 8 weeks, the diffeeemt expression in the HF group
between the fed and fasted state is not noticeslsds in the LF group we observe a 10-
fold decrease in expression between the fed ameldfasate. Kirkham and al. showed that
on a fed state the production of 2-arachidonoylgigt (a natural ligand of CB1) was
smaller than when rats were food deprived (fastatt) If the changes we observed are
true then we could imagine that the ratio endochimuéd/receptor is more important in
the decision to eat than one or the other by it$elfact, if on a fasted state there is a
decrease in the expression of the receptor andcaease of the production of the ligand,
the chances that the ligand would bind to its remrepould be bigger than in the opposite
situation (increase of receptor and decrease iantly Therefore the downstream
biological activity would be increased in a biggatio Ligand/Receptor than in the
second case. These are only supposition but itdcemplain why we observe those

changes in the hypothalamus in the LF diet. Conogriihe HF diet, since the
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endocannabinoid system is involved in the decisiogat then we can imagine that as the
feeding behavior change between feeding and fastatg, the expression of the receptor
also change in the hypothalamus. CB1 is coexpresd#dd corticotrophin-releasing
hormone (CRH) and cocaine-amphetamine regulatedsdrgpt (CART) in the
hypothalamus suggesting a direct influence of tidoeannabinoids on the expression or
function of these neuropeptides (Cota, Marsicaral.e2003). Since these neuropeptides
are at the basis of the decision to eat by tunijy texpression in function of the body
needs maybe a deregulation of the CB1 in HF ra¢s 8fweeks could result in a constant

drive to eat which would explain the change in fegdehavior and the hyperphagia.

In conclusion, this study demonstrates for the tiree that fat by itself can signal
and trigger satiation by a mechanism not depenaletihe caloric content of the food. In
addition, this data show that adaptation to diefatydoes not involve an increase in
adiposity or body weight. Finally, we demonstratiegt the endocannabinoid system was
dysregulated during this adaptation at the level tlié nodose ganglia and the
hypothalamus. This adaptive response to dietarynfay contribute to altered body

weight regulation with a high fat diet.
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FIGURE LEGENDS

Figure 1: Effect of isocaloric low and high fat diets on ahsize. Rats ingesting
the high fat diet were fed for 6 hours each day sl ingesting the isocaloric low fat
diet pair-fed. There was no significant differencehe size of the first meal; however,
the size of the second and third meal is signitigareduced in the HF group compared
to the LF fed rats. Values are means + SEM (n=8nals per group); # p<0.001 *

p<0.01.

Figure 2. Effect of diet on inter meal interval. The inteeal interval following
meal 1 and meal 2 was significantly shorter in thes ingesting the high fat diet
compared to those ingesting the isocaloric lowdiat. Values are means + SEM (n=8

animals per group) **p<0.05 ***p<0.001

Figure 3: Increase in body weight in rats fed either isodallow fat or high fat
diets over an 8 week period. Data expressed apdieent of body weight as mean +
SEM (n=8 animals per group, percent of body weiglctease compared with body

weight at time=0 week). LF vs. HF * p<0.05.

Figure 4: Food intake in isocaloric low and high fat fedsrat week 2 compared
to week 8. At week 2, there is no significant diéiece in the daily food intake in either
group of rats. However, after 8 weeks on the twitedint diets, those rats fed the high

fat diet had a significantly increased daily foodlake. Data is expressed as percent of
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total food intake/g body weight. Values are mearSEM (n=8 animals in each group)

**p<0.05,

Figure 5. The meal size of the second meal in isocalomgt liat and low fat fed
rats at week 2 and week 8. The smaller meal sitieeitnigh fat fed in the first two weeks
on the diet is abolished after 8 weeks on the dfialues are means £ SEM (n=8 animals

per group). *** p<0.001.

Figure 6: The inter meal interval between meals 2 andsigsificantly increased
in the HF group after 8 weeks on the high fat ditlues are means + SEM (n=8 per

group). ***p<0.001.

Figure 7a The number of neurons activated in the NTS bsagdstric gavage of
lipid is significantly decreased in rats fed a HEtdor 8 weeks than rats fed a LF diet for

8 weeks. ***p<0.001 (n=5 in each group).

Figure 7b: Sections of the NTS at the Area Postrema demomsgjrat-fos
immunoreactivity by DAB staining in rats gavagedhnintralipid (1.5 mL) after 8 weeks
on a LF or a HF diet, 90 min after gavage. The Héug shows a decrease in c-fos
immunoreactivity compared to the LF group. ap= goeatrema; nts= nucleus tractus

solitarius.
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Figure 8: Expression of the CB1 receptor in the nodose gangliHF and LF
groups after two weeks (A) or eight weeks (B) omdiret, 30 mins after gavaging 1.5 mL
0.9% saline (fasted state) or gavaging 1.5 mL lipich (fed state). Western blots
showing the positive control and the housekeepnogem actin (C). There is an overall
increase in the receptor on a fasted state. Thexe overall decrease in the receptor in all
groups after 8 weeks on the diet. On a fed sthtedifference in the expression of the
nodose between 8 weeks and 2 weeks was 3-fold higdbe HF group than in the LF
group. The difference between the fasted and e sixpression of CB1 is 2-fold higher
in the HF group than in the LF group after 8 wedkalues are means £ SEM (n=2 in 8

weeks group; n=1 in 2 weeks group). The predicisel af CB1 was 64 kDa.

Figure 9: Expression of the CB1 receptor in the hypothalamusiF and LF
groups after eight weeks (A) on the diet, 30 miftsragavaging 1.5 mL 0.9% saline
(fasted state) or gavaging 1.5 mL intralipid (fettes). Western blots showing the
positive control and the housekeeping protein a®n There was a 10-fold decrease
difference in the delta of the expression of CB1hiea HF group fasted vs. fed compared
to LF fasted vs. fed. The expression of CB1 wasnég bigger in the fasted in the HF
group compared to the LF group. Values are meaB&M (n=2 in each group). The

predicted size of CB1 was 64 kDa.
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Table 1: Composition of the two isocaloric, isonitogenous Low Fat and High Fat
Diets

Ingredients lLow Fat Diet (9/kg) |High Fat Diet (g/kg)
Casein 175 175
DL-Met or L-cys 3 3
Corn Starch 415 158
Maltodextrin 100 100
Sucrose 80 80
Cellulose 136 291
Oil (Soy) 38 140
MM TD.79055 Ca-H

defic. 16 1
CaHPO, 15 15
Caco, 7 7
Vitamin mix AIN-936 12 1z
Choline Bitatrate 3 3
Total 1,000 1,000
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Figure 9
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CHAPTER 3

CCK { RECEPTOR IS ESSENTIAL FOR NORMAL

MEAL PATTERNING IN MICE FED HIGH FAT DIET
(status published

"Somentiene, something incnedible co waiting to be buowa. "

(Blacse Pascal)
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ABSTRACT

Cholecystokinin (CCK), released by lipid in theasttine, initiates satiety by
acting at cholecystokinin type 1 receptors (GR&) located on vagal afferent nerve
terminals located in the wall of the gastrointedtitract. In the present study, we
determined the role of the CGR in the short term effects of a high fat diet ailyd
food intake and meal patterns using mice in whice CCKR gene is deleted.
CCK;R" and CCKR"* mice were fed isocaloric high fat (HF) or low taF) diets
ad libitum for 18 hours each day and meal size, meal frequentermeal interval,
and meal duration were determined. Daily food iatakas unaltered by diet in the
CCK;R"" compared to CCKR""* mice. However, meal size was larger in the GRK

+H+

mice compared to CGR™" mice when fed a HF diet, with a concomitant deseda
meal frequency. Meal duration was increased in nigmt HF diet regardless of
phenotype. In addition, CGR " mice fed a HF diet had a 75% decrease in the time

++

to 1 meal compared to CGR""* mice following a 6 hr fast. These data suggest tha
lack of the CCKR results in diminished satiation, causing alteredalmeatterns
including larger, less frequent meals when fedgh tiat diet. These results suggest

that the CCKR is involved in regulating caloric intake on a mneameal basis, but

that other factors are responsible for regulatiotiadly food intake.

KEYWORDS: meal pattern analysis; cholecystokinin type 1 péme high fat diet.
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INTRODUCTION

The presence of nutrients in the lumen of the gagtrstinal tract modulates
food intake through the release of regulatory piEsti such as cholecystokinin
(CCK), glucagon-like peptide-1 (GLP-1) and peptid® (PYY) (Sommer and
Kasper 1984pndactivation of the vagal afferent pathway (Berth@mtl Neuhuber
2000). It is well established that CCK functionsaasatiety signal. CCK is released
from enteroendocrine cells in response to the praesef lipid or protein in the gut
(Liddle, Green et al. 1986). Lipid, especially lodgain fatty acids, is a particularly
potent stimulator of CCK release (McLaughlin, Lometxal. 1998). CCK acts by
binding to the CCKR on vagal afferent nerve terminals located in ititestinal
mucosa (Moran, Baldessarini et al. 1997). The vaffarent fibers, with cell bodies
located in the nodose ganglion, project to the euglof the solitary tract (NTS) in the
dorsal vagal complex, and from there, transmit imi@tion on meal content to the
hypothalamus to terminate feeding (Berthoud andhhbar 2000; Broberger and
Hokfelt 2001).Exogenous CCK was first shown to dase food intake in rats in
1973 by Gibbst al. (Gibbs, Young et al. 1973), and since then has sBewn to be
effective in decreasing food intake in humans (#e#s Pi-Sunyer et al. 1981;
Lieverse, Jansen et al. 1994). Duodenal nutrigiosion inhibits food intake in rats
and this is reversed by administration of a GGKceptor antagonist, devazepide
(Yox, Brenner et al. 1992; Strohmayer and Greenti88§). In addition, continuous
intravenous infusion of devazepide increaséslibitum intake of chow in freely
feeding rats, demonstrating a role for CCK and @@K;R in the physiological
regulation of food intake (Reidelberger and O'Reuf©89). Despite this evidence

that CCK plays a role in the regulation of foodak#, mice lacking the CGR have
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normal daily food intake and normal body weight fitg Mathes et al. 1999There

is evidence that CCR” mice have altered meal patterns compared to vty
controls on a standard rodent chow diet (Bi, Sebtal. 2004). CCKR"™ mice had
significantly increased average meal size and dsei meal frequency compared to
wild type mice; this is consistent with the knowfifeets of CCK on food intake and

short-term satiety.

It is well established that diet composition hasignificant effect on food
consumption. Ingestion of a high fat, high energgt dhas been associated with
increased food intake and weight gain comparedltaéat, high carbohydrate (LF)
diets in laboratory animals (Warwick and Schiffme®92) and in humans (Lissner,
Levitsky et al. 1987) The changes in meal patterns that account for dkevall
increase in food intake may involve increases iralns&ze, meal duration or meal
frequency. It remains unclear how CCK regulateg fieeding of food containing
various nutrient compositions. Little is known abbow feeding behavior of CGR
" mice is altered by diet composition. The G®Kis involved in the detection of
dietary lipid within the intestine in mice (White@ihao et al. 2006), but it is not clear
whether these mice are able to respond to thetisgtieffects of lipid in the diet. We

hypothesized that the CGR is involved in meal termination, particularly the

presence of high lipid content of the ingested.diet

The first aim of this study was to determine tharafes in meal patterns in
response to an increase in the amount of lipithéndiet in mice. Mice were fed either
isocaloric low fat (10% fat, LF) or high fat (38%tf HF) solid dietad libitumfor 18

hours a day and food intake was monitored contislyousing cages with automatic
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feeders. The second aim of this study was to déterihthe CCKR is essential for
the regulation of meal patterns during ingestionedher the LF or HF diet. To
address this question, we used mice in which thee ger the CCKR is deleted

(Kopin, Mathes et al. 1999).
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MATERIALS AND METHODS

Animals

Adult male CCKR™™ mice (n=24) were used in all experiments. Thesgemi
were generously provided by Alan Kopin, MD, Tuftaitkrsity School of Medicine.
These mice are congenic with 129sv mice, which wesed as wildtype controls.
Aged matched 129Sv mice (8 weeks) (n=24) were obthfrom Taconic (Oxnard,
CA). All mice were individually housed on wire both cages and maintained on a
12-h light, 12-h dark cycle (lights on at 3:00 am)23C in a temperature-controlled
room. Water was freely available throughout theegxpents and body weight was
recorded daily. All procedures were approved by Itigitutional Animal Care and

Use Committee at University of California Davis.

Food intake analysis

Mice were maintained on either a high fat diet (HE24) with 38% of energy
fat derived from fat or a low fat diet (LF; n=24)tlw 10% of energy from fat. Diets
were isonitrogenous (21% of energy) and isocal@id kcal/g) (Table 1). Mice were
fasted daily in wire bottom cages for 6 hours duyrine light cycle (9:00 am to 3:00
pm). Body weight was measured at 3 pm, prior tcereent in the meal pattern
analysis cages. Feeding patterns (meal frequenes| duration, meal size, intermeal
interval) were continuously measured daily from03@m to 9:00 am using food
intake monitoring cages (The Habitest® System, Bowin Instruments, Allentown,

PA) delivering 20 mg pellets (Bioserv Custom DustlePrecision Pellets,
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Frenchtown, NJ). The pellet dispensers were cdattoby infrared pellet-sensing
photo beams; individual pellets were deliveredeisponse to removal of the previous

pellet.

Each experiment lasted 15 days. Mice were acclichtdethe diets and the
feeding paradigm for 5 days. By the end of theiawation period, spillage was less
than 8 pellets per mouse per day. Following thdiraetion period, meal pattern data

was recorded for 10 consecutive days.

Data analysis

Data was recorded from EZ count software and aedlyasing Spike2
(version 5.07, Cambridge Electronic Design 198840(®igmaStat (version3.11,
Systat Software Inc. 2004) and Graph Prism® (ver8i®2, GraphPad Software Inc.
1994-2000). The parameters were based on a préyiqusblished analysis
(Castonguay, Kaiser et al. 1986) meal was defined as the acquisition of at least 4
pellets within 10 min, preceded or followed by 1hrof no feeding. Data from day 6
to day 15 was analyzed for the number of meals,| siea, intermeal interval, and
meal duration. Due to occasional technical errahwie feeders, some data collection
days were excluded from the final analysis. Daysewshosen for analysis based on
habitual total food intake. Generally, all micetls study ate a minimum of 2 grams
per day. Consequently, if the total daily food ke#taecorded was less than 1.5 grams,
that entire day excluded from analysis. Based esdtftriteria, data from 5 individual
days was randomly chosen for each mouse for additidata analysis. From these 5

randomly chosen days, every meal for each mousenalgzed for size and duration,
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and average meal size, average intermeal inteaval,average meal duration were
calculated for each animal over the 5 days. Dat&&éch mouse were averaged from
the 5 randomly chosen days; this mean value wad tesgenerate the average data

for each group.

Statistical Analysis

A two-way ANOVA was performed with diet and strass independent

variables. All analyses were conducted using Sigata®version 3.11, Systat

Software, Inc.). Differences among group means wamalyzed using multiple

comparison procedures (Holm-Sidak method) and densd significant if P<0.05.
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RESULTS

Body weight

There was no difference in body weight betweendfriyre groups at the start
or at the end of the experimental period (staréxgferiment: CCKR** 22.7 + 0.9g,
n=24, CCKR" 22.5 + 0.7g, n=24; end of experiment: C&K* 20.6 + 0.5g, n=24,

CCK;R" 20.1 + 0.8g, n=24).

Total food intake

There was no significant difference in daily foodake between any groups
(total food intake: CCKR"" LF and. HF diet; 5.4 + 1.5g and 5.2 + 1.4g, reigely;

CCK;R” LF and HF; 4.9 + 1.2g and 5.2 £ 1.4q, respectivllig, n=24 per group).

Meal pattern analysis

Individual meals were analyzed for differences ieamduration, size and
frequency, and intermeal interval. With the examptof the size of the first meal,
there were no significant differences found for grarameter between individual
meals for each animal over the course of each tti@yefore values from all meals

were averaged for each mouse and are presentegaasinSEM.

Data from the first meal was analyzed separatelypa@smeters differed

significantly from all subsequent meals in all ggeuThe size of the first meal was
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larger in mice maintained on HF diet compared todigt, regardless of genotype. In
CCK:R™* mice ingesting the HF diet, thé tneal was 18% larger than mice ingesting
LF diet although this did not reach significanc8§% 50 mg vs. 705 + 39 mg LF vs.
HF, respectively, NS, n=24). In CGR mice ingesting the HF diet, th&' ineal was
66% larger than in mice ingesting the LF diet (9485 vs. 907 + 59 mg LF vs. HF,

respectively, p<0.001).

Meal size

Ingestion of the HF diet decreased meal size imltyile mice, but had no
effect on average meal size in CEK mice (Fig 1a). There was a significant
decrease in meal size in C@X’" mice when ingesting the HF compared to the LF
diet (360 £ 6 mg vs. 339 + 4 mg LF vs. HF, respatyi, p<0.05). There was no
difference in meal size in CGR” mice on the HF diet compared to the LF diet (meal
size: LF: 362 £ 6 mg vs. 375 * 8, LF vs. HF, respety, NS). However, there was a
significant effect of genotype on the meal sizétenHF diet; meal size was increased

by 10% in CCKR” mice compared to CGR"* fed the HF diet. (p<0.05F(g. 14).

Meal frequency

There was a decrease in the number of meals in;RCKmice fed the HF
diet compared to the LF dieFif. 1b); ingestion of the HF diet resulted in a 10%

+/+

decrease in meal frequency compared to LF dieGK® ™" (p< 0.05). There was no

difference in meal frequency in the CEX" mice on LF or HF diet. However, there
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was a significant genotype difference in meal fespy; CCKR’ mice ate

significantly fewer meals compared to CEK" mice, irrespective of diet (p< 0.001).

Meal Duration

Ingestion of the HF diet resulted in a significgridnger meal duration in both
CCK;R"" and CCKR™ mice (Figure 2). Average meal duration was 35%géorin
CCK;R"* mice on the HF diet compared to the LF diet (p8D)0Similarly, average
meal duration was 32% longer in C@X" mice on the HF compared to the LF diet
(p<0.01). However, there was no effect of genotgpemeal duration in mice fed

either the LF or HF diet (NS}{g. 2).

Intermeal Interval

Diet composition or genotype had no significanfeetf on the average
intermeal interva(IMI) (NS, n=24). IMI in CCKR"* mice on LF and HF diet was
2116 + 58s vs. 2242 + 78s, respectively. Similaalyerage IMI in CCKR” mice on
LF diet and HF diet was 2283 + 73s vs. 2351 + d@wre was a tendency for the
intermeal interval to be longer in the CEX’ mice regardless of the diet on which

they were maintained; however, this did not redatisgical significance.

Delay to start of the first meal

The time to the start of the first meal was siguifitly decreased in CGR ™"

mice fed the HF diet compared to the LF dig( 3; p<0.05, n=24). There was also a
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42% decrease in time to the first meal between hB HBF diet groups in the
CCK;R™. There was no significant difference between @&K mice and CCKR™
mice in the time to initiation of the first meal e mice were maintained on a LF diet
(NS, n=24). However, there was a significant desgeia the time to the start of the
first meal in the CCKR " compared to the CGR"* mice on HF diet. Thus, the
CCKiR " mice had 51% shorter time t&' ineal compared to CQR*’* mice when

fed the HF diet (p<0.05, n=24).
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DISCUSSION

The results from the present study demonstrate tHeatCCKR is a major
determinant in the regulation of meal patterns.eMacking the CCKR ate larger and
longer meals when ingesting a high fat diet comgpacewildtype mice, while meal
frequency and overall daily food intake were unctfe These data suggest that the
absence of the CGR impairs the ability to terminate meals and suppbe
hypothesis that both CCK and the C{BKare involved in the determination of meal
size. Thus, in normal mice, the presence of nusjem particular lipid when
ingesting a HF diet, acts via release of CCK, arnmbsquent activation of CGRs, to
terminate a meal. In the absence of the g&Kdetection of lipid in the intestinal
lumen is reduced and there is diminished intesfimadiback regulation of meal size.
As a result, the alteration of meal patterns in G&Kull mice is more marked when
ingesting a high fat diet, consistent with the roiiehe receptor in detection of lipid in
the intestinal lumen (Whited, Thao et al. 2006)wdwger, overall daily food intake
and intermeal interval remain unchanged, suggestiagother mechanisms regulate
food intake over the course of several meals. Euntlore, these data also show that
the CCKR™ mice ingesting the HF diet have significantly demed latency to first
meal after a short term fast. These data are densisvith increased hunger and
urgency to feed and suggest a role for the g€l meal initiation. Collectively,
these results support the hypothesis that the ,@CiK essential for dietary lipid
sensing within the intestine and normal meal paittgy, especially when ingesting a

HF diet.
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The first aim of the study was to determine howtatie fat influences meal
patterns in CCKR"* mice. In order to determine the effect of lipidtire absence of
increased caloric density of a high fat diet, wedussocaloric diets. There was no
overall change in the total daily food intake; hoee the daily pattern of ingestion
was markedly altered. There was a significant mseein meal size and an increase in

+/+

meal duration in CCKR™" mice ingesting the HF diet compared to the isa@aloF
diet; which is consistent with previous observagiamrodents and humans (Warwick,
McGuire et al. 2000; Synowski, Smart et al. 200B) addition, there was a
concomitant decrease in meal frequency in @&K mice fed the HF diet compared
to the isocaloric LF diet. This is in accordancéhwother rodent studies that showed
an inverse relationship between meal size and fregiency (West, Fey et al. 1984;
Mathis, Johnson et al. 1995). Studies examiningl ppatierns have revealed that an

increase in meal size results in a decrease in fregglency (Clifton 2000; Chi, Fan

et al. 2004).

Satiety is sometimes measured by the correlatitwes®n meal size or meal
duration and intermeal interval. In the presentdgtuhere was no significant
correlation between IMI and meal size or meal damatAlthough several labs have
documented a correlation between meal size andpraostial intermeal interval
(Davies 1977; Thomas and Mayer 1978; Rosenwasseu|oB et al. 1981), this
concept has been disputed and remains controvédsiahson, Ackroff et al. 1986).
Additionally, other factors secreted by ingesteddfanay act to extend the intermeal
interval. Experiments using exogenous CCK injedidound that CCK does not
extend postprandial interval between meals (Giblzgjng et al. 1973; Strohmayer

and Smith 1981; Miesner, Smith et al. 1992), whibenbesin and GRP do (Rushing,
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Henderson et al. 1998). This indicates that CCK bmaynost influential in regulating

satiety for the first meal, while additional facd@redominate subsequently.

The second aim of the study was to determine if @&;R is a major
determinant of meal patterning in mice in respamsdietary fat. Previous work has
shown that the CCIR is important in the regulation of food intakef the role of the
receptor in overall regulation of food intake haeih hampered by limitations in the
pharmacological tools available, particularly theration of action of CCKR
antagonists. Experiments using rats have shown ¢batinuous infusion of the
CCK;3R antagonist results in increase meal size (Miestith et al. 1992). Otsuka
Long Evans Tokushima Fatty (OLETF) rats, which l#o&k CCKR, are hyperphagic
due to an increase in meal size and an insufficilErtrease in meal frequency to
compensate for this increase in meal size (MorahBirR006). The results from the
present study show that the lack of the GRKeversed the decrease in meal size in
response to HF diet, but had no effect on mice_fediet. CCkR** mice ate smaller
meals of HF diet compared to the mice fed LF diet, the CCKR"' mice ate the
same size meals of LF and HF diet. This findingnisonsistent with the results
observed by Bi et al. who showed that GRK” mice consumed 35% more chow per
meal compared to wild-type mice. However, thisatdéince in meal size could be due
to differences in diet composition because GRK mice ate smaller meals of HF
diet compared to the mice fed LF diet, but GRK mice ate the same size meals of

LF and HF diet.

In addition, both groups of mice on the HF diet saghificantly longer meal

duration compared to mice fed the LF diet. Theda daggest that, in CGR null
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mice, there is an inability to end meals and theenfiéd HF diet eat larger meals over
a longer time. It is well established that fat ip@tent inhibitor of food intake via
CCK release (Liddle, Goldfine et al. 1985; Matzingéutzwiller et al. 1999). We
conclude that in the absence of the GRKthe detection of the presence of dietary
nutrients, notably fat, in the intestinal lumenngaired and the pathway mediating
intestinal feedback leading to satiation has beeeriupted. It is possible that other
satiety factors released from the Gl tract and @asexl organs such as PYY, GLP-1
or amylin may act to terminate the meal; the timguired for release of these other
factors results in prolonged meal duration. Togetlieese results provide evidence
that the CCKR is required for regulation of meal size and imeal satiation in mice.
The onset of satiation is the major determinaninefil size, thus delaying satiation
will cause an increase in meal size. Mice lackimg CCKR may have larger meal
size on HF diet due to faster gastric emptying tidue to lack of lipid-induced
intestinal feedback. Prior studies have shown map@l gastric emptying in CGR™

mice compared to wildtype controls (Whited, ThaaleR006).

One of the most striking findings in the presentigtwas that CCKR " mice
ingesting a HF diet had significantly shorter latgto the start of the first meal after a
6 hour fast. This suggests that lack of the @RHKeduces intrameal satiation, and
additionally influences hunger. The associationweein CCK and initiation of
feeding was established by Foltin and Moran whonsltba dose dependent increase
in the onset of feeding in adult male baboons uiegCCK analog U-67827E (Foltin
and Moran 1989). The mechanism is unclear, but maylve orexigenic peptides,
such as ghrelin or cannabinoids, both of which Haeen shown to increase hunger,

and receptors for these peptides are expressedgal afferents (Burdyga, Lal et al.
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2004; Burdyga, Varro et al. 2006). It is likely thwere is an intrinsic difference
between wild type mice and those lacking the @&k terms of receptor expression
in the gut-brain pathway. It has been suggestetd @@K modulates additional
anorexigenic and orexigenic factors and it is pbddahat in the absence of the CCK
pathway, expression of these factors or their eceps altered (Burdyga, Lal et al.

2004).

CCK;R"" mice ate fewer meals compared to GRK" mice, irrespective of
diet. This confirms previous results by &ial (Bi, Scott et al. 2004) who saw a slight
decrease in meal frequency in CEK mice fed standard rodent chow and other
published data, as discussed above. The mechanysmhith meal frequency is
regulated remains unclear, but most likely involwker feeding peptides such as
ghrelin. Degraakt al reported that exogenous administration of CCKreesed the
stimulatory effects of ghrelin on meal size and meiéiation (de Graaf, Blom et al.
2004). Additionally, it was reported that injectiai sulfated CCK-8 blocked the

orexigenic effect of ghrelin (Kobelt, Tebbe et2005).

Consequently, it appears that the GRKpathway is involved with meal
termination in response to HF diet but does notdatly regulate meal frequency.
Interconnected with meal frequency, intermeal wakwas also not changed by diet
or phenotype, suggesting that other satiety factoich as leptin or PYY may be
involved in regulating food intake over multiple al® It has been previously
reported that exogenous CCK decreased meal sit@uwtithanging the duration of

the intermeal interval (Strohmayer and Smith 198Igreover, foraging studies using
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rats have shown little correlation between meat siad intermeal interval (Johnson,

Ackroff et al. 1986).

We observed no difference in total food intake @KGR" mice compared to
CCK;R ** mice regardless of diet. This is in accordance \pithvious studies have
shown that there was no difference in 24 hour foudke between CCIR’ and
CCK;R™ mice fed chow (Kopin, Mathes et al. 1999; Bi, $adtal. 2004). It is well
established that rodents can regulate their caliotigke by eating less of a high
calorie diet and more of a low calorie diet (Traiid Spetch 1986). In the present
study the caloric density was identical for botletslj which could account for the

observation that total food intake was uniform asrall groups.

Our results support the hypothesis that meal coiposand the CCKR are
involved in regulating meal size. The present stpdyvides evidence that CGR ™
mice have decreased satiation compared to wild tyijge when fed a HF diet. These
results support the idea that the GBHKs required for satiation, but has little effeat
satiety in mice. It is evident that the ability tegulate body weight and energy
balance over days and weeks is independent of K;R in mice. It is well
established that leptin and CCK act in synergyettuce food intake and it has been
shown that CCK enhances weight loss, but not therexic response to leptin
(Matson, Reid et al. 2002). Consequently, it isbatde that normal expression of
long term satiety signals such as leptin are resiptanfor the maintenance of normal

body weight in the absence of the C&K
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CONCLUSION

While previous studies have shown that the Q&I§ involved in regulating
short term food intake, no studies have examinedrte of the CCKR in 129sv
mice in conjunction with feeding a high fat dien. this study we have shown that
mice lacking the CCKR have diminished satiation causing altered mealepat
including longer, larger meals. Furthermore, weehatown that this reduction in
satiation is accentuated by feeding a high fat. digiis effect is possibly due to
diminished detection of dietary lipid within thet@stine. Our results suggest that lipid
detection in the CCHKR-/- mice may be impaired resulting in altered meaiterns.
However, due to the action of other long term $ageptides such as leptin and PYY
these animals are able to maintain a normal bodightteThe observed feeding
patterns on HF diet suggest that the GRKs involved in regulating caloric intake on
a meal to meal basis, and other factors are regperfer regulation over multiple

meals.
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FIGURE LEGENDS

Figure 1: CCK;R " mice ate larger meals compared with GRK" mice on
both HF and LF diet. Mice maintained on the HF it larger meals compared to
those maintained on LF diet regardless of genotypmta represent the average
quantity of food ingested per meal over the ertBehour feeding period. (Values are
means + SEM, n =8, values with different lettersnate significant difference

between groups, p<0.05)

Figure 2: CCK;R" mice fed the HF diet had a 20% longer average meal

++

duration compared to CGR™ mice (n=8 per group, p<0.05). There was no
difference in average meal duration between @TR™ and CCKR ™ mice

maintained on the LF diet. (p<0.05)

Figure 3: CCK;R" mice on HF diet had significantly shorter lateroyfirst

+/+

meal compared to CGR™™ mice and compared to -/- mice maintained on LF.diet

There was no difference between -/- fidon LF diet (NS, n=8).
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CHAPTER 4

ADAPTATION TO A HIGH FAT DIET ALTERS THE
NORMAL RECEPTORS EXPRESSION INVOLVED IN
THE DETECTION OF DIETARY FAT

(status:in preparatiorn)

" haven't fadled; 9 just jound 100,000 ways that dow't work."

(HHbernt Ecnotein)
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ABSTRACT

Food intake is modulated by both humoral and nealrpathways; there is evidence
that maintenance on a high fat diet leads to hyypegi@a, via a peripheral, CCK-
dependent mechanism, involving the gut-brain a®isr hypothesis was rats fed a
high-fat diet become hyperphagic because the esipresf the genes involved in the
short-term regulation of food intake is modifiedlaend to an orexigenic system. The
first aim of this study was to describe metaboharmges occurring in rats fed either a
low-fat (LF) or a high-fat diet (HF). The secondnawas to highlight key receptors
involved in the control of food intake and showtttieeir expression was modified by
a chronic ingestion of a HF diet. Rats fed a high diet and prone to obesity
presented hyperleptinemia, hyperinsulinemia accomegawith an increase in ObR in
the adipose tissue. The expression profile of necepinvolved in appetite was
modified in the nodose ganglia (decrease in ObBrease in CB1) leading to an
orexigenic system after a chronic ingestion of a ¢iét. A more systemic and
integrative investigation of the hormones and rémsp expression involved in
humoral and neuronal pathways of appetite is neaalddscribe what is really hunger

and to understand how can a dysregulation leadésity.

KEYWORDS: high fat diet, adaptation, nodose ganglia, CCK tirgejCB1, Ob-R.
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INTRODUCTION

The control of food intake is complex, involvingtbaneural and endocrine
pathways and short-term and long-term regulationll(G-arooqi et al. 2007). It
allows the body to maintain its weight within a ganeven though intake is organized
into discreet events. This implies a complex cdnivith incremental feedback in
order to minimize the spikes in body weight or urtrients absorbed by the body. For
example, the mechanism by which dietary lipid iseded in the small intestine
involves the formation of chylomicrons containirtge tapolipoprotein AlV, which
allows the release of the satiety hormone CCK @BatDarcel et al. 2004). In the
distal gut, lipids are detected through the reledd@YY3-36. This release appears to
be a synergistic effect of both lipids and CCK aske (Whited, Tso et al. 2007). These
hormones are part of the short-term regulationaafdf intake and are released in
response to nutrient in order to terminate a mi@awn as satiation. On the other
hand, some molecules released by the gastroiraédtact can stimulate appetite.
These include ghrelin, peptide released from ttstrigacorpus (Kojima, Hosoda et al.
1999), or endogenous cannabinoids such as anarelaf@dmez, Navarro et al.
2002). These hormones or metabolites are releas@pdhe inter meal interval and
are at their highest level right before a meal. Bwg control of food intake also
requires a long-term regulation. Leptin, a hormaakased from the adipocytes,
reflects adiposity. Therefore it is a good signiathe energy storage available in the
body (Barinaga 1995). Leptin secretion is insuldependent and both leptin and
insulin acts at the level of the arcuate nucleuthe hypothalamus to decrease food
intake (Baskin, Figlewicz Lattemann et al. 1999)e3e mechanisms interact on a non

pathological state of the body in order to regufated intake and energy homeostasis.
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However these systems seem to be altered by aichngestion of a high fat (HF)
diet. It is now clear that chronic ingestion of & Hiet lead to obesity and co morbid
cardio-vascular diseases. There is some evidemtataptation to lipids modify the
vagal-sensitivity to the gut-hormone CCK (Savastand Covasa 2005). It has also
been shown that in Diet-Induced Obese Rats, tleasel of PYY is decrease (Yang,
Wang et al. 2005), increasing therefore their faoidhkke. Numerous studies have
shown an adaptation at the level of the hypothataafter chronic ingestion of a HF
diet. Specifically, leptin-resistance at the lewe¢lthe arcuate nucleus by increased
expression of the suppressor of cytokine signaBn@OCS3) could explained diet-
induced obesity in rodents (Enriori, Evans et &072). However this adaptation
occurs in the center of regulation of homeostdsitle is known about the adaptation
of the center of short-term regulation of food k#athe nodose ganglia. Although
there is evidence that the gut-hormone profile aglifited in pathological state such as
bolemia or anorexia (Baranowska, Radzikowska €2@0), few studies have looked
at the level of the receptors. Most of the impdrtgat-hormones involved in the
detection of nutrient possess a receptor thatnshegized in the nodose ganglia and
transported to the vagal afferent innervating thstigintestinal tract from stomach to
colon. The effect of hormone receptors level onrtstesm regulation is now more
understood. Leptin receptor Ob-R and CCK1-R aré Ippésent on the vagus nerve
and cooperate to enhance satiation in rats (Pdétarpjel et al. 2004; Peters, Ritter et
al. 2006). CCK inhibits the expression of CB1 rdoeghrough CCK1-R in the
nodose and CBL1 is upregulated after food deprimafBurdyga, Lal et al. 2004).
These three receptors and their natural ligands dafferently regulated upon
nutritional status. So far, receptors expressiothea nodose ganglia has only been

studied under acute ingestion of a high fat diegbf®rger, Holmberg et al. 2001).

110



They have shown no change in CCK1 receptor expmessi normal nodose ganglia
after a 48h food deprivation or after a high-fatalné@ur interest in this study is to
describe and to understand how a high-fat dieticBimence the gene expression of
the receptors involved in the short-term regulatbriood intake and how adiposity
can play a role in the neural pathway of appetité laow it can lead to diet-induced
obesity.

Although there is evidence to show that rats fddFadiet become obese and
present pathological metabolic response such asinA®sistance, leptin-resistance
and dislipidemia, little is known about how the q@ex mechanism by which dietary
lipids are detected by the vagus nerve, throughebeptors on the vagal afferents, is
modified after a chronic ingestion of a HF diet. \ifst wanted to investigate the
metabolic profile after a HF load in rats adaptedhe HF diet versus rats fed a low
fat (LF) diet. Therefore, we measured plasma taghdes, insulin and leptin levels
after an intralipid gavage. Secondly we wanteddentify if the adaptation to a HF
diet alters the production of the receptors toghtehormones (CCK1R, Y2 receptor)
but also to leptin (Ob receptor) and CB1 receptdaha level of the vagal afferents.
Therefore, nodose ganglia were collected and caging real-time RT-PCRs were

performed.
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MATERIALS AND METHODS

Animals: Diet and Experimental Procedures

Male Sprague Dawley rats (6 weeks of age, Harlaereviedad libituma low
fat diet (LF: Research Diets D12450B) or a high dat (HF: Research Diets
D12451) for 2 or 8 weeks. The LF diet provided 3.8Bal/g of energy
(70%carbohydrate, 20%protein, 10%fat) and the HEt @grovided 4.73 kcal/g of
energy (35%carbohydrate, 20%protein, 45%fat). Thpeement was repeated 3
times, with n=10 rats per group in each cohor{tot30 rats per group) and the rats
were housed in pairs for the first 2 weeks and timelividually in a temperature-
controlled room. The animals were kept under ragliggat conditions (lights on at
06:00 am and off at 06:00 pm). Water was freelyilakie throughout the
experiments, and body weight was recorded daile easure of food intake was
done estimated for the first two weeks by dividihg total food intake of the cage by
two. The HF group weighted 265.2 + 8.8 g when tRegkoup weighted 269.2 + 9.2 g
at the beginning of the experiment, the differewes not significant. All experiments
were performed in protocols reviewed and approwethb Institutional Animal Care

and Use Committee, UC Dauvis.

Blood Sampling for Insulin, Leptin and Triglycergdassay

Blood samples were obtained after a 12h fast duhiedight cycle, at week 2
and 8. Rats were then gavaged with 1mL/100g o&lipid (Intralipid 20%; Baxter

HealthCare Corp., Deenfield) and blood samples wetlected 1 and 2 hours after
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gavage. The blood samples were then centrifugdd0@0g for 10 mins and plasma
layers were recovered into a new tube and stor@0a€C. Triglycerides were assayed
at 0, 1 and 2 hours (Serum Triglyceride Determamaiit, Sigma, Saint-Louis, Ml),
Insulin and Leptin were measured by ELISA at 0 aritburs (ALPCO Diagnostics,

Salem, NH).

Surgeries and Tissue Collection

After a 12h fast, rats were gavaged with 1 mL/1B@glipid (Intralipid 20%;
Baxter HealthCare Corp., Deenfield) and anesthetizegh Nembutal (0.2mL/100g)
after 2 hours. After taking a 2mL blood sample frtma aorta, rats were decapitated
and tissues from the brain (nodose ganglia andthgfemus) and from the visceral
cavity (stomach, duodenum, ileum, colon, liver, olesepididymal, mesenteric and
retroperitoneal fat pads) were collected quicklywinstruments cleaned with RNA
Zap (Ambion, Austin, TX) to minimize degradation RNA from the tissue. Tissues
were collected in 2 mL Heppendorf tubes previoutdgontaminated with RNA Zap,

and were flash frozen in liquid nitrogen and thtamesd at -80 C.

Body Composition

Epididymal, mesenteric and retroperitoneal fat padsre weighted

individually and an adiposity index consisting bétsum of the three fat pads divided

by the body weight was calculated.
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Quantitative real-time PCR on Nodose Ganglia

Nodose ganglia were pooled from 5 rats for thet #rohorts, and from 2
(HF-DIO) and 3 (HF-DR) rats from the third cohootdistinguish sub-groups in the
HF 8 weeks group. The samples were grinded withoatan and pestle under a
constant flow of nitrogen liquid to avoid thawin@nce powdered, samples were
weighted and RNA extraction was then executed wWith RiboPure Kit (Ambion,
Austin, TX). Samples were bioanalyzed on a RNA 6B@do chip kit (Agilent 2100
Bioanalyzer, Agilent Technologies, Inc., Palo AItBA) and with a NanoDrop to

check for integrity and concentration.

cDNA was synthesized by reverse transcription filbpyg total RNA using a
cDNA Synthesis Kit Superscript Il First SyntheSigstem (Invitrogen, Carlsbad, CA,
USA). Quantitative real-time PCR was performed gsimgman® Gene Expression
Assays (Applied Biosystems, Foster City, CA, USAdaragMan® Universal PCR
Master Mix (Applied Biosystems, Foster City, CA, A)S The Tagman® Gene
Expression Assay consisted of a FAM™ dye-labelegMan® MGB probe and two
PCR primers formulated into a single tube for erbet gene (GenBank Accession
Number: CCK1-R: M88096, Y2-R: AY004257, CB1: X558 FAAH: U72497, Fa:
D84550, GHS-R: AB001982, SyicX86789, Tusch: AB218813 and 18S ribosomal:
X03205). 6uL of cDNA diluted 30-fold after reverse transcriptiwere added to each
well and let dried out overnight. Each PCR was with 8 uL of a mix containing
2*PCR Mix TagMan® Universal PCR Master Mix (Appli&losystems, Foster City,

CA, USA) and 20* TagMan® Gene Expression Assaylmhe ABI PRISM 7700
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Sequence Detection System according to the manméac({Applied Biosystems,
Foster City, CA, USA).

Analysis of relative gene expression was performsidg the 2**°" method
(Livak and Schmittgen 2001). Briefly, ther Gthreshold cycle when fluorescence
intensity exceeds 10 times the S.D. of the basdlirm@escence) value for the target
amplicon (CCK1-R, Y2-R, CB1, FAAH, GHS-R, SncTusc5) and endogenous
control (18S) are determined for each PCR reackach PCR reaction was repeated
in triplicates for each target gene and each satopheake sure of the repeatability of
the measure. An average Ct is then chosen for eaafple and each gene by
normalization against one of the replicate if tleplicates seemed similar. The
differences in @ for the target and the {Cfor the endogenous control were
determined ACy). This normalizes the amount of nucleic acid icleaeaction and
the reverse transcription step. The group LF 2 weels used as a calibrator. The
ACy value for each sample is then subtracted fromctHidrator. This difference is
called theAACr. Finally, the relative amount of mMRNA in each sémmpormalized to
the endogenous control and relative to the calibri calculated by 2°°". The
272%CT value for each sample was then adjusted suchttibamean relative mRNA
level in the LF 2 weeks nodose ganglion was 1. dfioee the samples are expressed
as am-fold difference relative to the LF 2 weeks nodgsaglion (Yang, Wang et al.
2004). Data are presented as the adjusted méan'2 S.E.M. Statistical analysis of
the differences in mMRNA levels was performed by-imayy ANOVA with Time and

Diet as independent factors followed by a Bonferpmst-test.
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Statistical Analysis.

Body Weight and Body compositioh.two-way ANOVA Repeated Measure
was performed with diet and time as independeritlbbes and the rat as the subject
repeated. All analyses were conducted using SAS&itre 8.02, SAS Institute, Inc,
Cary, NC.). Differences among group means were yaadl using multiple

comparison procedures (Holm-Sidak method) and densd significant if P<0.05.

Plasma AssaysA repeated-measure three-way ANOVA was performih
diet, time and time after gavage as independemnahlas and the rat as the repeated
subject. All analyses were conducted using SASs{gar8.02, SAS Institute, Inc,
Cary, NC). Differences among group means were aedlysing multiple comparison

procedures (Bonferroni method) and considered fsogmit if P<0.05.

Quantitative Real-Time PCR\ two-way ANOVA was performed with diet
and time as independent variables. All analyse®wenducted using SAS (version
8.02, SAS Institute, Inc, Cary, NC). Differencescang group means were analyzed
using multiple comparison procedures (Holm-Sidakthod) and considered

significant if P<0.05.
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RESULTS

Body weight and body composition.

After 3 weeks, rats fed a high fat diet gained meegght than rats on the low fat diet
(P<0.05); within the HF diet group we could distirgh rats that were diet-induced
obese (DIO) beyond the median of the HF group atslthat were diet-induce obese
resistant (DR) above the median of the HF groupe HF-DIO group was

significantly different from the HF-DR from weekt8 8, and the HF-DR group was
not significantly different from LF dietHg. 1). There was no significant difference in
the adiposity index (calculated as the sum of tlitgneal, mesenteric and
epididymal fat pads divided by the body weight)westn the two groups at 2 weeks.
At 8 weeks the HF-DIO group had a significantlyheg adiposity index than the HF-
DR which had a significantly higher adiposity ind#san the LF group (2 weeks LF:
2.37 + 0.16% vs. HF: 2.87 + 0.15%, n=15 in eaclugraNS; 8 weeks LF: 2.58 +

0.09% n=15 vs. HF-DR: 3.14 + 0.11% n=8 vs. HF-DAQ5 + 0.22% n=7, p<0.001)

(Fig. 2)

Plasma Assays.

Triglycerides assayin the fasted state there was an increase in figlgcerides (TG)

level in the LF group compared to HF group at eithaveeks or 8 weeks (2 weeks

LF: 0.63 £ 0.06 g/L vs. HF: 0.30 + 0.03 g/L, n=Blweeks LF: 0.76 + 0.15 g/L, n=10

vs. HF-DR: 0.36 + 0.03 g/L, n=6 vs. HF-DIO: 0.3604#05 g/L, n=4. After 1 or 2
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hours the TG level was still higher in the LF graiman in the HF group p<0.001

(Fig. 3).

Leptin assayOn a fasted state there was no difference in leggicretion after 2
weeks on either a LF or HF diet. After 8 weekslmirtrespective diet, HF-DIO had a
significantly higher level of circulating leptindadh LF or HF-DR rats (2 weeks LF:
397.90 £ 170.30 pg/mL vs. HF: 382.800 =+ 176.90 pgg/m=15 in each group,
p>0.05; 8 weeks LF: 720.900 + 261.50 pg/mL, n=15H/5-DR: 463.700 + 157.6000

pg/mL, n=8 vs. HF-DIO: 1303.00 £ 244.100 pg/mL, np%0.001) Fig. 4).

Insulin assayOn a fasted state there was no difference in imsdcretion after 2
weeks on either a LF or HF diet. After 8 weekslmirtrespective diet, HF-DIO had a
significantly higher level of circulating insulitnan LF or HF-DR rats (2 weeks LF:
0.9439 + 0.3241g/mL vs. HF: 0.498 = 0.207gg/mL, n=15, p>0.05; 8 weeks LF:
1.103 + 0.568lug/mL, n=15 vs. HF-DR: 1.135 * 0.363ig/mL, n=8 vs. HF-DIO:

2.001 + 0.372%g/mL, n=7, p<0.001)Kig. 5).

Quantitative Real-time PCR.

There was no significant difference in the expr@ssf any of the gene in any of the
group. However we can notice some trends in some gg&pression. We did not see
any difference in the expression of CCK1-R,Y2-RF#&AH in any of the groups,

however if we look at the expression of CB1 we sae a 2-fold increase of the CB1

receptor in HF-DIO compared to LF 8 weeks and a 8@®%ease compared to HF-DR

(Fig. 6).
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The expression of the Ob-R gene was decreased %y iB6the HF-DIO group
compared to the HF-DR group in the nodose gangltawas 2-fold bigger in the

retroperitoneal adipose tissue compared to LF ocDRHFig. 6 and 7).
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DISCUSSION

The results from the present study demonstrateréitsifed chronically a high fat diet
develop different metabolic responses from rats &dow fat diet and this is
associated with changes in the expression of tbepters involved in the short-term
regulation of food intake in the nodose ganglia amdhe retroperitoneal adipose
tissue. These changes are consistent with preimases showing metabolic profile
changes in rats fed a high-fat diet (hyperleptireeamd hyperinsulinemia), but bring
new evidence of the adaptation of the gut-brais axihe expression of the receptors
implicated in the short-term regulation of foodaké. There is an increase in the
expression of the CB1 receptor and a decreasesiexpression of the Ob-R receptor
which might explain the hyperphagic behavior osrtd a high fat diet that display
the diet-induced obese (HF-DIO) phenotype. We glssent in this study evidence
of different metabolic and neural changes betwaénprone to obesity (HF-DIO) and
rats resistant to the effects of an obesigenic @€+-DR). These changes occurred
with increased adiposity and body weight for the PI© group but not for the HF-
DR or LF group. Taken altogether these data sugtnedtthe gut-brain axis, in
addition to metabolic changes associated with argbringestion of a high-fat diet,
can also be modified by the diet, leading the atteshort-term control of food intake

towards an orexigenic system.

After 2 weeks on their different diets, rats fe#la diet had a significant increase in
body weigh than rats fed a LF diet. Also within tHE group, two groups of rats can
be identified: rats in which body weight was abdke median were significantly

heavier than rats below the median. From this pwiat, rats were classified into two
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groups: HF-DIO for the rats above the median anelDifor rats below the median.
After 8 weeks on the diet the difference was evenenpronounced between HF-DIO
and HF-DR or LF. This change in body weight wasoesded with an increased
adiposity in the HF-DIO. Although there was no sligant difference in body weight

between HF-DR and LF, rats resistant to the didtanaignificant increased adiposity
after 8 weeks compared to the LF fed rats. This alesady observed in a study
looking at body weight, adiposity and meal patteimgats fed a LF vs. HF diet

(Farley, Cook et al. 2003).

The changes in body weight and adiposity were apeomed by different metabolic
response between LF, HF-DR and DIO rats. After 2kseon their respective diet,
HF and LF had the same plasma level of leptin asdlin in the fasted state. After 8
weeks, HF-DIO had a significantly higher level eptin and insulin than either HF-
DR or LF. Although HF-DR rats have an increasegasity compared to LF, this
data suggests that they secrete the same leveswini and leptin. This suggests that
there is a difference at the level of the adipas®ue in secreting leptin. Furthermore,
when we correlate the leptin level with the insulevel we obtain positive
correlations for all the groups except HF-DR (datd shown). Leptin secretion is
insulino-dependent (Cammisotto and Bukowiecki 2002, Wang et al. 2007), thus
a positive correlation between plasma leptin arsllin in all groups is expected.
However in the HF-DR, no correlation was found kestw insulin and leptin level
even though HF-DR had an increased adiposity. Tidécates that the insulino-
dependent leptin secretion is somehow dysfunctionaHF-DR. This metabolic
difference between HF-DIO and HF-DR is interestibgth groups are eating the

same diet but differ in their response to the dieth only the HF-DIO becoming
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hyperphagic. Although the lower level of leptin @dated with a resistance and the
higher level associated with obesity is counteiiive, studies have shown leptin-

resistance at the level of the hypothalamus mayaexpvhy hyperleptinemic rats

become obese. Similarly, we could imagine a nopaesiveness of HF-DR rats to
insulin to secrete leptin which somehow would mtiem leaner, or the difference in
adiposity between LF and HF-DR is just not so défe that a difference in leptin

secretion was not detectable.

Rats fed a LF diet presented a fasted hypertrihgydgolaemia compare to rats fed a
HF diet either resistant or prone to obesity. Ttlgnge in lipid profile has been
described in previous studies (Chong, Fieldind.€2@07), however it is still not clear

why de novo lipogenesis is increased in rats femhafat diet. It is interesting to note

that despite a difference in adiposity, leptin @amgllin secretion, the lipid profile of

HF-DIO and HF-DR did not differ.

These changes in metabolic profile between LF, H¥-8nd HF DIO were also
accompanied with changes in expression of the terenvolved in the short-term
regulation of food intake. The expression levelGEK-1R (CCK receptor), Y2R
(PYY receptor), CB1 (Endonnabinoid receptor), FAA{Enzyme hydrolyzing
endocannabinoids) and ObR (Leptin receptor) imitaose and in the retroperitoneal
white adipose tissue were quantified relativelytite LF group after 2 weeks fed on
their diet. We looked at the expression after agriaght fast followed by a gavage of
Intralipid (1.0 ml/100g) followed by a 2-hour diges. We wanted to assess the
changes observed in feeding behavior in a prevatudy (Paulino G. et al., 2007)
with changes at the level of the nodose gangliacwiplays an essential role in

nutrient detection and short-term regulation ofdfatake. From the previous study,
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we have shown that rats fed a HF diet became higpgip after chronically ingesting
the diet for 8 weeks by prolonging their meal sitoenpared to rats fed a LF diet.
Therefore we wanted to determine whether the gunboe receptors profile at the
level of the nodose ganglia was modified with clrongestion of a HF diet. We
looked at the receptors that we thought played jamnale in the detection of lipids.

It is important to note that this is preliminarytalaand no significant difference was
found between any of the groups for any of the dgeeeause the sample size was
small (n=3 for each group and n=1 for HF-DIO and-BIR) since we had to pool
nodose from 5 rats to create one RNA sample. Nefeth, we can detect some
tendencies in the differential gene expression.r@hgas no change observed in
CCK1-R, Y2R or FAAH expression between the 5 groljmwvever, it is interesting
to note the expression of FAAH in the nodose gangieaning that there must be a
regulation of the endocannabinoids at the levehefvagal afferents in conjunction
with the CB1 receptor, which could have an impdrtphysiological role in the
regulation of other hormones or receptors in thdér&t. On the other hand, CB1 and
ObR expression seem to be altered by the diet.r Ateveeks, there was a 58%
increase in CB1 expression in HF-DIO compared ® it and a 34% increase
compared to the HF-DR. ObR expression was increlged % in HF-DR compared
to LF but decreased by 10% in HF-DIO. These chamgesceptor expression are
consistent with the orexigenic drive observed ia teeding behavior. Indeed, the
cannabinoid system is associated with an increas®dd intake when leptin has
anorexigenic properties, therefore an increasehm €B1 receptor in HF-DIO
associated with a decrease in ObR (leptin recepternot counterintuitive and could
explain why rats after ingesting chronically a HEtdoecome hyperphagic. Indeed

there is some evidence that leptin and CCK intesgaiergistically in suppressing
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food intake (Buyse, Ovesjo et al. 2001; BurdygallS8pet al. 2002; Peters, Simasko
et al. 2006) and that CCK inhibits CB1 expressiorthe nodose ganglia (Burdyga,
Lal et al. 2004). Therefore we can hypothesize thatinhibition of CB1 receptor

expression by the synergistic effect of leptin ab@K is reduced because the
expression of the leptin-receptor is decreased aftehronic ingestion of a HF diet.
The result is a hyperphagic behavior observedtsiferd a HF dietRig. 8). However,

we need to be cautious in interpreting these datibwe increase our sample size.

These changes in receptor expression occurreceimddose ganglia but some other
changes took place in the retroperitoneal adipissed. The expression of the Ob-R
was 133% higher in the HF-DIO compared to LF or BIR- This is in contradiction
with the literature where rats fed a HF diet préséra decreased in ObR expression
and an increase in the mRNA of the postreceptotinephibitor, suppressor of
cytokine signaling-3 (SOCS-3) (Wang, Orci et al020 Again this results need to be
taken carefully since the sample size is too smalking the power of the test low.
Therefore, we can not make any conclusion on whethaot there is an effect of the

diet on the gene expression at the level of th@sear the white adipose tissue.

When studying the effect of a hormone on a behavids important to look at its
receptor at the same time in the tissue where dhmdne has an action. Indeed, there
could be an increase of the hormone but the recamold be decreasing so the
conclusions that could be made only from the infation on the ligand would be
biased. Too many studies look at a hormone leveldraw conclusions from there
without showing any data on the receptor level. Téw0o hormone/receptor seems

therefore a better indicator of the physiologidéte of the ligand. In addition, when
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we study a system as complex as the regulationaaf intake, we tend to reduce our
problem by either looking at the anorexigenic 9fi¢he system (CCK, PYY. GLP-1,
Leptin, etc...) or by looking at the orexigenic sioleit (Ghrelin, Endocannabinoids,
Orexin, etc...). Few studies actually look at botthesi at the same time. However it
seems important when you are studying food intakéook at the balance of both
systems and how they interact in order to defireliteakpoint of the decision to eat.
By looking at the same time to the ligand/recepédio and to the anorexigenic and
orexigenic system balance we would get a betteerstanding of the control of food

intake.

In conclusion, this study demonstrates that ratsafbigh-fat diet develop a metabolic
profile and neural response to a meal that leada ttyperphagic behavior. This
occurs by a global decrease of the responsivenemsarexigenic signals (decrease in
leptin receptor even though insulin and leptin @rersecreted) and by an increase of
the orexigenic pathway (increase in CB1). This slwinh the short-term regulation of
food intake may contribute to the hyperphagic be&rawbserved in HF-DIO and

therefore to obesity.
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FIGURES LEGENDS

Figure 1. Rats fed a high fat-diet and diet-induced obese lasignificant
body weight increase after 2 weeks compared tdfedtfow-fat or diet-induced obese
resistant. Data expressed as the percent of bomjhtvees mean + SEM (n=30 animals
for LF and n=15 for HF-DR and HF-DIO, percent otdgoveight increase compared
with body weight at time=0 week). Diet Induced Obeats have been selected above
the median of weight gain when Diet Resistant wsaiected below the median of

weight gain. HF-DIO vs. HF-DR or LF* p<0.05.

Figure 2: Rats fed a high-fat diet and diet-induced obesk @aignificantly
higher adiposity index compared to rats fed a latwdiet or to rats resistant to obesity
after 8 weeks. At 2 weeks there was no signifiadifference in adiposity. Data
expressed as the sum of the epididymal, mesengeric retroperitoneal fat pads
divided by the body weight in percentage. Groupghwdifferent letters are

significantly different p<0.05.

Figure 3: Rats fed a low-fat diet had a significantly highlewvel of
triglycerides in the plasma compared to rats fddga-fat diet either obese prone or
resistant. This difference was also true at 2 weBkda expressed are mean + SEM
(n=15 for LF 2 weeks, LF 8 weeks and HF 2 weeks for HF-DR and n=7 for HF-

DIO).

Figure 4: Fasted plasma leptin concentration was signiflgamgher in HF-

DIO rats than in LF or HF-DR rats after 8 weeksidDaxpressed are mean + SEM
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(n=15 for LF 2 weeks, LF 8 weeks and HF 2 week$ for HF-DR and n=7 for HF-

DIO). Groups with different letters are significgndifferent p<0.05.

Figure 5: Fasted plasma insulin concentration was signiflgdngher in HF-
DIO rats than in LF or HF-DR rats. Data expressedmaean + SEM (n=15 for LF 2
weeks, LF 8 weeks and HF 2 weeks, n=8 for HF-DR raxid for HF-DIO). Groups

with different letters are significantly differep&0.05.

Figure 6: Ob-R expression tended to decrease in HF-DIO cosdp@® LF or
HF-DR rats. CB1 expression tended to increase irDHF rats compared to LF or
HF-DR rats. FAAH, CCK and Y2R expression did noerseto be modified by
chronic ingestion of a high-fat diet. Receptor egsions in the nodose ganglia are
relative to rats fed a low fat diet for 2 weekdydurs after a 1.0 mL/100 g gavage of
intralipid. Data expressed are mean + SEM (n=3_fo2 weeks, LF 8 weeks and HF

2 weeks, n=1 for HF-DR and n=1 for HF-DIO).

Figure 7: Ob-R expression in the retroperitoneal adipossuéistended to
increase in HF-DIO rats but not in LF or HF-DR rdDb-R expression is relative to
the low fat diet group fed for 2 weeks, 2 hoursmfa 1.0 mL/100 g gavage of
intralipid. Data expressed are mean + SEM (n=3_fo2 weeks, LF 8 weeks and HF

2 weeks, n=1 for HF-DR and n=1 for HF-DIO).

Figure 8: Simplified pathway of the expression modificatianthe level of

the nodose ganglia. Leptin through Ob-R and CCKouph CCK1-R act

synergistically on the inhibition of CB1 to decreafod intake. After a chronic
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ingestion of a high-fat diet in HF-DIO rats, Ob-Rpeession is decreased which
diminishes the synergistic inhibition of CB1 allowiits expression to increase thus
increasing food intake.

l Means a decrease in expression of the receptdFiDIO rats.

T Means an increase in expression of the receptdFHDIO rats.
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Figure 4:
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Figure 7:
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Figure 8:
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CHAPTER 5

FUTURE EXPERIMENTS

Despite our findings on how dietary fat can modify basal expression of
receptors and hormones involved in the controbofifintake, many experiments still
need to be conducted in order to have a better rataawling of the complex
interactions between diet and gene expressionfdlteeving is a brief description of
experiments that would need to be done in orddraie a better picture of what is

happening.

Circadian cycle of receptors in the nodose

We are just starting to understand that detectfamutrients is not something
static but completely dynamic. The expression oéptors and hormones involved in
the detection and therefore in the process of #wstn to eat is dependent on the
genetic background but also influenced by the dyeléstory. Since we have shown
that expression of receptors was modified at 1 tpomt (2 hours after gavage of
intralipid), it seems important to look at the Haesgpression of receptors involved in
the control of food intake on a normal diet (chod)first experiment would consist
of looking at the expression of the receptors i@ tiodose in different nutritional
status (fed ad libitum, fasted 24h, fasted 12hethand refed, and fasted and refed at
different time point after refeeding). Such expamnhas already been done but on
ghrelin receptor only (Sato, Nakahara et al. 2007i}h advancements in techniques

such as genomics, transcriptomics, proteomics amdabolomics it would be
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interesting to get a picture of what is happenihgha level of the interface vagal-
afferent/Gl tract in terms of gut-hormones/receptoatio in different nutritional

status.

Effect of hormones on receptors expression

Once we get an idea of what is happening on a aedpgsis we can test the
effect of hormones on the expression of differexteptors. For instance, we know
that CCK decreases the expression of the CB1 rec@purdyga, Lal et al. 2004). We
also know that leptin enhances the satiating efflécCCK (Peters, Simasko et al.
2006). It would be interesting to describe how arfythe different hormones or
metabolites we are interested in such as ghreleptin, CCK, PYY and
Endocannabinoids have an effect on the differeceptors expression or directly on
the others gut-hormones and metabolites in the sodyanglia first, but also in
different organs involved in the control of foodtake such as the WAT, the

hypothalamus or the Gl tract.

Effect of nutrients on receptors and hormones expission

Once we described the effect of different hormome®ach others and on the
expression of their receptors in different organ @& move on to the effect of
different nutrients. First, we would study the etfef an acute ingestion of a single
macronutrient such as lipid, carbohydrate or protdihen, we would look at the
expression of these receptors and hormones aftbramic ingestion of high-fat diet

on different nutritional status (fed ad libitumstad 24h, fasted 12h, fasted and refed,
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and fasted and refed at different time point afééeeding) in order to compare to the
control of a chow diet. We would expect an ovemtirease in expression of the
orexigenic pathways by blunting of anorexigenic onehich could explain the
hyperphagia observed in obese people. Also we desldthe effect of different type
of macronutrient. Does saturated fat induce theesegsponse and adaptation than

unsaturated fat?

Adaptation at the cellular level

After describingin vivo how gut-hormones and receptors expression are
modified by diet. We need to understand the ceallpighways behind this adaptation
occurring in the nodose ganglia. In order to ansthiat question we need to use a
cellular model. We could do a cell culture of nexgdrom the nodose ganglia and
expose these neurons to a chronic flow of cholegysin (which would imitate a
chronic ingestion of dietary fat). We would therokoat the cascade of activation
within neurons and try to find if there is a des®an the intracellular signaling by
showing a decrease in phosphorylated proteins @keston p38MAPK, PIK3K or
PKC) or decrease in depolarization (Calcium asshgfore and after chronic
exposition to CCK). We could look at changes ineotltell cultures such as
enteroendocrine cell (STC1 cell or BON cells) oipadytes. We could also look at
cross-talk  between cells in co-cultures of neumdipbcytes or

adipocytes/enteroendocrine cells or neurons/enteiam@ine cells.
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Many experiments could be done to describe the gdwmroccurring in
adaptation to high-fat diet. The broader the miglghe better our understanding will

be of the changes occurring in the decision tareabesity.

Adaptation of the microflora

With progress in microbiological ecology technigaesl better understanding
of the gut microflora, it really seems importantdok at the changes within the gut in
terms of changes in microbiological population al#o in terms of interactions with
the epithelium cells. The composition of our mitwod has evolved with our genome
from the beginning. If you think at the evolutiopalevel, there must be an
explanation why this specific population has beelected compared to other ones.
The challenge is to understand how diet can infleethis ecosystem and how the
changes in ecosystem interact with our body in otdenodify our response to this
diet. Food intake is no longer an interaction of diet and our genome but an even

more complex interaction between our diet, our gemand our microbiome.

Adaptation to a high-protein diet

Finally we have been interested in the adaptatioa high-fat diet because it
seems to be a good model for obesity but it wowddirderesting to see how the
control of food intake is modified by a high-pratediet since some studies have
described an increase in the sensitivity of theugagerve by chronic ingestion of a

high-protein diet (Darcel, Fromentin et al. 200bhe experiments described above
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can be adapted to a high-protein diet but with sdooais on gut-hormones and

receptors involved in protein detection (for exampeptl).
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CONCLUSION

Yes. 7 am a dreamer. For a dneamer o one who can find his way by
moonlight, and see the dawn bejore the nedt of the world. "

(Oscar Weilde)

Food intake, Energy Homeostasis and Body WeightuRéign form a
complex network that is tightly regulated yet date It involves myriad of
hormones, receptors and metabolites, which, depgnai their relative abundance,
will have a different downstream effect on appetiethe end it always comes back

to the simple binary algorithm: to eat or not eat?

We have seen through this work that first, feediepavior can be modified
by the diet. More specifically, we have shown tlaatigh-fat diet can lead to
hyperphagia and obesity in the rodent model. Addélly, we have incriminated the
role of the CCK1-R receptor as a key player inc¢betrol of fat intake. Finally, we
proved that receptor expression in the nodose @analcritical center regulating
short-term of food intake, could be modified byaric exposure to a high-fat diet.
We have proven that short-term regulation of fautdke is not a static system but a

dynamic one that integrates dietary history andgnstorage.

It is necessary to execute a more systemic studkirlg at short-term

regulation of food intake. This will lead us to atter and more accurate model to
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understand what is behind the decision to eat imgeof gut-hormones, receptors,
metabolites and neural networks. With progressntegrative techniques such as
genomics, transcriptomics, proteomics, lipidomicsl alycomics, and the aid of
statistical and bioinformatic tools such as the é&&ign network, it is now possible to
describe an organism as a complex matrix contaimifaymation about a particular
tissue during a specific nutritional state with rdque dietary history. The study of
nutrigenomics and the integration of the microbiamthis model seem to be the next
step in order to gain a better understanding of hoverganism is able to react to its
environment. Integration of this information in fdifent nutritional states with
different dietary histories will lead us to a matemplex yet accurate model of
appetite regulation. The question: “to eat or moe&t?” can only be answered upon

resolution of the integrative model of the organism

Are we on the brink of a revolution by the way we doing biology? Will we
be able to unify a model as complex as Diet*Genetibfiora interactions to explain
Phenotype? Will we be able to assess and presgesonalized nutrition and

medicine to individuals, knowing their specific f®rorganism” genome?

These are the biological challenges that we wilfdm®ng in the twenty-first

century.
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ABSTRACT:

The global population is getting obese. From developed to developingries the pandemic is now
irrefutable. Research focusing on obesity has increagezhentially over the past few decades but yet
no solution has been found. Dietary fat has been blametigoepidemic because people adapted to a
high-fat diet develop hyperphagic behavior and thereforenbeabese. The aim of this work was to
understand the mechanisms by which a high-fat diet can indiperphagia starting from behavorial
studies to the molecular biology behind it. These studies haen conducted in two animal models:
Rattus norvegicuandMus musculusThe results of these studies have shown that ratscadjto a
chronic high-fat diet become hyperphagic upon vagal iithé@tysto dietary fat compared to rats fed a
low-fat diet. Also, we demonstrated that the cholecystokieceptor 1 plays an important role in the
detection of dietary fat. Finally, we proposed a molecuiadel of the adaptation of the nodose ganglia
by which a decreased expression of the leptin receptaré¢xigenic) was associated with an increased
expression of the cannabinoid receptor (orexigenic). Thigyesis one of the many mechanisms
underlying hyperphagic behavior in rats fed a chronic higldift. In conclusion, we have shown that
diet is able to interact with genes involved in short-teegulation of food intake. These findings are
critical in understanding the potential causes of obeSiye human genome has evolved from the
direct interaction between environment and diet; it is eminterintuitive to think that diet can
influence gene expression. Why does a high-fat diet induceerpghagic response in the organism?
Can we find answers by looking back in time and observe hopl@ediet and environment evolved
together? Does the thrifty gene theory make sense itdhiext? These are questions that need to be
answered in order to find a solution to obesity.

KeywoRrD: Dietary lipid, adaptation, detection, nodose gaaglicannabinoids,
leptin, hyperphagia, obesity.

RESUME

La population mondiale devient obése. Des pays développés aux pagi efe développement, la
pandémie est maintenant irréfutable. La recherche sur itél#@exponentiellement explosé et pourtant
aucune solution n'a encore été trouvée. Les lipides alimestaint trés vite été montrés du doigt et
rendus responsables de cette épidémie car les pessadaptées a un régime hyper-gras développent
un comportement alimentaire hyperphagique et de ce faiemteamt obéses. Le but de ce travail était
de comprendre quels sont les mécanismes par lesquels un régimegras pouvait induire un
comportement hyperphagique en commencant a l'aide d’étudssmthortement alimentaire jusqu'aux
processus cellulaires impliqués. Nous avons pour ceux-csentileux modeéles animauRattus
norvegicus et Mus musculuses résultats de cette étude ont montré que des rats exigos@miere
chronique a un régime hyper-gras développent un comportetimaahtaire hyperphagique parce que
leur sensitivité vagale aux lipides alimentaires estiriée. De plus, nous avons démontrés que le
récepteur a la cholecystokinin 1 était important dans kctéh des lipides alimentaires. Finalement,
nous avons proposé un modéle moléculaire de I'adaptation duaanglial dans lequel I'expression
du récepteur a la leptin était diminuée (aux propriétés aneémigiges) et celle du récepteur aux
endocannabinoides était augmentée (aux propriétés orexigeni@ers suggere un des nombreux
mécanismes pouvant expliquer le comportement hyperphagique®lsber les rats nourris un régime
hyper-gras de maniere chronique. En conclusion, nous avongénuurit existe une interaction entre
génes impliqués dans le contrble de la prise alimengdite régime. L'étude de cette interaction est
donc importante dans la compréhension des causes de I'oB&sitént que les hommes ont évolué en
interaction directe avec leur environnement et leur réginsemble intuitif de penser que le régime ait
un effet sur I'expression des genes. La question a se pwsatenant est pourquoi un organisme
deviendrait hyperphagique sous un régime hyper-gras ? Pexdguwert des réponses en observant et
étudiant les coutumes alimentaires ancestrales au w®inffsomme, la nature et le régime évoluait en
méme temps et a la méme vitesse ? La théorie dne<@onome » prend-elle sens dans ce contexte ?
Voila les questions auxquelles nous devons répondre afinndgrendre la cause méme de I'obésité et
afin de lutter efficacement contre celle-ci.

MoTs-CLES : Lipides alimentaires, adaptation, détection, ganogli nodale,
cannabinoides, leptin, hyperphagie, obésite.



