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INTRODUCTION

In recent years, colonic health has beamédasingly linked to maintaithe well beingandto
reduce the risk of various diseases thuehanges in diet and lifestyle. At the forefrainhas been
consideredhe functional foodss uch as O06prebioticsé66 and O66b6épr
dietary components that target the colon and affect its environment, enhancing shofattjain
acids (SCFAs) production, and the conversion of bioactive substances such as phytoestrogens to
promote or retard their absorption from the colon. This is far from the classic view that the role of
the human colon is to absorb salt and water anddeige a mechanism of the disposal of waste
products.The development of the intestinecosystem is crucial f@astrointestinal functions and
body health. The intestinal ecosystem essentially comprises the epithelium, immune cells, enteric
neurons, integtal microflora, and nutrients. The coordinate interplay between all these components
has beerthe object of intensive research efforts to design new strategies for many ihi@stina
extraintestinal diseasesn the gut live hout 10* bacterial cells including up 2000 species
dominated by anaerobic bacteria .

Intestinal microflorabenefit from constant nutrient flow, stable temperature and niches for
various metabolic requirements provided by the intestinal environment. Likewise, the host benefits
from the ability of the intestinal microflora to synthesize vitamin K, exert trophic effects on
intestinal epithelial cells, saving energy from unabsorbed fpoatjucing SCFAsinhibiting the
growth of pathogens, sustang intestinal barrier integrity,maintaning mucosal immune
homeostasisard participatingo the xenobiotic metabolism systéin2].

Probiotics are live microbeable to modulate the intestinal microflora and enhaboey
heath.At birth, the gastrointinal tract is a sterile environment. Within a few months after birth, a
relatively stable microbial population is establisHegB]. This abundantdiverse and dynamic
microflora normally lives in a complexsynbbtic relationship with the eukaryotic cells of the
intestinalmucosaFirmicutesare the most representative bacteria among phyla found in the human
colon, and includ&€lostridides and lactic bacteria (LAB), anBacteroidete$4]. However, several
factors, such as age, diet, hygienic habit, infection and antibiotic therapy can modify microbiota
composition. Recently, gut microbiota has been considered as a regulator of energy homeostasis
and ectopic fat depositiomyvidencing its implications for metabolic disea§e$]. In particular,
obese people were shown to have loBacteroidetesand moreFirmicutesin their distal gut
compared to lean control and this alteration whelished after dieinduced weight losg7].
Moreover, higiifat fed animals present gut microbiome with increased transport proteins and
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enzymes involved in import and fermentation of simple sugars and host glycans. In return, these
substances can be more utilized fepatic lippgenesis increasing the capabiliiyhosts to harvest
energy fromdiet [8]. Moreover, in healthy subject the microtaicuppresses expression of fasting
induced adipocyte factof-{af, also known as angiopoietiike protein 4), a lipoprotein lipase
inhibitor (LPL), produced not only by the intestine but also by liver and adipose tissue, and
therefore is an important relgtor of peripheral fat storag®]. So it has become clear that
overnutritionaltersthe immune systerand functions Chronic overnutrition leads to accumulation

of fat in adipose tissyén which subsequently imame cells infiltrate This gives rise to a mildnd
sustained increase in inflammatanediators in the systemic circulation, for example, the acute
phase response marker€active protein (CRP) and its major regulators interleukif #nd tumor
necrosis factor TNFa [10]. In addition, repeated exposure to increased concentrations of
proinflammatory cytokines in the postprandial period after Hisghmeals or rapidly digestible
carbohydrates has recently postulated to be weebin the development of legrade inflammation

in susceptible person%1,12]. Chronic lowgrade inflammation is associated with an increased risk
of, among others, insulin resistan¢R), diabetes type 2, andha&rosclerosi$l3]. For this reason,
strategies to suppress layade inflammation as a preventive measure for these chronic diseases
areintensivelyinvestigate.

Food and foodlerived substances receive increasatigntion as potential factors that can
modulate cells or cell functions that play a role in immunological processes. Dietary fiber intake has
been shown in prospective studies to be inversely related to plasma concentrations[bd,CHP
and the proinflammatory cytokine 4& [16]. In a human study on healthy elderly,
immunomodulatory effects of the prebiotiegalactooligosaccharides {BOSs) were demonstrated
[17]. B-GOS significantly increased the production of the-arftammatory cytokine IE10 and
significantly reduced production of 16, IL-1b, and TNFa [17]. Anotherinterventionstudy on
fructooligosaccharides in older persaesulted in decreased-b mRNA expression in peripheral
blood monocyteq18]. In healthy young individuals, an evening meal rich in nondigestible
carbohydrate prevented ehglucosenduced postprandial rise in plasma-6Land TNFa
concentration$19]. One of the proposed factors that could explain these effects is the increase in
shortchain fatty acidsacetate, propionate, and butyrate, which are produced by the colonic
microbiota when digry fiber arefermented20,21] SCFAs are rapidly absorbed from the colonic
lumen and partly metabolized by colonepithelial cells. A fractioralso enters the portal and
peripheral circulation. In sbnonfastedsudden death victims, portal concentrations of acetate,

propionate, and butyrate lay between 108 and 404 mmol/l, 17 and 194 mmol/l, and 14 and 64
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mmol/l, respectively and peripheral concentrations between 19 anthiié®l, 1 and 13nmol/l,

and 112 mmol/l, respectivelyf22]. SCFAs, and geecially butyrate, havbeenfor long time, athe

center of interest for odulating inflammatory responge the colonic epithelial cells and results of
these studies indicate berutdil effects. Therefore, it seems worthwhile to explore whether SCFAs
could also affect systemic inflammation. This is especially interesting because, as discussed below,
recent studies suggest that obesiiyuced inflammation is partly antigefependentinformation

about, for instance, the capacity of SCFAs to reduce activation of T cells by moepoesgated
antigens is, thus, highly relevant in this cont®ityrate irrigation (enema) has also been suggested

in the treatment of colitis. More humamgies are now needed, especially, given the diverse nature
of carbohydrate substrates and the SCFA patterns resulting from their fermentatioterghnarid
long-term human studies are particularly required on SCFAs in relation to markers of cancer risk.
Taken togrther these consideratiopbioticsand SCFAdave been proposed in the treatment and
prevention of many conditions. The mechanisms of these effects are multiple, the vast majority are
related to the regulation of immune systenive@ the closeanatomical and functional correlation
between thdowelandtheliver, andthe immunoregulatory effects elicited these compoundghe

aim of this study is evaluate the effects miobiotics and short chain fatty acids in some
gastrointestinal diseasie nonalcoholic fatty liver disease (NAFLDgnd ulcerative colitis (UG)
focusingtheir molecular and biochemical mechanisms highlighting their efficacy as emerging

therapeutic strategy to treat prevent theseonditiors.



CHAPTER 1: NALFD

Nonakoholic fatty liver disease (NAFLOhcludesa wide spectrum of diseasesigingfrom
simple steatosis to nonalcoholic steatohepatitis (NASH), liver fibrosis, cirrtaogishepatocellular
carcinomg23]. The majority of patients with NAFLD areverweightor even morbidly obese and
often showsinsulin resistancg24,25] The proportion of patientsvith NAFLD who develops
NASH is still not entirely clear but might range from 1{%6. This is relevant because
inflammation and/or fibrosis determine the letegm prognosis of this disease, whereas steatosis
per se mighhot adversely affect outconfi26,27]. Most studies indicate that 1380 of the Wesrn
population might have NASH.

The natural history of NAFLD is still poorly understood, and in particular, it is not known
why any patientgprogress toward inflammian, fibrosis, and cirrhosis and why others do not. One
of the burning questions in NAFLD remaitise identification of thoséactorsthat drive forces
toward a more progressive, inflammatory disease phenotype. Day and colleagues presented more
than a deade agothe sc al | edhi d ®tdbwomo d e | suggesting that
steatosis) another hit (e.g., gigrived endotain) is needed to develop NASHS8]. Because simple
hepatic steatosis is a benign process in the majority of patients, NASH might be a separate disease
with a dfferent pathogenesis. Lat€Filg and Moschempropose a new model suggesting that many
hits may act in paralleffinally resulting in liver inflammation and that especially-getived and
adipose tissualerived factors may play a central rafesteatosis progressiomflammation may
also precede steatosis in NASH, as inflammatory events may lead to subsetpsnsis.
Furthermore, thauthorshighlight the potential importance of endoplasmic reticulum (ER) stress in
various aspects of thissgasd29].

The mgority of patients with NAFLDis overweight or obese, and there is convincing
evidence that NAFLD is a component of the metabolic syndrfi@@e NAFLD is currently the
most common liver diseaseorldwide, both in adults and childreNAFLD is characterized by
aberrant lipid storage in hepatocyt@gepatic steatosis), and inflammatory progression to non
alcoholic steatohepatitis (NASHIEven if pathologically, seeral patterns of disease exshich
resemble alcoholic liver diseasthe sine qua norcondition for NAFLD recognitionis hepatic
macrovercular steatosis or fatty liveSimple steatosis remains a benign process in most affected
persons andgeem tobe well toleratel [26,31] However,some patients develop superimposed
necroinflammatoryactivity with a nonspecific inflammatory infiltratéepatocyte ballooning with
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Mal | or y 0 whichh re&a the drieing force for the development fidrosis, obsered in
nonalcoholic steatohepatitttNASH) [32]. Likely a minority of thesepatientsdevelopscirrhosis

which may become complicated by hepatocellatacinoma.

Beginning of hepatic gatosis

A fatty liver is the result of the accumulation of varidsds [33]. Several mechanisms may
lead to a fattyiver: (1) increased free fatty acifiBFAs)supply due tancreased lipolysis from both
viscerl/subcutaneous adipoissue and/or increased intake of dietary fat,d@jreased free fatty
oxidation; (3) increasede novohepatic lipogenesis (DNL) and (4) decreaseghatic very low
density lipoproteintriglyceride secretiori34]. Free fatty acid delivery to the liver accourits
almost twethirds of its lipid accumulatiof85]. Elevated peripheral fatty acids and DNL therefore
predominantly contribute to the accumulation of hepafiat in NAFLD. Besides the well
established lipogeneseontrolling factors such as sterol regulatory elemdnnding protein
(SREBP) or carbohydta response elemebinding protein (ChREBP), Xo0x binding protein 1
(XBP1), known as a key regulatof the unfolded protein response (UPR) secondaBRastress,
is a only recently characterized regulatorhefpatic lipogenesif36]. Triglycerides are the main
lipids stored in the liver opatients with NAFLD. Although large epidemiologicgtlidies suggest
triglyceridemediated pathways mighegatively affect disea487], recent evidence indicates that
trigylcerides might exert protective functions. Diacylglycesolltransferase 1 and 2 (DGAT1/2)
catalyze thefinal step in triglyceride synthesis. In a model of dieducedobesity, mice with
overexpression oadipocyte ad macrophag®GAT1 are protectedrom systemic inflammation
and insulin resistance by the prevention of macrophage activation and their accumulation in white
adipose tissud38]. Inhibition of triglyceride synthesivia DGAT2 antisense oligonucleotides
improves liver steatosibut worsens liver damage, also suggesting that accumulafidiver
triglycerides could be a protectimeechanisnj39].

Hepatic steatosis (i.e., trigleride accumulationjs dissociated from insulin resistance in
patients with familial hypobetalipoproteinemia, providirfgrther evidence that increased
intrahepatic triglycerideontent might be more a marker rather than a catigesulin resistancdn
summary, triglyceride synthesseems to be an adaptive, beneficial response in situatioese
hepatocytes are exposed to potentially toxic triglycendtabolites. Thus, evidence is increasing

thataccumulation of fat in the liver in many instancesra# be regarded as a pathology or disease,
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but rather as g@hysiologicresponse to increased caloric consumpf{f]. Free fatty acids and
cholesterol, especially wheaccumulated in mitochondria, are considereddhea g gr essi ve 0
leading toTNF-U mediated liver damage and reactive oxygpacies (ROS1,42] These lipids

could also be present in a nonsteatotic liver and act as éadlyy nf | ammat or yé6oé hi t
wide spectrumof NAFLD pathologies. The concept of lipotoxicity amd/olved lipid species has

been introduced and discussadeveral excellereview article§43,44]

Inflammation Preceding Steatosis

Simple hepatisteatosis, which is benign and nonprogressive in the magirjpatients, and
NASH may reflect different diseasentities. Inflammationreaults in a stress response of
hepatocytes, may lead to lipid accumulation, and therefordd precede steatosis in NASH.
Patients with NASH mapresent without any or much steatosis, suggestingriftatnmation could
take place firsf23]. Anti-TNF antibodytreatment and metformin, an antidiabetic dtiogt inhibits
hepatic TNFU expression improve steatosisn ob/ob mice[45,46] Other proinflammatory
mediatorsmight also contribute to the development of steatbsisause in some studies hepatic
steatosis was not dependemt TNF-U [47]. In patients with severe alcoholiepatitis, treatment
with infliximab, an antTNF antibody,primarily improves hepatic steato$#8]. Loss of Kupffer
cells also leads thepatic steatosis probably videcreased interleukibO (IL-10) release from
Kupffer cells[49]. Other cell types might also promote hepatic steabesiause obesity leads to the
hepatic recruitment ai myeloid ell population that further promotes hepdipéd storagg50]. In
all these situations, hepatic steatoriay be consi dered as O606bytet and
inflammatory attacks. Very diverse processetuding toxic lipids, nutrients, and other gigrived
and adiposelerived signals may represenich inflammatory insults.

Key features of NAFLD: insulin resistance and inflammation

Insulin resistance (IR) plays a crucial pathophysiological role in #wZeldpment and
progression of NAFLD It is increasingly recogped that free fatty acidand soluble mediators,
synthesized from immune cells and adipose tissue, are crucially involved in regulating insulin
actionand NAFLD occurrencg1,52] The central role ofR in liver diseasas further suggested
by evidence that it is present alsononobese, nowiabetic subjects with NAFLIP53]. Subjects
with NAFLD and IR,present an impairment imuscle glucose uptakan alteration in suppression
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of hepatic endogenous glucose production induced by in&8ib4], and a high lipolytic effect in
adipose tissue resulting in ancreased FFAselease[55]. The importance of visceral fat the
pathogenesis of hepatic IR and steatosis has Wwekly demonstratedn preclinical and clinical
studies[56]. In particular, in an animal modef mherited leptin resistance usitgptin-receptor
deficient Zucker f@/fa) rat, the surgical resection of inrtadbdominal fat depots reverses both
hepatic IR and steatod57]. In humans, a clear elonship exists between hepatic IR and visceral

fat leading to altered adipokine production and increased FF8A59]. The enlargement of adipose
tissue and in particular visceral fat has been associated wiik tiflammation characterized by a
decreased release of insu$iansitizing and aninflammatory cytokines and increased expression

of proinflammatory molecules, which modify adipokine secret{68]. Subjects wit NAFLD

exhibit decreased adiponectin levi@8], which are correlated negatively with hepatiglyceride

(TG) content. Interestingly, although the thre@mensional structure of adiponectin closely
resembles thaof TNFU, t hese two proteins [6H.\Bethicvivaapd et e |
in vitro experimaits demonstrated that the production and function of adiponectin andJTNBE r e
inversely correlated in their target tissyég]. Administration of adiponectin into mice has been
shown to produce beneficial effeaia lipid metabolism, such as enhancing lipid clearance from
pl asma and increasing fatty acid b oxidation
lipogenesis are decreased in theer [63]. It has been demotrated that thensulinsensitizing

effect of adiponectiis mediated by an increase in fatgid oxidation througkequentiahctivation

of AMP kinase (AMPK), p38 mitogeractivated proteirkinase (p38 MAPK) and peroxisome
proliferatoractivated receptora (PPARa) [64]. Other adipokines such as leptin, visfatin and
resistin, have also been reported to be involved in hepatic TG accumulation and inflammation.
However, the role of these factors andittleterplay isstill to be elucidatedb9]. It is well known

that steatosis may interfere with sinusoid microcirculation and hepatocellular clearance of microbial
and hostderived danger signals, enhancing responsiveness of dfupéils, which critically
contribute to progression of NAFL[B5]. Altered lipid homeostasis in NAFLD negatively affect
Toll-like receptor 4 TLR4) complex assembly and sortingadingalternative signding pathways
activation such asNF-kB/AP1 (Nuclear factoikB/ Activator protein 1),nterferon reguleory factor

3 and promotinglifferential gene transcriptiohese differential pathways were simitent only in
Kupffer cellsand hepatic stellate cellbut also in other hepatic nemmune cell populations,
including hepatocytes, biliary epilial and endothelial cell$6,67] Additional factors appear to
interact with adiponectin to regulate hepatic triglyceride content. Among these, PPARSs, belonging
to the nuclear receptor superfamily, impact on multiple processes involved in lipickingf and
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metabolism, and fuel partitioning68]. In paticular PPARa regulats mitochondrial and
peroxisomal fatty acid-oxidation pathways modulating many genes encoding enzymes involved in
these processesd., acytfCoA synthetase, carnitine palmitoyl transferase |, and very-dbag
acyFCoA dehydrogenasel)ossor reductionof PPARUexpressionin KO miceor in animal fed a
methionine choline deficient diet (MCD) or a high fat diet (HFD), resultshiepatic steatosis
[69,70]. In nutritional NAFLD models the administratiasf a potent PPAR agonist or probiotics
results in an improvement of hepatic steatosis. These findings suggest that under conditions of
increased hepatic fatty acid influx or decreased hepatic fatty acid efRARU activation
prevents the accumulatioh G by increasing the rate of fatty acid catabol[3®,71]

A growing body of literature implicate PPARs in the pathogenesis and in the treatment of
NAFLD, linking PPARa and PPARgto NAFLD/NASH [72]. In fact, PPAR9 are expressed at
high levels in adipose tissue and play a role in increasing insulin sdgsaisiwell as in promoting
fatty acid uptake into adipocytd33]. The net effect of PPAR activation is the increase in
adipocyte TG storage, reducing delivery of fatty acids to the liver. MoreBN®&R 0 increaes
insulin sensitivity by ugregulating GLUT4, an insulin dependent glucose transporter in adipose
tissue and striated muscle, dmglinducing expression of the@bl (named afteCasitasB-lineage
Lymphoma associated protein, which is involved in insusignaling [74]. Additionally, in mouse
models of insulin resistanc®PARo activation attenuated induction of gumessor of cytokine
signdling 3 (SOCS3), which is involved in the development of insulin resistffigle PPARD
expression also might reduce hepatic inflammation by decreasing expression of proinflammatory
cytokines, such as TNB [76]. Moreover, adiponectin is uggulated byPPAR9, providing a
connection between thewvo receptor isotypeg77]. The complexity and the chronology of
pathophysiological events leading to development of NAFLD/NASH are not fully understood. The
increased intrahepatic levels of FFAsoyide a source of oxidative stress, which are in part
responsible for the progression from steatosis to steatohepatitis and cirrhosis. FFAs may elicit
hepatotoxicity by several mechanisms: direct cytotoxic effgt®], increased lysosomal

permeability and TNfa synthesis by hepatocytf&9].
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Adipose Tissuderived Signals: The Adipose Tissl&actors Attack
the Liver

Adipose tissue has ppared in the last decade as a highly active endocrine and immune organ
with the capability of producing various mediators including adipocytokines and cytokines both in
heal t h and di sease. The bal ance/ i mbal aayc e 0
profoundly affect not only théunctionsin the adipose tissue batsoin otherimportant target
organs such dsser (Figure 1.1).
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Fig. L1 The multiple parallel hits model. Lipotoxicity: (1) A liver loaded with lipids consisting primarily of dsilcerides might reflect a benign

process because trigylcerides might exert mostly protective effects. Furthermore, hyperleptinemia leads to oxidatidn lgfithepitereby also

protecting this organ from lipotoxicity. When the capacity of periptenald cent r al organs of detoxifying 06d6dag:¢
the liver might begin. Inflammation may precede steatosis in NASH.d&ixed signals: Many signals beyond endotoxin might affect hepatic

steatosis and inflammation. Sevapathways have been identified how the gut microbiota might influence host energy metabolism: (2) Absence of
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the microbiota in gerafree mice correlates with increased activity of phosphorylated AMPK in the liver and the muscle (not shown). (3) Seme of th
breakdown products of polysaccharides are metabolized to SCFAs. SCFAs such as propionate and acetate are ligandsofeirttteuplgd
receptors Gpr4l and Gpr43. Shortage of SCFAs might allow the evolution of systemic inflammatory events. Sudbnmeelegantly combine
diet, mi crobiota, and the epithelial cel l as 00 n wngimducedratipogte factoo r . 6 6
(Fiaf), which functions as a circulating lipoprotein lipase (LPL) inhibitor guetlefore is an important regulator of peripheral fat storage. (5) Several
TLRs, such as TLR5 or TLR9, are not only able to affect microbiota but also to regulate metabolism, systemic inflamohatisuijraresistance,

thus highlighting the role of thimnate immune system in metabolic inflammation as observed in NASH. (6) Various nutrients such as trans fatty
acids (TFAs), fructose or aryl hydrocarbon receptor (AhR) ligands such as 2¢¥@dhlorodibenzodioxin (TCDD) may directly lead to
steatosisiVer inflammation. Adipose tissuderived signals: Signals derived from the adipose tissue beyond toxic lipids might play a central role in
NAFLD/NASH. (7) Here, adipocytokines such as adiponectin and leptin, certain proinflammatory cytokines suckaasr T8, and others (the

death receptor Fas, PPAfRare of key relevance. The cytokine/adipocytokine milieu might be critical becauseanlipobectin tg mice, although
becoming severely obese, are not insudisistant. This suggests that in the highgirof processes soluble mediators play the central role. Adipose
derived mediators might indeed affect target organs such as the liver, because JNKldasfigiesé mice are protected from diatluced obesity,

and experiments have demonstrated thateffect is mediated mainly by 4& (a cytokine), which is of key importance in human obesity.

Image from Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: the multiple parallel hitesigpéiepatology.

2010 Nov;52(5):836-46. doi: 10.1002/hep.24001.

Adiponectin: Prototypic Adipocytokine in Healtand Disease

Adiponectin is an aninflammatory adipocytokinéat signals through two recept$8®,81]
Obesity is associated withypoadiponectinemia, anadiponectin levels increase after weight loss
[80]. Adiponectininduces extracellular Gainflux by adiponectinreceptor 1, which is necesry
for activation of AMPKand Sirtuin 1 (Sirt1]82]. Hepatocytespecific deletion ofSirtl leads not
only to hepatic steatosis but also to &Ress and liver inflammatidB83]. Genetically obese leptin
deficient ob/ob mie exhibit a reversal of the diabetic phenotype with normalization of glucose and
insulin levels upon transgenic overexpression of ftielength isoform of adiponectin, despite
retaining the obese phenotypf84]. Therefore, also in humans, a sufficieptoduction of
adiponectin might play a centredle in susteining homeostasis and establishing a balance when

local and systemidiver inflammation iscompromised85].

IL -6 and TNFa: Key (Adipo)cytokines

Expressionof IL-6 and TNF-U two important proinflammatorgytokines, is profoundly
increased in human fat celfeom obese subjects anatmgents with insulin resistand@6]. IL-6
serum leels are elevated in obese patieatsd weight loss results itheir reduction[87,88]
EnhancedTNF-U expression in adipose tissoé obese subjects decreases following weight loss

[89]. Insulin resistance is an important feature of NAFBDBd it is caused byseveralfactors,
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including soluble mediators derived from immune cells and/or adiptissue [90]. Insulin
resistance may augmeintflammationin NASH because patients with type 2 diabetes melares
often worsenin terms of histopathologicathanges such as ballooning, apoptosis, and lobular
and/or portal inflammation[23]. Serine phosphorylatiorof insulin receptor substrate by
inflammatory signatransducers such asjun N-terminal protein kinase (JNK1) or inhibitor of
nuclear factokB kinaseb (IKK b) is mnsidered one of the key aspects tmpairs insulin
signalling Figure 1.2). Sabio et al. reported that JNKilgnaling specifically in adipose tissue
consequent to dighfat diet causes hyperinsulinemifgpatic steatosisand hepatic insulin
resistance[91]. Importantly, this distakffect of adipose tissue on the liver was mediated via
increased JNK-Hlependent It6 secretion from adipocytestoving that adipose tissugerived 1.-6
regulateglistal metabolic efcts in the liverin this and in other models, a hifgt diet, that can be
considered o66an inflammatory di et 6dphabgengsisa pr
including hepatic steatosis and other related pathologies.

Moschen et al.recentlydemonstrated thatuch a mechanism asiggested by Sabio et al.
might also be operative inuman obesity92]. In this study, L6 expression hageen more than
100fold higher in adipose tissue (subcutaneansl \sceral) compared to its liver expression,
suggesting that in severe obesity, the adipose tissndeed the major source of-8. Weight loss
resulted in a dramatic decreasfelL-6 andTNF-U expression with subsequent reduced expression
of SOCS3expresion and improve insulin sensitivity,evidencing the hepatic consequences of
adipose tissue alteratianSo, he liver can be considered a key target organ for adipose tissue
derived -6 and TNFU, because -& dNRU naopes ulrle arfsdlirect s
resistance, e.g., via tpgulation of SOCSP3].

Interestinly enhanced expression of proinflammatory cytokinesadipose tissue was
observed, although livenflammation was still absent, suggesting thdiposetissue inflammation
could precede liver inflammatid®2]. Many human studies suggest that the amount of vistadral
directly correlates with degree of hepatic steatasid inflammation. Hepatic inflammah and
fibrosis correlate with the amount of visceral {f84]. Abdominalfat has been shown to be a major
factor leadingto increased serum alanine aminotransferase lewdig;h might reflect more
advanced diseassuch a?NASH [95]. Thisimportantclinical study further supports theportant
association between adipose tissue and l|iieease. Besides certain adipocytokines/immune
mediatorsthe cellular infiltrde in the adipose tissusust be also considered. In fact, the reduction
of adiposemacrophages (CD1%ccells) improves insulin sensitivitgnd decreases inflammation

[96]. Importantly, adiponectiandPPARO promote adipose tissue macrophagéarization toward
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an alternative/antinflammatory phenotype[97,98] Other studies[99] present evidence that
adipose tissue inflfamation is a common event in morbid obesity, and thssue could be
consideredhe mgor cytokine source in obesity.
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Fig. 1.2. Regulation of insulin resistance and involved pathwaysSeveral inflammatory pathways involved in the regulation of IR Hmaen

identified. (i) adiponectin, aimportant insulirsensitizing adipocytokine that signals via adiponectin receptors. (iiyalMas among the first
mediators to be defined as an important factor linkiml|emmation, obesity and IR. Engagement of TNFR by JaNiRduces inhibitory
phosphorylation of serine residues on IRS1 and activateb B NFkB pathways and JNKathways, twanajor intracellular regulators of IR. (iii)
IL-6 is another pranflammatory cytokine involved in IR development. This cytokine activates SOCS1 and SOCB®itttatubiquitinrmediated

degradation of IRS. (iv) H1 has been shown to reduce IRS1 expoessia ERK1/2 and can also activate the tKnd NFkB pathway. (v)

Oxidative stress also regulates inflammatimsociated IR.

Abbreviations: AP1, activator protein 1; ERK, extracellular receptor kinase;KKhibitor of kappa B kinash; IL, interleukin; insulinR, insulin
receptor; IR, insufi resistance; JNK,-dun Nterminal kinase; NfkB, nuclear factor kappa B; PPAR, peroxisome proliferator activaeeptor;

RIP, receptor interacting protein; ROS, reactive oxygen species; SOCS, suppfeytokinesignaling; STAT, signal transducerdaactivator of

transcription; TNF, tumor necrosis factar; TRADD, TNF receptoil associated death domain protein; TRAF2, TNF recegtsociated factor 2;
Ub, ubiquitin mediatedimage fromTilg H, Moschen ARInsulin resistance, inflammation, and raftoholic fatty liver diseaselrends Endocrinol
Metab. 2008ec;19(10):3719. doi: 10.1016/j.tem.2008.08.005. Epub 2008 Oct 17. Review.
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Liver-gut axis

Due to its anatomicdinks to the gut, the liver is thmajor filter orgarand a first line defence
for thehost The liver is onstantly exposed to gderivedbacterialfractions or metabolites, and it
is an important site for bacterial phagocytosis aridaranceas it hosts more then 80% of the
b o d ynécsophagedn particular,Kupffer cells, the resident macrophagegghe liver, effectively
limit the amountof endotoxin and phagoaytacteria carriedhrough the portal vein, playing
pivotal role for the protection insystemic bacteriainfection [100]. Toll-like receptors (TLRS)
recognise pathogeassociatednolecubr patterns (PAMPS) to detect the presenceathogens.
Evenlow amounts of PAMPsuch as lipopolysaccharide (LPS), lipopeptidesnethylated DNA,
and doublestranded RNAevoke intense inflammatory reactior@@onsidering that gubosts more
than 99% othe bacterial mass in the bqdiytestinal microbiotas the principalsource obacterial
derivedPAMPs in health andiseaseln addition to their role in innate immunityLRs also play a
major role in the regulation ahflammation.Several TRL endogenas ligands termeddamage
associated molecular patterns (DAMPagt as signal of the presence of necrosis and subsequently
trigger inflammatior[66,101] The healthy liver contains lomRNA levels of TLRYTLR1, TLR2,
TLR4, TLR6, TLR7, TLR8, TLR9, TLRI1p and signalling molecules(i.e. CD14 cluster of
differentiation 14 MD-2 or Lymphocyte antigen 9@nd MyD88myeloid differentiation primary
response 88in comparison to other organs, suggesting thaidiveexpreson of TLR signalling
molecules maycontribute to the high tolerance of the liver to TLiBands deriving from the
intestinal microbiotd67,102] In chronic liverdiseasesfor instance cirrhosisstructural changesf
the intestinal mucosde.g. loss of tight junctionslTJs widening of intercellular spaces, vascular
congestionand defects in the mucosal immune sygtpnomote the loss of barrier function and
allow translocation of bacteria and bacterRAMPs [102]. Many proinflammatoryeffects of
PAMPs are a consequenoé TLR-induced secretion of inflammatory mediatossch asTNF-a
andinterleukin (L)-1b as demonstratdabthin vitro andin vivo[103].

Gutliver axis suggesta tight inkage between the health iotestinal tract and that difer.

In fact, there is growing evidence of how gut microflateration ordysbiosismay affect liver
pathology. Altered intestinal bacterial flora as a result of stress, or wrong nutritional habits could
play an important role in the pathogenesis or the development of NAFLD. On the basis that a shift
in the gut microbiota enteric profiledue to bacterial overgrowth, may contribute to the
pathogenesis of NAFLD, treatments able to manipulate enteric flordy, asi@robiotics or
prebiotics, were proposebdlormally, intestinal anaerobic bacteria outnumber aerbhitteria, the

latter are respnsible of bacterid translocation. Thus, naerobic bacteria suppresisg the
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colonisation and growth gbotentially invasive microbegxert animportant role in maintaining
gastrointestinalhealth and in reducing the translocation mdtentially dangerasi microbes
Converselyselectiveelimination of anaerobic bacteria promote®stinal bacterial overgrowth and
translocationGramnegative bacteria such Bscherichia coliKlebsiella pneumonigenterococci
and streptococanot only represent the spes that are mogproficient at translocation, but also

cause the largmajority of infections in patients with cirrhogis04].

Endotoxin and Its Role in Obesity

Endotoxin (lipopolysaccharideLPS), a key constituent of mgnbacteria present in our
microbiota, plays a central role in innate immune responses and has been consideredlted so
66second hitdéd i n[2§.Manipulaiensat thé A8 Burfacey idctudlirey dietary
ingredients, may affect LPS metabolism and result in increased circulating plasma levels. It has
been demonstrated that intake of a Higihor a highcarbohydrate diet in humans over only 3 days
leads to an increase in circulating LPS coritions[105]. Endotoxemia, however, might not only
lead to systemic inflammation but might also worsen obesity {{5@6]. When endotoxemia was
induced for 4 weeks in lean mice, liver and adipose tissue weight gain were increased similarly as
after a highfat diet. This weight gain was paralleled by hepatic insulin resistance, and could be
prevented by antibiotic therapy. Patients with NAFLD demonstrateeased gut permeability,
which importantly has been associated with the severity of liver steatosis but not with the degree of
inflammation (NASH)[107]. This study therefore suggests that detived factors/signals such as

endotoxin might also affect accumulation of hepatic fat.

Intestinal Epithelium: Linking Nutrients to Metabolic Diseases

To date it is be recognized thairanicrobiota might influence systemic immune responses.
At least in part this effect might take plada the bacteriatapacityto digest dietary fiber resulting
in the productiornof shortchain fatty acids (SCFA). SCFAs have anflammatory functions in
various models of colitis and human ulcerative colitis probably via interaction with its receptor, the
G protein coupled receptor 43 (Gpr4[R)08].

Gprd3/- mice show systemic flammation in various tissued09], similar to gerrafree
wild-type mice devoid of bacterial fermentingpacity and hence with almost absent SCFAs in the
gut. Various other pathways (i.eFiaf; Gpr4l) have been characterizédterfering with
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metabolism/adiposity, highlighting how the intestinal microbiota and its products might directly
regulate host genexpression and affect systemic inflammat{@d0,111] These pathways involve
the intestinal epithelium as 6é6sensoro6d6 of t
epithelium in determining systemimetabolic functions Interference with our microbiota via
probiotics or prebioticsor SCFAs might therefore be beneficial and improve systemic

inflammation/metabolic function. So far, only a few animal studieg lha@en performefd12,113]

Toll-Like Receptors and Role of Innate Immunity in ObesRelated
Inflammation

Toll-like receptors (TLRs), also expressed on the gut epithelium, can respond to nutritional
lipids such as free fatty acids and might thereby havela in the pathogenesis of obesity
associated inflammation/insulin resistafit&4]. The recognition of fatty acids by TLR4 can induce
the production of proinflammatory cytokines in macrophages and epithelial[ &85 TLR-4i
deficient mice are protected from hifdit dietinduced inflammation and insulin resistaft&6]. It
is, however, not universally acceptdtht saturated free fatty acids are Iigks for certain TLRs
because it has been demonstrated that saturated fatty acids might not directly stimukate TLR
dependensignalling [117]. Therefore the in vivo effects observed in the above discussed study
[115] could also be accounted by glgrived edotoxin or by endotoxin contanation of the lipids
employed.

Other TLRs may also be involved in obesigjated inflammation. TLR9 promotes
steatohepatitis becaudd_R9-deficient mice are protected from liver inflammatighl8]. The
i mportance of the gut as O06émetabolic organobd
indicating that mice deficient in TLR5 develop all features of metabolic syndrome including
hyperphagia, obesity, insulin resistance,goaatic inflammation, and hepatic steatdis9]. TLR5
deficiency affected the composition of the gut microbiota and, remarkably fetraok the
microbiota from TLR5/- mice to healthy mice resulted in transférdisease. There are two major
implications of this work: (1) the innate immune system plays a critical role in the development of
the metabolic syndrome and (2) transfer of the gut microbiota tetyykl germfree mice results in
severafeatures ofle rovodisease (i.e., metabolic syndrome), again supporting a major role for our

microbiota in metabolic inflammation.
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Treatment forNAFLD/NASH

Current therapiesfor NAFLD and NASHare focused on the varioymthways or process
thoughtto be central in the pthogenesis of thigisease Treatment regimens targeting insulin
resistance, oxidative stress, diabetes, hyperlipideptbasity, and hepatic fibrosis all warrant
critical gopraisal. Multiple modalitiesnclude diet,exercise, surgical interventions, afidally
pharmacotherapsequire evaluation to determine the most effectieatment algorithms. Although
one panacea has no¢en found and is unlikely to exist, a multimodatityatment regimemight

prove effectivgFigure 1.3).

N -~
« Dietary weight loss N -~
\ -
+ Medications associated with A/ / '“I'::It:r“al
weight loss 4
« Exendin-4 S—

Dietary modifications

A Triglyceri .

ycerides

. girllstatb ; * ¥ Fructose

* Rimonabant* | * Altered lipid profiles
+ Exercise — e

+ Ezetimibe
« Orlistat
AFFA £ /\
« Pentoxyfylline —|4TNF-:1 4
Adipocytes

W Adiponectin
e

* TZDs
* Metformin
» Exercise

A Glucose

AFFA —]

* Vitamin E
+ Betaine
* TZDs?

Myocytes

Fig. 1.3. Potentid pathophysiologic effects of therapies that are under investigationThe development of hepatic steatosis and subsequent
steatohepatitis is multifaceted. Several therapeutic modalities under investigation such as tl{ghl&sdinedionel diet, and rercise, and
possibly rimonabant, mayave pleiotrophic effects in improving NAFLD.

*Endocannabinoid receptors have been identified in multiple organs involved in energy homemsiakide adipocytes, liveand possibly skeletal
muscleand the pancrealmage from: Torres DMHarrison SA. Diagnosis and therapy of nonalcoholic steatohepatitisGastroenterology. 2008
May;134(6):168298. doi: 10.1053/j.gastr0.2008.02.Q77
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CHAPTER 2: ULCERATIVE COLITIS

Ulcerative colitis(UC) was frst described in the mitil800s,whereasCr o h n 6 s (Cld)i s e a s
was first reported later, n 1 932, as Becaasgirmrhanld si ldda isteiass.e0 c an
and shares clinical manifestationgth ulcerative colitis, these entities have often been conflated
and diagnosedas inflammatory bowel diseas@BD), although they are clearly distinct
pathophysiologicakntities. Ulcerative colitis is the most common form of inflammatory bowel
di sease worl dwi de. I n contrast to tt@mucbsathad di s
is less prone to complications and can be cured by means of coleetadnyy many patients, its
course is mild120]. The literature on the pathogenesisl treatment of scalledIBD has tended
to focls onCr o hn 6 s [121j1Z] and &w articles expressly discuss ulcerative colitis
[123,124] Ul cerati ve <colitis and Crohndéds dilRiease
frequency in developed countries has been increasing since th20thidentury.When IBD is
identified in a new population, ulcerative coliisnvar i ably precedes Croh
higher incidence. Among children, however, ulcerative calits | ess pr ev diseaset t h
[125]. The highest incidencend prevalence aBD areseen in the populations of Northern Europe
and North America and the lowest éontinental Asia, where ulcerative colitis is by far the most
common form of inflammatorypowel diseas¢126]. A westernized environment and lifestyle is
linked to the appearance dBD, which is associated with smokindiets high in fat and sugar,
medication use, stress, and high semtonomic statu§l27]. IBD has also been associated with
appendectomyl27]. Of these factors, only cigarette smokiagd appendectomy are reproducibly

linked toulcerative colitis.

Symptoms, Clinical Course, and Assessment of Disease Activity

Bloody diarrhea with or without mucus is the hallmadfkulcerative colitis. The onset is
typically gradual, often followed by griods of spontaneougmission and subsequent relapses.
Active diseases manifested as mucosal inflammation commenaintpe rectum (proctitis) and in
somecases spreading to the rest of the cgkig. 2.1A). Althoughproctitis is frequently associated
with fecal urgencyand the passage of fresh blood, constipatiay paradoxically occur.
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Proctosigmoiditis, leftsidedolitis, extensive colitis, or pancolitig-ig. 2.1B) may lead to
diarrhea, frequent evacuations of blood and muatgency or tenesmusibdominal pain, fever,
malaise, and weight loss, depending on the exadtseverity of the diseaséhe prognosis for
patients with ulcerativeolitis is generally good during the first decaafter diagnosis, with a low
rate of colectomy; ovetime, remission occurs in most patierfi20]. Assessmenof the clinical
activity of ulcerative colitis helps the clinician chopskagnostic tests andhake therapeutic

decisions.

Fig. 2.1. Gross morphological appearance of typical UC specimend. Severe inflammation dhe rectum, sigmoid, splenic flexure and part of the
transverse colon, where it stogsruptly and transitions to normal mucoBaSevere pancoliti®?ictures taken fronDanese S, Fiocchi C. Ulcerative
colitis. N Engl J Med. 2011 Nov 3;365(18):1728. Doi 10.1056/NEJMral1102942.Review

Diagnosis

An accurate diagnosis of ulcerative dgliinvolves defining the extent and severity of
inflammation,and this information provides the basis for selecthreymost appropriate treatment
and forpredi cting the pati en fadioppyrare geguwreditcsdeterBiret h
specifichistologic characteristics; radiologic and ultrasonograjexi@minations are not critical but
may be useful[128]. All these investigations aid in differentiatindcerative colitis from other
conditionsthat have similasympthoms Colonoscopy shows a uniformly inflamed mucdbat
starts at the anorectal verge and extends proximalti, an abrupt or a gradual transitifnom
affected to normal mucosa. In mild ulcerative colittle mucosa has a granular, erythematous
appearancewith friability and loss of the vasculgpattern. In moderate disease, erosions or

microulcerationsare evident, whereas in severe ulceratoaitis, shallow ulcerations with
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spontaneoubleeding are generallseen(Fig. 2.2A and 2.2B). Colonoscopyhelps to differentiate
ulcerative colitisfronCr ohndés di sease, whi byhectal sparing, aphtlcoasl | vy
ulcers, skip lesiongareas of inflammation alternating with norm@lucosa), a cobblestone pattern,

and longitudinaljrregular ulcersin patients with cycles of inflammation ahéaling and in those

with chronic, unremittinginflammation, colonoscopy may reveal pseudopolyps mucosal
bridging. Although theras no clear evidence that surveillance prolosgsvival [129], biopsy
specimens should be taken frathcolonic segments, regardeof whether thegre inflamed, with

a particular focus on irregulanucosa, polypoid lesions, and any raisgplasiaassociated lesion

or masg130].

A B

Fig. 2.2. Endoscopic appearance of UCA. Severe active colitis with ulcerations esgbntaneous bleedinB; Chronic active colitisPictures taken
from: Danese S, Fiocchi C. Ulcerative colitis. N Engl J Med. 2011 Nov 3;365(18)25.1Boi 10.1056/NEMral1102942.Review

Histologic Evaluation

In ulcerative colitis, inflammation is characteristicatlstricted to the mucosal layer, with
infiltrates varying in density and composition durirgtive disease or stages of remiss{biy.
2.3A and 2.3B). Infiltrates consist primarily of lymphocytes, plasma cebsd granulocytes; the
last are being particulariyrominent during acute flangps and accumulaie crypt abscessd431]
(Fig. 2.3C). Other typical featuresnclude goblet cell depletion, distorted crypt architecture,
diminishedcrypt density, and ulcerations. Howevepithelioid granulomas, which are typical of
Crohnés disease, ar e n odysplgsia icrtieah diven the ostifecarrelg f o r

in patients with longstanding ulcerative colitifjowever, dysplasia can occur at any staghout

25



indicating malignant transformatiomhere are ncexact criteria for the diagnosis of ulcerative
colitis, but in most cases, the presence of twthogeof the aforementioned histologic features will
suffice[132]. The severity of inflammation on histologggamination and the severity of disease on

endoscopicexamination may not coincide; for instandestological findings (Figure 2.3) may

indicate severe diseaseen in a patient with endogmoally quiescentisease.

Fig. 2.3. Histologic appearance of typical UC mucosal tissué. Chronic active colitis with denssddiffuse inflammatory infiltratesB. Chronic
quiescent colitis with crypt distortio5;. Neutrophil accumulation in a crypt (crypt abscess) in severe colitis with méeskeeyte infitration of the
lamina propria Pictures taken from:Danese S, FiocchiC. Ulcerative colitis. N Engl J Med. 2011 Nov 3;365(18):1253 Doi
10.1056/NEJMra1102942.Review

Genetic Features

The discovery that NOD®@\ucleotidebinding oligomerization dmaincontaining protein 2)
variants are associated with susceptibility tofCro6 s  @pesed a rsew era in the study of the
genetic basis of inflammatory bowel dised483,134] In studies of twins, there is stronger
concordancevi t h Crohnds di sease andthedenwficatioh of a lage r at i
number of susceptibility oci f or Cr ohnds diassecatoe studies suggestddy ¢
that genetidc nf Il uences pl ay a gr dhan ie vicerativel celitigl3h. ACr o h n
metaanalysis of sixsuch studies recently confirmed the presencet®dfloci associated with
ulcerative colitis, of whichl9 are specific for ulcerative dti$ and 28 ares har ed wi t h C
diseasd136]. Several pathwaygotentially associated with ulcerative colitis wédentified in the
metaanalysis and in individuatudies based on validated loci or chromodamegions[137]. Risk
loci for ECM1, HNF4A, CDH1, andAMB1 implicate dysfunction of the epithelial barriean
association with DAP suggests a linkapoptosis and autophagy; and associations WRDM1,
IRF5, and NKX23 suggest defects in transcriptiomaegulation. In addition, multiple genas the

interleukin23 signaling pathway overlap m|l cer ati ve colitis &8R] Cro
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JAK2, STAT3, IL-12B, and PTPN2). Several risk Idaiked to other immune systémmediated
diseasesire associated with ulcerative colitis, particuldtlyA-DR and genes involved in helper T

cell typesl and 17 (Thl and Th17) differentiation, suchlag 0, IL-17R, IL-23R, andinterferon
gamma [FN-2). Altogether, geneticstudies indicate that both specific and ngpecific gene
variants are associated with ulceratoaitis, and the two forms of inflammatory bowdisease
share disease pathways. Ulcerative ohppears to be as genetically heterogeneouSa® h n 6 s
disease, but given the large numberiraplicated genes and the small additive effecteath,

genetic screening is not currently indicateadssess the risk of ulcerative colitis.

Microbiologic Feaures

The gut immune system is generatblerant of this microbial load, and a breakdown
tolerance is postulated to be centrathte pathogenesis ¢BD [138]. Although lossof tolerance to
gut microbiotais demonstrable in animal models IBD, there areonly limited evidege for this
finding in pati enandnone inthbse With alteratives colitishas elsosbeen
postulated that alterations tine composion of the gut microbiota, defects mucosal immunity, or
the two factors combinecbuld lead to ulcerative colitis; however, supporewedences arsparse.

A key issue is the characterizatiohthe gut microbiota in the normal intestiaed in the mtestine

in patients withIBD. This issue awaits answers fraghe Human Microbiome Project, which aims
to define the composition of the intestinal microbiataconditions of health and diseag39].
Thereis a consensus that the density of microbiotgréater in patiets with ulcerative colitis or
Cr o hdiséase than in healthy control subjects, but whethere are reproducible, disease
specific alterationds unclear[140]. The fact that antibiotic theraplyas no clinical effect on
ulcerative colitis argueagainst an important role of bacteria in this diseag®gereas antibiotics do
provide some benefi n | umi nal CAltimohgh desumahtibaceralargibodies are
present in patientsith ulcerative colitis, they are much more comnard are found irhigher
titers in patientswi t h Cr ohndos di seas e. antibadiest dyanst hhactereal tr
antigens (antl2, anttOmpC, and atCBirl antibodies) and fungaintigens (antiSaccharomyces
cerevisiaeantibodies] ASCA] ) i s br o aabe whereahe ofly uchrativescolitsi s
associated antibodg perinuclear antineutrophil cytoplasmic antibddANCA), which recognizes

nuclear antigens thatay crosseact with bacterial antigef$41].
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Mucosal Immune Response

Intestinal homeostasis requires a controlled inimateune response to the microbiota, which
is recognied by toltike receptors and NOReceptors on epithelial and immune c¢llg2]. This
recognition process contributes to tolerantmat, when the process is dysregulated, inflammation
ensues. At presentydre is no clear evidenoé specific, innate immune defects in ulceratodtis;
an increased expression of TLR2 and TLBy colonocytes[143] is probably secondary to
inflammation.] n contrast, i n Cr o bfnnMae idmusitg ars knked b nor
variants of the NOD2, ATG16L1, and IRGM gene#)e products of which normally mediate
microbialrecognition[144,145] The production of proinflammatooytokines, sule as IL-1 blL. -6,
TNF-U, tamod necrosis factolike ligand 1 (TL1A), isuniversally increased in patientsith
IBD but it does not allow to discriminatb et we e n ul cerati veiseasen | i t i
Abnormalities in humoral and cellular adaptimemunity ocur in ulcerative colitis. ElevatedM,
IgA, and IgG levels are common in inflammatdsgwel disease, but there is a disproportionate
increase in IgG1l antibodies in ulceratigelitis [146]. Abnormalities of adaptive immunity that
di fferentiate ul cer at iakdefiredbyimudosal CD4+d rellsCwhah n 6 s
were initially divided into two lineages: Thl atilpe 2 hel per T cell s (Th
Thl-like condition, on the basis of evidence of increagemtuction oflFN-2 [147]. In contrast,
ulcerative colitis represents an atypical Th2 respomséndicatedy the presence of narassical
natural killer T cells in the colon that secrefeundant 1-:13, which mediates epitheliatell
cytotoxicity, apoptosis, and epitheliaarrierdysfunction[148,149] IL-5i producirg Th2-polarized
T cells are also present in ulceratie@itis. The balance between Thl and Ties been used to
differentiate between ulcerative ol i t i s and Crohnos d helpezxcalls e . F
lineages have recently been delineated|uding Th17 cells that produce the proinflammatory

cytokine 1L-17, the levels of whichre increased in the mucosa of patients Vvath [150].

Epithelial Cells and Autoimmunity

Because inflammation in ulcerative colitigically does not extend into the small intestine
andoccurs in proximity to the epithelium, colonocyi@® implicated in the pathogenesis of this
diseaselt has been proposed that the epithelium is diffuablyormal, irrespective of inflammation
[151]. Other reported abnormalities in ulcerative coliglude an epitheligbarrier defect and

impairedexpression oPPAR-9, a nuclear receptor that regulatefammatory genefl52]. In both
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ulceraive colitisand Cr ohndés di sease, eagbiitythactivateasuppressol | s
CD8+ T cellsbut this abnormality is probably secondary to othenune event§l53]. Variants of
the XPB1 gene, theroduct of which $ a component of the stremssponse of the endoplasmic
reticulum in epithelialcells, have been linketb IBD, reinforcing theideathat colonocytesare
involved in its pathogenes|454]. Autoimmunity may play aale in ulcerativecolitis. In addition
to pANCA, this disease is characterizeyl circulating IgG1 antibodies agairetcolonic epithelial
antigen that is shared withe skin, eye, joints, and biliary epithelij&b5]; sincethese are the sites
of extraintestinal manifestatioria ulcerative colitis, it is possible that crossreactargibodies
against the colo cause organspeciftamage. Tropomyosin 5, a structupabtein, is the putative
target autoantigen of thEyG1 antibodies[156], but evidence of classical antibedmnedated
autoimmunity in ulcerativeolitis is still lacking. Figure 2.4 summarize®ur currentunderstanding

of the pathogenesis of ulcerativelitis.
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Fig. 24. Current concepts concerning the pathogenesis of ulcerative colit@ycolipids from epithelial cells, bacteria, or both indube up

regulation of interleukil 3 r ec dlp-1t ®r UPR on mucosal

n at interlaukinl® (IL+18) ectivat@s these Icdllss whicka ut ocr

expandin number and create a positive feedback It enhances interleukit8i mediated natural kille-cell cytotoxicity, causing epithelial

barrier dysfunctionThis leads to enhanced absorption of bact@riatiucts and the generation of antibacterial antibod@siage to epithelial cells

induces the productionf antitropomyosin antibodies by B cellahile nuclearproteins from neutrophils induce the productionpdNCA. In
addition to type 1 and type 17 helpkrcells (Thl and Th17), an increased number of typelper T cells (Th2) produce interleukli3, which

inducesepitheliatbarrier dysfunctionresulting in increasegdermeability, and interleukib (IL-5), whichmay contribute to eosinophil recruitment

and activationincreased absorption of bacterial products stimuldéeslritic cells and macrophages, resulting ingrauction of proinflammatory

cytokines and chemokinemterleukinl bactivated epithelial cells secregpithelial neutrophihctivating peptide 78 (ENA8) and interleukirg,

which recruit neutrophils, as well asonocyte chemoattractant protein 1 (MCPR which attractsand activates macrophages, and RANTES

(regulatedupon activation, normal T cell expressed andreted), which attracts and recruits effector hélpeglls. Genetic variants associated with

ulcerative colitis,reduced expression ¢fPAR9 by colonocytes, mucus abnormalities)d abnormalitie of regulatory T cell§Treg) may also

contribute to selective autoimmuaed immunemediated events in the pathogenesisloérative colitis. |1 denotes interleukid, IL-6 interleukin

6, TL1A tumor necrosis factblike ligand 1, andrNF-U
2011 Nov 3;365(18):17135. Doi 10.1056/NEJMra1102942.Review

t umos i 8 e ¢lmagd from Datise S, Fiocchi C. Ulcerative colitis. N Engl J Med.

30



Pharmacological Therapy

According to current consenshased guidelineghe choice ofdrug treatment for patiets
with ulcerativecolitis should take into consideration tleeel of clinical activity (mild, moderate, or
severe)combined with the extent of disease (proctitefi-sided disease, extensive disease, or

pancolitis),the course of the disease durinide-up, andp a t i prefdaredice§i57,158]

Drugs for Remission Induction

Sulfasalazine and-&8minosalicylates (mesalamingsalazine, and balsalazide), given orally,
rectally (by means of suppository or enemaj both, represerfirst-line treatment for ulcerative
colitis, with an expectg remission rate of about 50%lild-to-moderate proctitis can be treated
with mesalamine suppositories (1 g per day) or endeh&s 4 g per day); clinical remission occurs
in most patients within 2 weeks, with repeateshtments as needed.itffails, 5aminosalicylate
enemas (2 to 4 g per day) or glucocorticeimas (hydrocortisone at a dose of 100 mglagr or
new preparations such as budesonideemomethasas) arethe next stegd159]. Patients whalo
not have a response to regtadldministerecagents may be given oral glucocorticoids (ug@®mg
of prednisone or its equivalenBatientswith mild-to-moderate ulcerative colitis thaterefractory
to rectal therapies and to oratahinosalicylateare candidates for oral glucododids or
immunosuppressive agents (azathioponé&-mercaptopurine)to whomdo not have aesponse to
maximal doses of -aminosalicylate or oral glucocorticoids should be given intravenous
glucocorticoidq157].

For patents who continué require glucocorticoid therapy and for thagieo do not have a
response to it, a good therapeujation appears to be infliximab, a monocloaatibodyagainst
TNF-U, a d mi na dege efrseng pea kilogram of body weightOat2, and 6 weekEL60].
Infliximab in combinationwith azathoprine (2.5 mg per kilogram) wereportedto bemore active
thaninfliximab or azathioprinenonotherapy for inducing glucocorticoicke remission in patients
with moderateo-severeulceratve colitis. Many specialists suggest that patients with extensive,
severe disease receive-@&y to #daycourse of intravenous glucocorids[157]; if the diseasés
unresponsive, then intravenous cyclospof(eng per kilogram) or infliximab is usualthe next
step. Although cyclosporine can be effectiitegenerally delays rather than prevestgsequet

colectomy [161]; furthermore, infliximabis increasingly used as an alternative treatnfent
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patients with refractory disease, given its effectivermsd better shoitierm safety profile as

compared with othetherapieg§162].

Drugs for RemissiorMaintenance

After remission has been achieved, the goal mamtain the symptorfree status, which can
be accomplished with various medications, with #heeption of glucoarticoids, which have no
placein maintenance therapy, given the marked siffects associated with their lotgrm use.
Both oral and rectal faminosalicylate have greater efficattyan placebo for maintenance of
remissionin patients with distal diseagd63]. Thiopurines(e.g., azdtioprine at a dose of 2.5 mg
per kilogram or 6mercaptopurine at a dose of 1.5 imer kilogram) are recommended when 5
aminosalicylateis ineffective or not tolerated or whehe patient is glucocorticoidependent,
althoughit may take several months bedadheir maximakffectiveness is reached. For patientso
do not have a response to immunosuppregsieapy or cannot tolerate it, affNF-U agents are
gradually being adopted; higher ratdgemission andmprovement on endoscopy, asll as lower
rates of colectomy, are reported whiafliximab trough levels are detectable in the circulation
[164. Unl i ke Crohnds di s e aespond toutolsictia thetapyy For egampld, t i s
Escherichiacoli strain Nissle 1917200 mg per day) isot less effective than-&minosalicylate
(1.5 g perday) for maintaining remissi¢h65], and the probiotie/SL#3 (3600 billion colony
forming units peday for 8 weeks) in conjurion with 5-aminosalicylateean help induce remission
in mild-to moderateulcerative colitis[166]. There are multipléndications for surgery, including
the failure of medical therapy, intractable fulminant colitispxic megacolon, perforation,
uncontrollable bleedingntolerable side effects of medications, strictuitest are not amenable to
endoscopic alleviationnresectable higgrade or multifocal dysplasidysplasiaassociated lesions
or masses, cancandgrowth retardation in childr¢h67]. There aralso multiple surgical options.
Traditional proctocolectomwith ileostomy is curative and technicaliyraightforward; however,
possible complicationsmclude smalbowel obstruction, fistulagersistent pain, sexual and bladder
dysfunction,and infertility [168]. Total proctocolectomy witlleal poucfi anal anastomosis (IPAA)
is curently the procedure of choice for most patients wéguire elective surgery, since it has the
distinct advantage of preserving arsghincter function.This approach is associated with an
acceptablemorbidity rate (19 to 27%), extremely low mortalif9.2 to 0.4%), and good
postoperative qualityf life [169]. Continent ileostomy is an alternative procedorepatients with
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ulcerative colitis who aréneligible for or have declined IPAA or who hawet been helm by it
[169].
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CHAPTER 3: PROBIOTICS, PREBIOTICS AND SYNBIOTICS

Probiotics

A probiotic is usually defined as a live commensal microorganism that, when consumed in
adequate quantities, confers a health benefhiechbst (FAO/WHO 2001). Criteria for designating
a commensal strain as a probiotic include nonpathogenic, human origin; acid and bile resistance;
survival of gastrointestinal transit; production of antimicrobial substances; and immune modulator
activity [170,171] The main probiotics on the market are lactobacilli, streptococci and
bifidobacteria, which are normal constituents of thenan gastrointestinahicroflora The first two
belong to a large group of bactemsignated as lactic acid bacteria (LAB)/2].The genus
Bifidobacterium is unrelated to LAB phylogenetically, and Bifidobacterium species use a unique
metabolic pathway for sugar metabolism. However, Bifidobacterium species are often considered to
be LAB and probiotics because of their docutedrhealth promoting effecf$73]. Recent studies
have demonstrated that beneficial effects were achieved not only by live bacteria, but alse by heat
inactivated or gammaradiated not viable bacteria, isolated bacterial DNA or even probiotic
cultured medig174], presuming that probiotics can At al
specific receptors or that are otherwise sensitive to proldetived products (e.g., metabolites,
cell wall components, DNA). The field instead needs to consider specific immunological
applications, whether prophylactic or therapeutic, and then proceed to address mechanisms by

which ingested probiotic organismsght be used to prevent or treat several disorders.

Prebiotics

Prebiotics are indigestible carbohydrates that stimulate the growth and the activity of
benefical bacteria, particularly lactobacilli and bifidobact¢tizb]. Many years ago the prebiotic
lactulose has been shown to improve symptoms in liver patients increasing the numbers of
bifidobacteria[176] and today is commonly used in these pati¢ht§]. Oligosaccharides that are
contaired in human milk are considered to be the prototype of prebiotics, since they have been
shown to facilitate the growth of bifidobacteria and lactobacilli in the colon of biedsteonates
[178,179] Any food thatreaches the colon other than nondigestible alayfirates, such as
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peptides, proteins anckrtain lipids, is a potential prebiotic. Fructooligosaccharides (FOS) consist
of short and mediurdength chainf b-D- fructansin which fructosyl units are bound byfa2-1
linkage, with the degree of polymerization varying betw&emand 60 (wulin) or 2 and 20
(oligofructosg [180]. Because of the presence of fiRknkages, FOS are indigestible in the upper
gastrointestinal tract. Consequently, they enter the cecum/large bowel intact, here they are largely
fermented teshort chan fatty acids ihainly acetate, propionate and butyrrate and other metabolites
e.g. lactate) and cause proliferation of selected anaerobic bacteria, mostly bifidoha86:1i81]

Thus, FOS including inulin, othesligosaccharides, lactulose, resistant starch and dietary fibres
have been shown to promote a probiotic resp¢hs®]. Previously, it was also demonstrated that
FOS modifiing the gene expressiaf lipogenic enzyme, reducetk novoliver fatty acid synthesis

[182], contributing to the decrease in TG accumulation in the liver. Studies provide novel insights
on the possible link between prebiotics and metabolic diseases, such &g afe3R[183,184]
Prebiotic supplementatiois able to increase in plasngat peptide concentrations (glucagide
peptide 1 and peptide YY), which may contribute in part to the changes in satiety apdapdst
glycaemic response in healthy subjddi85]. A functional food approach has been utilized to add
FOS, primarily inulin, to products (cereals, biscuits, infant foods, yogurts breads and drinks) or to
dietary suplements at concentrations at which a prebiotic effect may dié&&j. Indeed, the
modification of intestinal microflora (increase in Bifidobacteria and subsequent reduction in
Enterobacteriaceqecontributes to a reduction in faecal pH, which results in a minor rate of
ammonia absorption and in a lower amount of total ammonia into the blood stream. Considering all
this evidence, it is logical to assume that also the prebiotics would be goadatesdo protect the

liver in individuals with fatty liver and other liver problems.

Synbiotic

The tsybiagtid 6i s used Owhen a product c[b8Alt ai ns
For example, thesynbiotic combination of a specific oligofructosmriched inulin (SYN1) and
Lactobacillus rhamnosus GéndBifidobacterium lactis Bb1for 12 weeks caused1®% and 18%
increase in the numbers of Lactobacillus and Bifidobacterium, respectively, and a 31% decrease in
the numbers o€lostridium perfringen$188]. Recenin vitro studies have confirmed thsynbiotic
weremore effective than prebiotics or probiotics in modulating the gut micrdfl&ej.
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3.1Biological and molecular basis of probiotic adbn in NAFLD

Clinical and experimentadtudiessuggest that probiotics differ greatly in their effects and

mechanisms of action. Significant differences exist, not only among the probiotic species, but also

within the same strains. Understati variousmechanisms of probiotic action is crucial for the

establishment of definitive selection criteria for certain strains or combination of strains for specific

clinical conditions. Although the molecular mechanisms of probiotic are not completely elucidated,

many effects could result beneficial in NAFLD,

including the modulation of the intestinal

microbiota, antibacterial substance production, epithelial barrier function, intestinal inflammation,
or the immunesystem(Figure 3.1).
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Probiotics as an emerging therapeutic strategy to treat NAFLD: focus on molecular and rbicghenechanisms. J Nutr Biochem. 2011
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Modulation of the intestinal microflora composition and
antibacterial factor production

Probiotic can limit the role of bacterial patems in NAFLD through at least two
mechanisms: the exclusion or inhibition of invading bacteria and the production of antimicrobial
factors. Nomspecific antimicrobial substances include SCHASO], hydrogen peroxidg191],
bacteriocins, bacteriocilike inhibitory substances (BLIS), and bacteriophaff3?]. SCFA are
produced during the anaerobic metabolism of carbohydrates especially by strains of lactobacilli and
have an important rel in decreasing pH and inhibiting the growth of a wide range of Gram
negative pathogenic bacteria. The inhibition of microbial growth by organics may be due to the
ability of these acids to pass across the cell membramebssociate in the more alkalirell
environment ando acidify the cytoplasni193]. In microbial fermentor systems, pH modification
could lead to a shift in the compositiohthe microbiota communitjd94], limiting the populations
of certain gut pathogen$95]. Bacteriophages are highly specific and can be active against a single
strain of bacteria. The-@omponent lantibiotics, a class of bacteriocins produced by Positive
bacteria, such asactococcus lactisare small antimicrobial peptid¢$96]. These pejdes have
been found to be active at nanomolar concentrations to inhibit mulidsigtant pathogens by
targeting the lipid Il component of the bacterial cell wal7]. Other noAanthionine containing
bacteriocins are small antimicrobial peptides produced by lactobacill. These peptides have a
relatively narrow spectrum of activity and are mostly toxic to Gpasitive bacteria, including
Lactococcus, StreptococguStaphylococcusisteria, and MycobacterialThe main mechanisms of
bacteriocin action are based on forming pores in the cytoplasmic membrane of sensitive bacteria
and interfering with essential enzyme activities. In addition, several strains of Bdtdabahave
been found to produce bacteriodike compounds toxic to both Grapositive and Grarmegative
bacteria[198]. Bifidobacteria and Lactobacilli can adhere to intestinal epithelial cells through
surfaceexpressed proteingd99]. In particular,Lactobacillus casebinds to extracellular matrix
components, such as collagen, fibronectin or fibrino§200]. Moreover, a part from their
antimicrobial effects, some secreted probiotic factors are also able to inhibit the binding of
patlogenic bacteria to the specific receptors expressed on the epithelium $@@fakLeSeveral
strains of lactobacilli and bifidobacteria are capable to compete with and displace pathogenic
bacteria, includingBacteroides vulgatysClostridium histolyticum, C. difficile, Enterabter
aerogenes, Listeria monocytogenes, Staphylococcus aureus, Salmonella enterica, Yersinia

enterocolitica[202], enterotoxigenidE. coli[203,204] and enteropathogentke. coli [205], even if
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the pathogens have attached to intestinal epdhedills prior to probiotic treatmefi202]. In this
context, recent gtlies regarding proteinase treatment and carbohydrate competition have confirmed
that the probiotic binding to intestinal epithelial cells is mediated by lgk&nadhesion and
proteinaceous cell surface componef296,207] which are the same receptors mediating
pathogenic bacteria binding to intestinal epithelial cells. For example, Lactobacilli and
Bifibobaderia establish mannose a@la | 1f8GalNAcspecific adhesions to attach to intestinal
epithelial cells ad mucus [206], competing with pathogens for lectin binding sites of
glycoconjugate receptors for intestinal adherence. Therefore, the capabilibpmitics to improve

gut ecology and microbial composition, inhibiting pathogenic bacteria growth and/or competing

with and displacing pathogenic bacteria can prevent small intestinal bacteria overgrowth.

Modification of intestinal epithelial permeabilit and function

Probiotics are able to improve the nspecific intestinal barrier defence mechanism,
modulating tight junctional proteins and stimulating mucin production. These effects limits small
intestinal bacterial overgrowth, and bacterial translonatoth events observed in humans and in
animal models and responsible of the reduced endoto@08 The mucus layer, covering the
gastrointestinal mucosa, is considered as the first line of defence against mechanical, chemical, or
microbiological aggressions arising from the luminal contemdedd, the break of the mucus
barrier in inflamed colon has been shown to allow bacterial adherence to epithelig®juand
the removal of the mucus layer favours the penetration of high molecular weigbt pnromucosa
[210]. It has been demonstrated that Lactobacilli upregulate the M@2MUC3 mucins and
inhibit attachmentof enterohemorrhagi&.coli in vitro [211] and th& a probiotic mixture of
lactobacilli and bifidobacteria increased the secretion of mucin, stimulating MUC2 gene expression
in rat colonin vivo[212].

Probiotics stimulate the production of SCFE43], which, in turn, are able to modulate
intestinal permeability as demonstrated several conditions, including antibiotic associated colitis,
inflammatory bowel disease, colon cancer and hepatic encephglopabbiotic administration
could potentially reduce bacterial metabolites, that may be toxic to the intestinal epithelium for
instance hydrogen sulphide and extracellular superditi¢]. Lactobacillus GG Bifidobacterium
infantis, Bifidobacterium lactiand E.coli Nissle 1917ncrease tight junction integrity, preventing
their disruption. The biochemical pathways mediating the probiotic effect on tight junction function

include protein kinase C and MAP kinaselpetys, and involve both redistribution and altered
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expression of the tight junction proteins occludin,-Z@zonula occludeng) and ZO2 and
claudins 1, 2, 3 and[215,216]

Modification of endotoxemia

The clearrole for endotoxin levels in alcoholic liver injury, the involvement of endotoxemia
in NAFLD has also been addressed. In fact, the increase of endotoxemia and the induction of
hepatic TLR4 and TLR accessory molecules @@and CD14) were evidenced in mieel with a
MCD (methionine cholinedeficient)diet, suggesting that TLR4 signalling is, indeed, important for
the pathogenesis of NASF217]. Moreover, depletion of Kupffer cells diminished dieduced
increases iMLR4 andTNF-U, indicating a crucial role for these cells in mediating TLR4 signalling
and transcriptin of cytkines

Suppression of inflammation

Intestinal inflammation leads to an increase of mucosal permeability and bacterial
translocation. It is neworthy that several cytokines, suchTa$F-U, IFN-o, IL-4 and 1L-13 have
been shown to increase permeability in vitro using intestinal epithelial mono[ay}&is altering
tight junction morphology and distributid219], and thereby creating a s@krpetuating vicious
cycle thatamplify bacteria translocation and possibly extri@stinal inflammation and damage.
Within intestinal epithelial cells, the tramr#ption factor NFe B, i's a master coor (
and inflammatory responses to pathogenic bacteria and other sigesds. However, most
commensal bacteria do not activate-Bl B, whi |l e some of them can an
by several mechanisms. In particular, the nuclear export of the p65 subunisoBNFc an accur
PPARo-dependent manng220]. Soluble components from a mixture of commercially available
probiotics, VSL#3andLactobacillus reuterinhibit epithelial proteasome function, preventing the
degr adat [209R21pThis was &companied by an increased expression of nerve growth
factor, which has antnflammatory properties. This finding implicates a role of the enteric nervous
system in hosmnicrobial interactions. A variety of probiotic bacteria inchglithe mixture VSL#3,
L. reuteri, L. salivarius UCC118, and B. infantis 356#e been shown to suppress8lisecretion
from intestinal epithelial cells in response to several pathogenic ba@&8222] This cyokine
[223] transcriptionally regulated by N& B i s a p o t-recruiting anel vattivabng h i |
chemokine. The antnflammatory effects of a number of probiotic bacteria including
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Bifidobacterium infantis 35624nd L. salivarius UCC11&ave been shown also to be mediated,
only in part,throughtNF-2 H222]. BesidlesNFe B pat hway, ot her intrace
pathways have also been associated with the proteeffeets mediated by probiotics. These
includeMAP Kinase AP-1, and PPAR  p a t [R24,32%]A part from intestinal inflammation,

small intestinal bacterial overgrowth and translocation result in endotoxemdairtwly stimulates
hepatic Kupffer cells to producENF-U and oxygen free radica[226,227] The role ofTNF-Uin
NAFLD has been well documented and was strengthened by the improvement in liver function with
ant- TNF therapy{45]. A study performed imb/obmice, as a model of NAFLD, demonstrated an
improvement in mice treated with the probiotic mixture VSL#3, also related to a reductidi-of
Uactivity [45]. Similar data were obtaindtbm our group in a model of NAFLD induced by a high

fat diet; we demonstrated the antioxidative and-ifiimmatory effect elicited by VSL#3 in an
experimental model of NASH induced in young rdikis probiotic mixture induced a decrease in

the oxidative stress, evidenced through the reduction of malondialdehyde, and protein
nitrotyrosilated levels in the liver. Moreover, VSL#3 exhibited an-mflammatory activity by a
reduction of NFkB activaton in the liver and hence COX (Cyclooxygenase®) and iNOS
(inducible nitric oxide synthasexpression. This effects was also evidenced by VSL#3 capability
to reduce hepatitNF-Ulevel, the key pathogenetic factor responsible of the onset of NASH, and
restoring PPARU expression[70]. Another study measured hepatic natural killer T (N&&)
depletion in higkfat fed animals. This diet induced the depletion of NKT from the liver, leading
overproduction of TNFU and causing inflammation, insulin resistance and steatosis. VSL#3
significantly improve all these parameters restoring insulin signdli#g]. Considering the anti
inflammatory properties of more than 550 different lactic acid bacteria strains, aynévotic
composition was obtained, consistingliactobacillus plantarum, Lactobacillus paracasei subsp.
paracasei, Lactococcus raffinolactimdPediococcus pentosaceymus four different fibers known

for their strong bioactivity: betaglucan, inulin, pectin and resistant starch. This composition,
Synbiotic 2000, was successfully investigated in surgical operations such as liver transplantation

reducing the problem of postoperative infectifi2{29].

Immune system modulation by probiotics

Commensal bacteria camodulate the immune system badh local and systemic level.
Signals mediated by these bacteria are essential for optimal mucosal and immune development, and

to maintain or restore gut integritp230,231] In the ntestinal tract, immunocytes, such as
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enterocytes, M cells, and dendritic cells (DCs), are constantly responding to intestinal bacteria.
These cells express pattern recognition receptors, such as TLRs, that engage bacterial signals
(lipopolysaccharide, liptechoic acid, bacterial DNA, and flagellin) and contribute to the activation

of transcription factors and proinflammatory cascade. Immune engagement and systemic
immunologic changes are associated with oral consumption of prodid82§ which share the

same hosmnicrobial signalling pathways of commensal microbiota. In the intestine, probiotic
bacteria are internalized by M cells to interact with DCs and follicle associated epithelial cells,
initiating responsesnediated by macrophages and T and B lymphocj288]. DCs initiate
immune responses in vivo by presenting antigens to [§ eeld influence polarization of-dell
responses (Thl, Th2, Th3 or regulatory T cells) through secretion of immunoregulatory cytokines.
Moreover, DCs contribute to oral tolerance induction by generating regulatory T cells and IgA
producing B cells througproduction of cytokines, such as-11I0 andTGFb (transforming growth

factor ketg [234]. Regulatory T cells produce high levels oflD and suppress the proliferation of
effector T cells in an I110i dependent manner. Different strains of lactobacilli andrgthebiotic
bacteria can modulate DCs function modulating cell maturation and the expression of regulatory
cytokines, such as L0 [235,236] DCs from different lymphoid compartments exhibit divergent
cytokine respnses to probiotic and pathogenic bact§2f@/]. Some strains of probiotic bacteria,
such ad.. caseior L. reuteri but notL. plantarum can promote DCs to induce tolerance driving the
development of regulatory Tells [238]. Similarly, VSL#3 can ameliorate Thl ceflediated
murine colitis, by restoring cytokine balance through the induction dfOiLand TGFb-bearing
regulatory T cell§239]. Probiotics can interact either directly with DCs or indirectly, via the action

of M cells. Very recently, it has been evaluated the ability of threéeHdacilli strains Plantarum,

LGG and paracasei B210pQo activate DCsL. paracasei B2106@vas identified as the more
immunomodulatory among the three strains, and was able to inhibit the inflammatory potential of
pathogenicSalmonellaand protect against experimental colif10]. Probiotics, in addition to
facilitate cell mediated immunity promote humoral respondee &dministration of probiotic
bacteria leads to an increase in the levels of pathsgecific IgA[241], and IgA responses are
enhanced in formutéed infants supplemented with probiotics compared wifants receiving
placebd242]. Of note, the induction of IgA in the gut is heavily degenton TGFb, whi ch i s
closely involved in the maturation of regulatory T c¢#43]. In agreement with these studies, a
recent randomised, doubldind, placebecontrolled trial demonstrated that the admsiration of

two probiotic bacterial.. gasseri CECT5714nd L. coryniformis increased the proportion and

activity of phagocytic and NKT cells, as well as levels of IgA in healthy afdis]. Particularly
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desirable strains are those that improve immune function by increasing the number- of IgA
producing plasma cells, improve phagocytosis, dred groportion of Thl cells and NKT cells
[245]. Some strains are more likely to have strong clinical effects; among them are strains like
paracasei subsp paracasei, L. plantarum, and Pediococcus pentoshteasticular,L. paracasei

has been shown to indeicellular immunity and stimulate production of suppressive cytokines such
as TGFb  a n-d0, tb suppress Th2 activity and CD4c@lls [246], suppress splenocytes
proliferation[247] and decrease antigaspecific IgE and 1gG1248]. L. paracasewas also shown

to be the strongest inducer of Thl and repressor of Th2 cytokid®% Moreover, it has been
shown that ceculturing lactic acid hcteria with human or rodent leukocytes has been shown to
augment the production of type Il interfer@RN-2 by mitogenstimulated mononuclear céljor to
induce type | interferonIFN-U production by isolated macrophay€g@50]. Both interferons
promote Thitype immune responses and reduce IgE produ§2is]. IL-12 has been shown to be

an important pranterferon cytokine involved in the production of lactic acid bactstimulated
IFN-2[250]. IL-12 is known to be an effective cytokine during the early differentiation of ThO cells,
promotng development of Thl lymphocytes and augmenting NKT cell function; both of these
actions increasdFN-2 producing capacity, limiting the overexpression of a Th2 phenotype.
Moreover, Il-12 has also been demonstrated to regulatd kroduction, limiting bth the
establishment and maintenance of di2e responsei252]. The vaying immunological effects of
bacteria highlight differences that arise when diffetgpé, fluid, or tissues angesed.

Probiotics efficacy in NAFLD: from animal models to clinical
evidences

The major difficulties in our knowledge on probiotics efficagyNAFLD derived from the
different experimental models used and bacterial strains té€3fiactal research into mechanisms
of NAFLD development and progression are limited by ethical considerations, particularly with
respect to obtaining liver and othgssues, and by inadequate ability to delineate cause and effect
from complex pathology with several involved mechanisms. It is therefore attractive experimentally
to use animal models. Research models of NAFLD may be divided into two main typologies, thos
caused by genetic mutation and those with an acquired NAFLD phen@ypg The central
features of the Amodern | ife styled that pr e
fatty liver disease ishte constant <caloric overconsumpti on,

nutrition has been achieved in animal models in a number of different ways, including forced
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feeding, administration of higfat diets, the use of genetically hyperphagic animals,aor
combination of these approaches. The effects of administering a high fat diet to rodents can be
highly variable based on treatment duration, animal strain, percentage and nature of fat added to
diet. The high percentage of fat contained in the dietklcamge between 40% and 70%. The well
known study by Lieber and colleagues described the effects of feeding a liquiththatt (HFD)

to SpragueDawley rats [254]. High-fat-fed rats showed quickly extensive ndbmndrial
abnormalities and dysfunction producing reactive oxygen species with an array of responses that
results in hepatocyte injury and cell death, inflammation, and fibrosis. Conversely, to better study
the relationship between the visceral adiposuésand the liver, it is possible to use a high fat and
calorie solid diet[255] creating in several weeks a model of IR and NAFLD/NASH in-non
genetically modified animal$256]. This model is characterized by visceral obesity, increased
glucose and insulin levels, decreag®ARU expression, and alterations in insulin signalling and
hepatic steatosis, leading to oxidative stress, necroinflammatory liver injury, cell apoptosis, and
collagen deposition. On the other hand, different diet manipulations have been shown to induce
obesity and fatty |iver i n a number of differ
nutritiono with either carbohydrates (fructo:c
both might play a role in the genesis of obes@fted NAFLD. The efficacy of probiotics in
several experimental models of NAFLD/NASH is reportedahle 3.1. As depicted, the most
characterized probiotic is VSL#3 mixture, active in several murine models of high fatdlieed
NAFLD/NASH. Li et al. [45] usingob/ob mice fed with a HFD provided the first evidence that
manipulation of the intestinal flora in experimental model influences obeditied fatty liver
disease. In fact, VSL#3 similarly to atNF-U anibodies improved liver histology, reduced
hepatic total fatty acid content, and decreased serum alanine aminotransferase (ALT) levels. These
effects were associated with a reduction of the JINK andBlBctivity, of fatty acidb-oxidation

and of mitochondal uncoupling protein (UCP2 expression, all markers and factors characterizing

IR. Subsequently, Ma et g228] showed that oral VSL#3 treatment significantly improved the
HFD-induced IR and steatosis recovering hepatic NKT cell depletion. Conversely, recent data have
demonstrated that in anothmodel of NAFLD/NASH, VSL#3 attenuated fibrosis, reducing FksF

and c o l-9MaA ¢apim,smobth muscle achinVIMPs expression, but had no effect on liver
steatosis parameters and inflammation in M@éD mice[112]. These data are limited by the type

of diet used in these smal models. The major disadvantage of the MCD model is that it is

associated with significant weight loss, low serum leptin level and peripheral insulin sensitivity.
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Table 3.1. Effect of several probiotics in experimental model of NAFLD.

Probiotic Experimental Duration Results Reference
model of therapy
VSL#3 Mice: ob/obmice 4 wks Improved NAFLD histology and reduction of
fed highfat diet hepatic total fatty acid content, and serum [45]
1.5x 106 (HFD) ALT levels; amelioration of the hepati
CFU/mouse/day insulin resistance
Bacillus Rats: highfat and 6 wks Reduction in plasma LDL, cholesterol, and
polyfermenticus high-cholesterol hepatictotal cholesterol, and triglycerides,
SCD diet [257]
3.1 x 16 CFU/day
Lactobacillus Mice: highfat 8 wks Resolution of hepatic steatosis (at higher dd
rhamnosus PL60 diet (HFD)
[258]
1.0x10-1.0x 16
CFU/mouse/day
Lactobacillus Rats: high 8 wks Reduced liver oxidative stress, improved
acidghilus and L. | fructose diet insulin resistance [259]
casei
VSL#3 Mice: highfat 4 wks Improved HFDinduced hepatic NKTEell
diet (HFD) depletion, insulin resistance and hepatic [228]
1.5x 16 steatosis and inflammation
CFU/mouse/day
Lactobacillus Rats: cholesterel 5 wks Reduction in liver and serum cholesterol an
plantarum MA2 enriched diet triglycerides
[260]
1x10*
CFU/rat/day
VSL#3 Rats: highfat diet 4 wks Amelioration of the hepatic inflammatory,
(HFD) steatotic and peroxidative factors and [70]
1.3 x 13° CFU/kg reduction in serum aminotransferase levels
VSL#3 Mice: 9 wks No effect on MCDBinduced liver steatosis an
methionine inflammation, butamelioration of liver [112]
in drinking water cholinedeficient fibrosis
(MCD) diet
Lactobacillus Rats: high fat diet 6 wks Ameliorated steatosis, improved insulin
paracaseB21060 resistance, decreased hepatic inflammatory
cytokines. [113]
2.5 x 16 bacteria/
kg/ die

From: lacono A, Raso GM, Canani RB, Calignano A, Meli R. Probiotics as an emerging therapeutic strategy to treat NAFLD: fodeisutar mo
and biochemical mechanisms. J Nutr Biochem. 2011 Aug;22(8):699doi: 10.1016/j.jnutbio.2010.10.002. Epub 26Eb 2. Review.

The severe atrophy of adipose tissue in MfeéD mice suggests that in this model NASH reflects
the associated lipodystrophy rather than metabolic syndif@®H. Among probiotics, several
strains oflactobacillushave shown to have a protectiviéeet on NAFLD [260]. In particular, an
eightweek oral treatment withactobacillus rhamnosus PL&howed an antbesity effect and

liver steatosis in DIQ(diet inducing obesity)mice. Histopathological analysid tiver steatosis
evidenced a lowered grading score in DIO mice receilinghamnosus[258]. Moreover, a
beneficial effect on liver alteration has been showh.iacidophilusandL. caseitreated mice fed

with a hgh fructosediet. This diet, indeed, provides a dietary model of type 2 diabetes associated

with IR, hyperinsulinemia and hypertriglyceridemia. Concomitantly, this overload of fructose to the
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liver impairs the glucose metabolism and uptake pathwaysnbpaolian enhanced rate aé novo
lipogenesis, inducing, other than IR, steatosis. In this study, these two probiotics delayed the onset
of glucose intolerance, reduced insulinemia and liver glycogen and ameliorated the steatosis,
reducing MDA(malonyl diddehydg and increasing GSKGlutathiong content259].

Using a cholesterol enriched diet, Wang g2&D] demonstrated that the administration_of
plantarum MA2 in rats, beyond the hypolipidemic effect, reduced both liver cholesterol and
triglycerides and increased the number of fecal lactobacilli and bifidobacteria. Similar data were
previously observed when Bacillus polyfermenticus was administered in rat fed witfahigd
high cholesterol dief257]. Despite the large number of preclinical studies about the use of
probiotics in the treatment of fatty liver disease, there are only two pilot studies about their efficacy
in NAFLD in humans.The first study[262] tested a mixture of probioticsLgctobacillus
acidophilus, Bifidus, Rhamnosu#lantarum, Salivarius, Bulgaricus, Lactis, Casei, Bieve
associated with prebiotics FQ#id vitamins(B6, B2, B12, D3, C and folic acid) in ten patients
with biopsyproven NASH. After two months of treatment, the treated patients showed a significant
improvement of liver damage and function tests, as well as a partial persistence of the effect also
afterthe end of treatment. Another pilot study was carried out to evaluate the effects of probiotic
therapy in patients with chronic liveliseasesnduced by alcohol or HCY263]. Independently by
pathogenesisis of liver disease, VSL#3 admenest for three monthssignificantly improved
plasma levels of MDA and -Aydroxynonenal (4HNE), both markers of lipid peroxidam,;
whereas cytokines (TNHE) , -6lard 1L-10) were reduced only ialcoholi dependernpatients S
nitrosothiols (SNO) plasma levels were improved at the end treatment in all groups. These
promising preliminary results strongly suggest a great potential forghicbuse in prevention and
treatment of NAFLD, however as recently stated in a Cochrane-anatgsis, further clinical
studies are necessary to better define this innovative strgg&&glf. The large amount of
experimental data on probiotics effects that is now available coue drithe next future the

design of clinical trials.
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3.2 Biological and molecular basis of probiotic action in IBD

Role of the commensal flora in IBD

Although many studies have investigated the possifity single infectious agent causing
Cr o h rséase amdicerative colitis, also called chroniBD, none has yet been discovered. The
intestinalbacteria are now believed to be involved in the initiagon perpetuation of IBD. The
prevailing theory explaininthe development of IBD is that the atlap immunesystem is hyper
responsive to the commensal intestimatroflora in genetically susceptible individug®65]. This
hypothesis is supported by several observations: mitestmation occurs in areas with the highest
density ofintestinal bacteria, broad spectrum antibiotics improwenic intestal inflammation,
and surgical diversion of he f ec al stream can preveMost rec
importantly, despite differences in the pathogeneshronic intestinal inflammation, a consistent
feature ofmany animal models of IBD (such Bs10 knockout miceand HLA-B27 transgenic rats)
is the failure to develophronic intestinal inflammation when these animalsraiged in gerrfree
conditions [266,267] Dysbiosis is alscobserved in IBD patientsAdherent and intramucosal
bacteria, particularlydacteroides spgEscherichia colandEnterobacterium spare more abundant
in patientswi t h  Cr o hthab 81 cottrol§26826% Bacterial overgrowth and diiosis are
also associated witthe development of chronic pouchitis, the inflammatbrihe ileal reservoir
created after ile@nal anastamosifollowing colectomy in ulcerative dlitis patients[270]. In
addition, several selected commensal bacterial spesaesinduce and perpetuate colitis in
genetically susceptibleodent models of chram intestinal inflammatiorj271]. The recognition of
the compelling association betweiatestinal microflora and the development of IBD hasttedn
abundance of studies investigating therapeutic potential of altering luminal bacteria ogi

probiotics and/or prebiotiqéigure 3.2).
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Fig. 3.2. Microbial balance and dysbiosis The pathogenic immune respongessent in IBD are triggered by the presence of luminal bacteria. The
balanceof beneficial vs aggressive intestinal microbes is responsible for either muuwsabstasis or chronic inflammation. A number of
environmental and genetfactors influence the balance of beneficial vs aggressive micrébes:: Ewaschuk JB, Dieleman LA. dbiotics and
prebiotics in chronic inflammatory bowel diseases. World J Gastroenterol. 2006 Oct 7;12(373%5941

Protective mechanisms of probiotics by ameliorating chronic
intestinal inflammation

Probiotic bacteria have beneficial effects on the imattepithelium both directly and
indirectly, including enhancedbarrier function, modulation of the mucosal immusgstem,

production of antimicrobials, and alteration of thestinal microflora.

Alteration of the mucosal immune system

The presencef probiotics has been shown to result in sevaradifications in the mucosal
immune responséncluding augnented antibody productid72], increasegdhagocytg273] and
natuml killer cell activity [244,274] modulationof NF-e Bpathway[171,221] andinduction of T
cell apoptosid275]. Generally, probioticsncrease the production of intestinal anflammatory
cytokines (suchas HLOand TGFb ) , wh i | e prodeatan ofiprardglamimatay cytokines
(e.g., TNFU JFN-o, IL-8) [276,277] Several probiotic bacteria, includify breve, Streptococcus
thermophilus, B. iidum and Ruminococcuginavushave been shown to secrete metabolites that
reduceLPS-induced TNFU s e c[278]iLi reuterireduces TNFJandSalmonella typhimurium
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induces 1L-8 secretion invitro, by inhibiting nuclear translocation of N\~B  gmewknting the
degr adat i [@1®]. AdrhinisttatoB of the probiotic cocktail VSL#3 (consisting df.
acidophilus,L. bulgaricus, L. casei, L, plantarum, B. breve, B. infantidpBgum, S. therophilug

to IL-10 deficient mice results icolitis reduction and a concomitant reduction in mucesafetion

of TNF-U IFN-o [279]. E. coli Nissle 1917s able to dowfregulate the expansion of newly
recruitedT-cdls into the mucosa and limit chronic intestinaflammation[280]. In SAMP1/Yit
mice, Lactobacillus casestrain Shirotainhibits IL-6 production in LPStimulatediarge intestinal
lamina propria mononuclear cellBnd downregulates nuclear translocation of J8FB[281].
Patientswith a recent ileeanal pouch anastwosis who respondetb probiotic therapy have
reduced mRN levels of IL-1 b , -8 dndlIFN-2, and fewer polymorphonuclear celtsompared
with patientsreceivingplaceb$282]. Probiotictreatment has also been showrreduceFN-2 and
IL-1U expression and decrease inducibigic oxide synthasend gelatinase activities in pouch
biopsy samples fronpatients with pouchiti$283]. In mucosal explants of ile&pecimens from
patients with Cr oddocédsSTNAIi sedeasepranii ¢ h[@sd]s umbe
In addition to live probiotics, components of probidiaxcteria can also exert effects on the mucosal
immune systen. For example, genomic DNA isolated from VSLi#Bibits TNFUinduced I1-8

secretion, mitogeactivatedprotein kinase activation and NFB  a c t [L7¢] an HT-29 oells.

Improved barrier function

Various probitic bacteria camnhance intestinal epithelial barrier function. For exangi,
administration of VSL#3 results in normalizatiaaf impaired colonic barrier function and
restoration ofintestinal epithelial integrity in 110 deficient mice anénhancerant of epithelial
resistance in B4 cells[279]. Barrier function was enhanced not only by live bacténa,also by a
proteinaceous secreted product of VSIZ39]. Severastrains of lactobacilli are also capable of
upregulatingntestinal MUC3 mRNA expression, therelmgproving barrier function by increasing
the mucuslayer [285]. Lactobacillus GGimproves barrierfunction by inhibiting apoptosis of
intestinal epitheliakells [286]. S. thermophilus and L. acidophilimve been showto enhace
phosphorylation of actinin and occludin tihe tight junction, thereby preventing the invasion of

enteroinvasivé. coliinto human intestinal epitheliaklls[287].
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Alteration of the intestinal flora

Probiotcs suppress thgrowth and invasion of pathogens in several ways. Theypetitively
exclude pathogenic bacteria by occupying lineted physical space in the mucus layer and on
epithelial cells. They also engage patteatognition receptorand consumeubstrate otherwise
available to otheilpathogenic) microbes. In addition, probiotics render th@groenvironment
inauspicious for pathogens by secretiagtimicrobial substances such as hydrogen peroxide,
organic acids, and bacteriocins. For exampléh bovitro and in vivo experiments demonstrate that
B. Infantissuppresses the growth Bacteroides/ulgateg288]. Patients with pouchitis treated with
VSL#3 havebeen demonstrated to have increased bacterialdiy inthe pouch, and decreased
fungal diversity[289]. Probiotics may also alter the intestinal microflosachanging the fatty acid
profile in the colon. VSL#3 probiotic strains are also capable of convelitiogeic acid to

conjugated linoleic acid, a fatty acid wantrinflammatoryand anticarcinogenic propertig225].

Therapeutic efficacyof probiotics inIBD treatment

Results from various animal studies and clinical trials ugira@piotics to treat intestinal
inflammation have generatensiderable excitement. Data are now emerging wligfyest that
probiotics are capable of preventing relapsehronic intestinainflammation. Some probiotics can
even treat nid to moderately active IB[)170,290] Although there is a paucity of human studies
usingprebiotics, the few emerging studies showed that tkgyetential for thigreament modality.

A multi-center openlabel trial reported that oral administration of GHE&erminated barley
foodstuff)to patients with mild to moderately active UC for 24 rekultedin a significant decrease

in clinical activity index,compared to aatrols [291]. An openlabel study of 22 U(atients in
remission showed that a daily oral intake of 2GBF resultedn a significantly improved clinical
activity index and endoscopic score at 3, 6 and 12 mo, arduced relapse rate, compared with
controls[292]. A recentrandomized, doubtblinded controlled trial by Furriet al[293] examined

the use of synbiotics in 18 patientsth active UC, using a combination therapy Bf longum

inulin and oligofructose, and found that sigmoidoscapfammation scores are reduced in the
synbiotictreatedpopulation when compared to placebo. Intestinal leg€BENF-U an-db | &r e
also rediced. Additionally, rectabiopsies have demonstrated reduced inflammationgredter

epithelial regeneration in the synbietreatmenigroup.
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Adverse effect of probiotics

Probiotics are generally regarded as safe. Side effects are rarely reportednanallyg
amount to little more than flatulence or change in bowel habit. A review outlining the safety of
current probiotic compounds has been publishgt®4]. The wuse of probiotics in
immunocompromised or in critical ill patients should be carefully evaluated to limit the risk of
endocariditis or sepsistiowever, cases of infection caused by lactdbaand bifidobacteria are
extremely rare and are estimated to occur in approximately 0.05% to 0.4% of all cases of infective
endocarditis and bacteraeni294]. One important clinical characteristic of lactobacilli is their
resistance to antibiotic vancomycin, empirically used against Gram negative bacteraemia.
Lactobacilli are considered as emergpaghogens in highisk patients with neutropenia induced by
chemotherapy295], in neonates submitted to surgery on a count of caadaular disorders in
paediatric patients submitted to gastrojejunostd@86]. No increase in bacteraemia caused by
Lactobacillus species was seen in Finland over the period ofi 2000, despite an increased
consumption ofL. rhamnosus GGA study of longterm consumption dBifidobacterium lactisand
S. thermophilusupplemented formula in children aged less than 2 years showed the product was
well tolerated297]. Complications of treatment with probiotics have been observed in patients who
are immunocompromised an the intensive care setting. S. cerevisae fungad@88] and
Lactobacillus bacteraemi§296,299] have been reported in patients with severe underlying
illnesses. Neverttess, case reports have identified fungemia in two immunosuppressed patients
[298] and exacerbation of diawba in two patients with ulcerative colitis who consungd
boulardii [300].
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CHAPTER 4: SHORT CHAIN FATTY ACIDS ( SCFAY

Production

SCFAs are organic fatty acids with 1 to 6 carladoms and are the principal anions which
arise from bacterial fermentation of polysdwaride, oligosaccharideprotein, peptide, and
glycoprotein precursors in theolon [301,302] Fermentation involves a variety of reacticarsd
metabolic processes in the anaerobic microdméakdown of organic matr, vyielding
metabolizablesnergy for microbial growth and maintenance and othetabolic ed products for
use by the hosthe chiefend products are SCFAs together with gases(C8,, and H) and heat
[303]. Various population survey data shtvat fecal SCFA production is in the order of acetate>
propionate butyratein a molar ratio of approximatelg0:20:20, respectively304]. The ratio
seems to remain fairlgonstanf22], although alterations in producti@md absorptionmay occur
with dietary changes.

Carbohydratesare fermented by saccarolytic bacteria primarily tire proximal colon
producing linear SCFAs, HHandCO, [305], and both the presence of carbohydrates inctiien
and their fermentation can altére colonicphysiology. Fermentation of proteins and amino acids
by proteolytic bacteria yield branched SCFAs, BO,, CH,4, phenols,and aminesThe primary
effects ofSCFAs are on colonic function as a result of their upgadcemetabolism by colonocytes
although SCFAs are alsonetabolic substrates for other tissues of the host.

The production of SCFAs are determined byumnber of factors, including the numbers and
types ofmicroflora present in the colon, substrate so{B6€], and intestinatransit time[306,307]

A large microflora population ipresent in the human colon at'd@ 10" cfu/g wet weight [308],

and more than 50 genera and over 400 species of bactamabeen identified in human feces
[181,309] Bacterialnumbers, fermentation, and proliferation are highesthe proximal colon
where substrate availability is greatgl0]. The principal site of colonic fermentation, therefase,
the cecum and proximal colon, whereas the distédn is carbohydrate and water depleted. The
total amount of SCFA in the proximal colon is estimatedangefrom 70 to 140mM [303,306]
and fall to 20 to 70nM in the distal colorj303]. Therefore, the pH is lowest in tpeoximal colon
and increases distally. Samples at varismiss taken from patients with colonostomies indicate a
decline in SCFA levels along the coldB803]. Specific speciesuch as Bifidobacterium and
Lactobacillus have beassociated withmproved health, resulting in the emergeatéhe sciences

of probiotics, or delivery of specifibacteria to the coloand prebiotics, or the administratiof
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dietary components that promote the growtlspécific bacteria with defined metabolic funcson
The production of SCFAs are also determinedHh®y substrate source where dietary intake is the
mostimportant variable. Nondigestible food components ageuwace of substrate for fermentation
by anerobic colonianicroflora, because they are resistamt hydrolysis anddigestion in the
stomach and small intestine am¥entually enter the colon for fermentation. Carbohydrates
quantitatively play the most important role in fleemation of SCFA303,305] On transi through

the colon, substrates availabiter fermentation are depleted, as reflected in the declif@RGORA
production[310] and in a range of other physiologiffects Furthermorg substrate availability
during gut transit may also change the bacterial populatiods.umber§309]. Neither total SCFA
nor theindividual acids in the distal colon are predictive of thémend proximally[311,312]
SCFA availability in the distatolon is dynamic asater absorption and loss of digestiwaterial
alter availability of SCFAs independent of ratfsproduction. A curvilinear relationship exists
betweenintestinaltransit time and fecal total and individual SCH&specially butyrate) so that at
whole gu transit times>50 hours, butyrate cannot be detected, likely becauselohic uptake
[303]. Total SCFA and regional differencesSFA concentration are implicated in diseases of the
colon, especially in cancer and gastrointestinal disordengre disease often occurs distally.
Therefore, increase8CFA production and argater delivery of SCFAlistally, especially butyrate,
may have a role in preventitigese diseases.

Carbohydrate and dietary fiberefmentation

SCFAs are produced from the fermentatiorcafbohydrates with the major source coming
from resistant starchg813,314] However, dietary fiber, unabsorbsdgars, raffinose, starchyose,
polydextrose, and modifieckllulose also represent significant sources of fermengaffistrates in
the colon[313]. It is estimated théi% to 20%of dietary starch is not absorbed by the human small
intestine[315,316] Insoluble fibers (eg, lignins, cellulose, aadme hemicelluloses), which are
resistant to fermentatiohy colonic microflora playan importantrole in fecalbulking and may
carry with them fermentable carbohydratgbstrate, including starches and sudgais]. Soluble
fibers (eg, pectins, gums, mucilages, and some hemicellulaseshore completely fermented by
colonic microfloraand may have little effect in increasing fecal bMkaentransit and laxation are
unchanged, a greater intake fefmentable carbohydrates will result in higher SQiaduction
because of increased substrate abditg [318,319]Concentrations and excretion of SCFA have

beenshown to be greater with feeding of some nonstaclysaccharides, such as partially
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hydrolyzed guar gurbut not others such as oat bf&849]. Thereforethere areseveralfactors that
may affectsubstrate fermentability that complicate their usbuman studies, coupled along with a
limited ability to measure SCFA directly at specific sites in the coRuwlyfructans aredrmented
by colonic bacterigd320,321] specifically the Bifidobacterium speci¢320], which have been
shown to be associated with serum low density lipoprotiolesterol (LDLC) reduction[322].
Furthermore, fermentatioand products of polyfructans, specifically tB€FA propionate, have
been shown to decrease theetate:propionate ratio when compared with lactul828] and to
redu@ serum cholester levels. Hence, there is potential use for polyfructans (eg, inulin and
oligofructose)in combination with viscous fibers (eg, oat bram)lower serum cholesterol. Such
combination effects on colonic microfloraay be used to achieve a range of theusip and
preventive effectsVarious sources of resistant starcki@$8,319]and acarbose, tha -glycoside
hydrolase inhibitorf324,325] also raise fecal SCFAs. The increases in these studies dithar
been reported as higher concentrations, excretidooth, which may reflect changes in production,
absorpion, and intestinal transit time.

Changes in SCFA mawot be observed where significant quantities of loweses of
nondigestible oligosaccharides are given, whebuld be rapidly fermented and immediately
absorbedin the more proximal coloj303]. Production of individualSCFAs have also been
measured in various studi€sreater fecal excretion of butyrate and propioretee been observed
with consumption of wheat brasompared with vegetable fib826]. However, feeding gbartially
hydrolyzed guar gum resulted in greater fematretion of all 3 major SCFAs, but did not change
the concentration of propionate and butyrate, or decrdese relative contributionStudies using
resistant starchave been consistent in showing raised fecal buty&ité,319] Starch fermentation
primarily yieldsacetate and butyrate, whereas fermentation of pectixydad yields aceite alone
as the main productRecent human studiesfound that acute ingestion of a nondigestible
monosaccharidd,-rhamnosg25 g), increased serupropionate without increasing acet§s27],
and this effectid not diminish after 28 day828].

Absorption

Absorption of SCRs in the cecum and the colonasvery efficient process with only 5% to
10% beingexcreted in the fecd829]. Two proposed mechanismsaiisorption are (1) diffusion of
protonated SCFAs an@) anion exchangf806]. SCFAs are rapidly absorbed in tt@on, which is
associated with enhanced sodium absorpéind bicarbonate eretion [306]. Intubation studies
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have shown that SCFAs are taken up from the perfused huarge bowel in a concentration
dependent manng330]. At least 60% of that uptake is by simple diffusionpobtonated SCFAs
involving hydration of luminal Cg whereas the remainder occurs by cellular uptakemkzed
SCFAs involving transport of Naand K’ [331]. SCFA uptake is associated with transport of water
that seems to be greater in the distal thanhi@ proximalcolon [332]. Human peripheral venous
blood concentrationsf SCFAs are nanally low, and only acetate is presensignificant amounts
[303]. However, Wolever et al[333] measurederum propionate and butyrate, and reported values
of 4.5 to 6.6 mmol/L and 2.2 to 3.9 mmol/L, respectively.

The major SCFAs: acetate, propionate, and butyaas¢eabsorbed at comparable rates in
different regionsof the colon[330]. Once absorbed, SCFAs are metaboliae8 major sites in the
body: (1) cells of the ceecolonic epithelium that use butyrate as a major substrate for
maintenanceenergy producing pathways; (2) liver cetlsat metabolize residual butyrate with
propionate usedior gluconeogenesis and 50% to 70% of acetate talsen up by the liver; (3)
muscle cells that generate enefgym the oxidation ofesidual acetatelheir oxidationsupplies
some 60% to 70% of the engrgeeds of isolatedolonocytes[334], reduces glucose oxidation
[335], and sparepyruvate[336] and glutaming337]. In the presence of competisgbstrates such
as glucose and glutamine, butyrate is pheferred intestinal fudB38] suggesting that a hi@rchy
of oxidation exists with butyrate apparently being oxidizeare in the proximal than in the distal
colon[303].

Function of SCFAs

The role of SCFAs has expanded to include th@e as nutrients for the colonic epithelium,
as modulatoref colonic and intracellular pH, cell volume, and otherctions associated witilon
transport, and as regulatarsproliferation, differentiation, and gene expresdi@d6]. Increases in
SCFAs result in decreased phkhich indirectly influences the composition of the colonic
microflora (eg, reduces potentially pathogenic clostridiaen pH is more acidic), decreases
solubility of bile acids,increases absorption of minerals (indirectly), and redtisesammonia
absorpion by the protonic dissociation almmonia and other amines (ie, the formation of the less
diffusible NH;" comparedwith the diffusible NH) [339]. In figure 4.1 the structural form of main
SCFAsare shown.
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Figure 4.1: the chemical structure of main SCFAs.
Acetate

Acetate, the principal SCFA in the colon, is readibsorbed and transped to the liver, and
therefore is lessnetabolized in the colofB306]. The presence of acetloA synthetase in the
cytosol of adipose anchammary glandsllow the use of acetate for lipogenesis once it enters the
systemic circulation. In human studies, acetate is afsexl to monitor colonic events because it is
the mainSCFA in the bloodAcetate is the primary substrate for cholesteywithesis. Subjects
given rectal infusions of acetate apmbpionate showed a dedependent increase in seruatal
cholesterol and triglyceride levels, providing indirestidence that SCFA is utilized for lipid
synthesig340]. However, the methodology used in this study may masalted in nonphysiologic
levels of acetyl CoA from theapid uptake of acetate. This may have diverted SCFApio
syntesis rather than oxidatid841]. It is possible thasubstratedependent SCFA produced by
fermentationinhibits cholesterol synthesig342]. However, uniformagreement has not been
reached on the effect of increasmonic fermentation on lipid metabolism, becausepibesibility
exists that different substrates may proddifterent effects[340]. However, results from human
studieshave been inconsistent. Oneek intakes of 2.7 godium propionate taken as a capsule
[343] did not affectserum lipids. Only one study showed that 5.4 g of propiogistn daily for 2
weeks lowered DL-C and totalcholesterol in subjects wittotal cholesterol>5.5nmol/L [324].
Studies using rectal infusions indicated that 180 mmalropionate did not affecterum lipic or
triglyceridesin healthy young men and women. However, when 60 nohplopionate was infused
with 180 mmol of acetate, frdatty acids decreased by an additional 10% and netja¢eidcrease
in total and LDIL-C seen when acetate wgisen alond344]. Thereforejt still seems possible that
one ofthe determinants of the actions of propionate on seipids is the atio of propionate to
acetatd345,346]
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Propionate

Propionate is produced via 2 main pathwaysfiggtion of CO, to form succinate, which is
subsequently ecar boxyl ated (the 0§06 dfiornkaatate@ndyadrylate (thec i d
6006acr yl at ¢22].Peopidnateaiy & Supstrate for hepatic gluconeogermgidhas been
reported to inhibit cholesterol synthesishiepatic tissu¢343]. However, propionate seems to have
two competing and opposite effects on gluconeogenesisbtitis a substrate for gluconeogenesis
and an inhibitor ofjluconeogenesis. Propionate enters the Krebs cycle lvisleof succinyl CoA.
The inhibiting effect & propionate on gluconeogenesis may be related to its metabolic
intermediaries, methymalonyl CoA and succinyl Ca#jich are specific inhibors of pyruvate
carboxylase Propionate enhances glycolysis, probably by depléetiegatic citrate, which is an
important metabolicinhibitor of phosphofructokinase. Propionate may ailstuence hepatic
glucose metabolism indirectly by loweritlge plasma fatty acid concentration, which, in itsislf,
known to be closely related to the actual ratglo€oneogenesi347].

The majority of oukknowledgeabout the nutritional fate gfropionate comes from studies in
ruminants. Intestinaylucose uptai is minimal in ruminants because of firesence of microbiota
in their rumen for the digestiorand fermentation of carbohydrates. However, propionate
metabolism in humans is less welhderstoodIn humans, propionate may also have systemic
effects, speaécally a hypolipidemic action. Observatiorsanimals suggest that propionate inhibits
cholesterokynthesis by inhibiting both-Bydroxy-3-methylglutaryt CoA synthase and-Bydroxy
3-methylglutarytCoA reductasg348]. As previously mentioned, polyfructaase bifidogenic and
decrease the acetate: propionate rémdh of which are associated with reductions in sdipias.

The ue of polyfructans (eg, Neosugar, inulin)iimdividuals with Type 2 diabetes mellitus (8 g/d)
[349] and hyperlipidemia (18 g/d)[350] resulted in cholesterol reductionglowever, no
hypolipidemc effect (20 g/d) wasbserved in healthy subjed®23]. This inconsistency in human
intervention studies, imontrast to animal experiments, may be related to spddiesences. A
number of mechanisms have bemmggested to be responsible for the observed lgigering
effect, with increased propionate productibaing one of the possible mechanisms of action.
Increasedroduction of propionate, through fermentation, nrybit hepaticcholesterol synthesis
[344,345] This hasbeen supported in studies with hyperlipidemic experimertiahals[342] but
not supported in other animsludies[351]. Currently, there are limited human experimentaia
that have quantified the synthesis of acetatd propionate with use of prebiotid2opionate is
better absorbed in the human aothan acetat¢352], and studies in ruminant mucosa shiat

propionate is etivated to its coenzyme A derivatiya step required for its oxidation) to a greater

56



extent tharacetate The liver extracts 90% of propionate, @gposed to 75% of acetate, during a
single pasg334] andcolon infusions of equal amounts of acetate prapionate suggest that the
amount of colonic propionateaching peripheral blood is only 25% bEtamount ofotal colonic

acetate

Butyrate

Butyrate is the preferred fuel of the colomipithelial cells whichalso plays a major role in
regulationof cell prolifergion and differentiation303,353] It is the most important SCFA in
colonocyte metabolism, whei®% to 90% of butyrate is metabolized by the colono¢yes].
Butyrate is used preffentially over propionate andcetate in a ratio of 90:30:9806], and is
preferred oveglucose or glutamine supplied by blo@b4]. Butyrateoxidation has been shown to
make up more than 70% the oxygen consumed by human colonic tissue. Sobuiyrate exerts
an antiproliferative activity on many cedlypes, and there amvidence from animal and cell line
studies, that have demonstrated preventive effectbubyrate on colon cancer and adenoma
developmen{355]. Acetate and propionate have also been shown to irepumgtosis in colorectal
tumor cell lines, but to a muckesser extent than butyra{@56]. Butyrate also stimaltes
immunogenicity of cancer cel[857]. Currently, the mechanisms of action of butyrateciation to
colon cancer are not clearly defined. Butyrasiduces p21WAFI/Cipl protein and mRNA levels
[358], which can block the cell cycle at G1, resulting in thieibition of cell proliferation. This
blockage of the celcycle at G1 might allow DNAcheckpoirtmediated repairof genomic
instability or mutationg359]. Through inhibitionof histone deacetylase, butyrate has been shown
to induce apoptosis through hyperacetylation of histgr&sand H4)[360], resulting in the DNA
being in a morepen form[361]. The open form of the DNA would be ideeDNA damage had
occurred and mair enzymes weraecessary to approach the damaged DNA. Howevempka
form of the DNA may be more susceptiblenbuitation in the presence of a carcinod@é2]. The
ability of butyrate to inhibit histone deacetylase may also hawéean reversing epigenetevents
[363]. In vitro, butyratecan also induce differentiation of neoplastic colonocyiesducing a
phenotype typically associated with nornrmaature cell§363]. The drop in colonic pH caused by
accumulatiorof SCFAs decrease the solubility of free bile acids, winigty decrease the potential
tumor promoter activity aecondary bile acid864].

Furthermore, increased coloracidification (pH below 6 to 6.5) may iitfit colonic bacterial

enzyme7 U-dehydroxylasewhich degradegrimary bile acids to secondary bile aci@65]. In
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addition, decreased colonic pH increases the availability of caldambinding to free bile acids
and fatty acid$366]. In vitro and in vivo studies have shown thaityrate is the preferred energy
substrate and stimulate=ell prdiferation in normal colonocyte$338,353] yet it suppresses
proliferation of colon adenocarcinoma cells. Thisserved inconsistency has been termed the
0 0 b u tpyradawi869,362] This discrepancy may be explained differences betweem vitro
andin vivo environments, théiming of butyrate administration in relation to the stafjecancer
development, the amount of butyrate administethd, source of butyrate (iejf@érent dietary
fibers), and interaction with dietary f4862]. SCFA enemas, especially butyrate, have also been
used as a possible treatment for bowel inflammatiociuding diversion and ulcerative colitis.
Roediger[367] demonstradd that colonocytes of individuals with actisad quiescent ulcerative
colitis have reduced butyrateidation compared with controls. Harig et, §868] administereca
SCFA enema solution of 60M of sodiumacetate, 30nM of sodium propionate, and 40M of
sodium nbutyrate to 5 patients with diversion colitis fopariod of 2 to 6 weeks. This study was
the first to providesvidence that an absence or near absence of SCFAsleédrto rectosigmoid
colitis, which suggested that a localtrient deficiency led to an inflammatory state. Tésupply

of nutrients, either by surgical reanastomosiSGFA irrigation, resulted in magkl improvements

by endoscopic appearance and histologic findings. Howewerther study using the same SCFA
enema solution in 1patients with diversion colitis resulted in no endoscopibisiologic changes
after 2 weekgq369]. SCFA irrigation forthe treatment of distal ulcerative colitis has produced
inconsistent result370], some showing it to be an effectitreatmenf{371] and others ndi372].
Possible explanationfor the inconsistencies include type of SCFA ugedxture or butyrate
alone), SCFA concentrationsgequency of administration, and duration of treatmbtechanisms

of action have been proposedetplain the use of SCFA irrigation as a possible treatimielobwel
inflammation. These include a lack of lumin&CFAs (ie, a nutritional deficiency of colonic
epithelium)and a block in the uptake or oxidation of SCFA dojonocytes[373,374] possibly
because of a reduction anenzyme A whichs required for fatty acidxidation [367]. It has been
suggested that the latter magsult from the productioof sulfurcontainingcompoundsy colonic
microflora[375]. However, thisblockim pt ake and oxi dati onamday olmeé O¢
in other words, by raising SCFAs to higher threormal concentrations in the colonic lum&a4].

The use o65CFA irrigation as a treatment for colitis still remaimsonclusive.
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4.1 GPR43 and GPR4As key receptors for shorichain fatty acids

G-proteincoupled receptors (GPCRSs) are setramsmembrane (7TM) receptors that mediate
cellular responses to the majority of hormones and neurotransmitters, and are therefore attractive
targets for drug disaery[376]. Free fatty acids (FFAS) have long been considered as key signaling
molecules in numerous physiological and pathological processes. The recent identification of a
family of GPCRs that bind FFAs has highlighted new potential mechanisntsiai éor FFAS in
health and diseag@77]. Among these FFAs receptors, GPR43 is present in a large variety of
tissues, including adipose tissue, inflammatory cells, and gastrointestinal (Gl)am@dt is
activated by SCFA$109,378] The identification of these endogenous ligands of GPR43 has led
the scientific community to propose a new appellation for GPR43, namely FFA2 or FFAR2
[377,379] SCFAs bind GPR43 in the following rank order of potency: propiorate
acetatebutyrate > valer@ > formatd378,379] Importantly, SCFAs also activate another receptor
of the same familyGPR41, with propionate and butyrate being the most potent agj@78t880]

Both receptors can couple t@fp resulting in inhibition of the adenylate cyclase pathway, but only
GPR43 is also able to couple tqsthus leading to activation of the phospholipase C (PLC)
pathway and increased intracellular calcium ley8i8,380] GPR41 and GPR43 bind the same
family of ligands (SCFAs), exhibit some overlapping expressand partially share signaling
pathways (@ip). Furthermore, both receptors represent potentially interesting targets for drug

discovery.

GPRA43 and Gl tract functions

Since GPR43is largely expressed throughout the gut, several autimre suggested dh
some effects of SCFAs could B#R43dependent. In 2006, Karagt al.demonstratethat GPR43
was expressed in rat distal ileum and coldnterestingly, peptide YY (PY¥fontaining
enteroendocring. cells were immunoreactive for GPR43, wher&asydraxytryptamine (5HT)
immunoreactive mast cellsoexpressed GPR4381]. PYY is a satietogenic peptidkat inhibits
upper GI motility and SCFAs have besimown to induce its release in the bld882]. Therefore,
SCFAs might stimulate L cells to release PYY via GPRd®ation, thus slowing intestinatansit
GPR43expression in these enteroendocrine L cells wlaserved likewise in the human colon

[383]. SCFAs alscexert physiological effects on colonic motility and secretian 5-HT release
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[384] and Karaki et al. proposed this midbe attributable to the activation of GPR43 GhB-
containingmast cell4381]. The presence of GPR43 throughthg rat gut, with the lowest mRNA
levels olserved in theesophagus and stomach and the highest levels detectkd @olon, was
confirmed in another stud®85].

Glucagonlike peptide 1 (GLPL) is another gut hormorreleased by enteroendocrine L cells iat
involved in thecontrol of intestinal function and glucose metabolig&6]. SCFA infusion was
shown to induce plasma GLPreleasen animals and humarj887]. Interestingly, cdocalization

of GPR43 and GLF in enteroendocrine L cells was demonstrateabth rat and human colon and
terminal ileum[388]. In rodents, supplementation with fermentable carbohydimatesased GLA
production and the dengiof GPR43/GLP1-positive enteroendocrine L cells in the proxiralon
[388,389] Therefore, a higher colonic production ®CFAs following dietary fiber fermentation
increase GLPL secretionyia GPR43 activatiorin enteroendocrine L cell§his hypothesis has
been recently confirmed by Tolhurst al. [390]. The SCFAtriggered secretion of GL:-P was
almost completely abolished in primary colonic cultufesm GPR43 KO micebut was also
reduced, to éesser extent, in mice lacking GPR41. GPRKScientmice had significantly reduced
colonic GLR1 protein contentMoreover, basal and glucesémulated levels ohctive GLR1 were
reduced in both GPR43 and GPR4A® mice. Thes effects were associated with impaigddcose
tolerance. Even if mice lacking GPR43 also exhibiedreased colonic expression of GPR41, a
dominantrole for GPR43 in SCFAnduced L cell activation wasuggested based on the prevailing
involvement of Gq coupledpathways in this procegBigure 4.3) [390]. Theseresults reveal again
the difficulty to generate GPR43 KRice without affecting GPR41, thus introducingcertainties
about their interpretatiorStudiesconducted in gen-free (GF) mice highlighted potential link
between gut microbiota and the expressioRA receptors. The conventionalization (colonization
by normal mouse microbiota) of GF mice increased adipamiy decreased the expression of
GPR4 and GPRA43 in thdistal small intesting111]. However, another studyeported that GF
mice exhibited decreased intestinal expressibGPR43, GPR41, PYY, and GLtPas compared
with conventional mice. It is wortmoting that the expressioof GPR43 and GPR41 was
differentially affected in GHnice, with a 10% and 70% decrease, respectively. Thisassxciated
with lower levels of circulating PYY391]. Overall,these resudt suggest that gut microbiota can
influencethe intestinal expression of SCFA receptors and the secudtigut peptides, but further

studies are needed étucidate the underlying mechanisms.
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Fig. 4.3 Location and physiological functions of Gprotein-coupled receptor 43 (GPR43)Studies in rodents have higghted that SCFAbind to

GPRA43 to exert several physiological actions. GPR43 activation on intestinal enteroendocrine cells (in pirsk)hiagwroduction of PYY and GEP

1. PYY inhibits intestiml transit and appetite, whereas GLIs anorexigenic and stimulates insulin secretion. In mice, GPR43 expression increases
during adipogenesis and SCFAs stimulate adypedifferentiation (fibroblastn orange). Through their binding to GPR43, SCFA® afshibit
lipolysis in mature adipocytes (yellow). Finally, SCFAs induce chemotaxis of neutrophils (in blue) through GPR43 activation. Abbreviations: TG,
triglycerides; FFAs, free fatty acidémage from :Bindels LB, Dewulf EM, Delzenne NM. GPR43/FFAhysiopathological relevance and
therapeutic prospectslrends Pharmacol Sci. 2013 Apr;34(4):228. doi: 10.1016/j.tips.2013.02.002. Epub 2013 Mar 13.

GPR43 and inflammation

SCFAs have long been known to modulate the production of gd antinflammaory
mediatorg[392]. For instance, production of prostaglandin E2 is induced by SCHAs.pfocess
can be inhibited by pertussis toxin, suggesting the involvement ep@t@inmediated signalling
[393]. The formal proof of GPR43 involvement in the management of inflammation was
simultaneously proviedd by two research teams. They both established the contribution of GPR43
to the recruitment of immune cells [6,48], and this observation was further confirmed by others
[394]. However, these studies showed divergent findings on the potential impact of GPR43 in
inflammatory diseases. Maslowski et, §1.09] demonstrated that stimulation of GPR43 by acetate
allowed resaltion of a colitisrelated inflammatory response. GPR43 KO mice showed exacerbated
or unresolved inflammation in cases of acute and chronic colitis, arthritis, and asthma. This could be
related to increased immune cell recruitmé@®9]. By contrast, Sina et al. reported that, in an acute
colitis model, GPR43 KO mice showed an increased mortality compared with control mice, despite
reduced immune cell recruitment, decreased colonic inflammation, and attenuated tistua
damage. The increased mortality was attributed to septic complication. In a chronic colitis model,

GPRA43 deficiency led to reduced colonic inflammation, without any sign of sepsis and any lethality.
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The authors pointed out the bipotential pathgodipgical role of immune cells at the intestinal
level, being a protective factor against acute bacterial transmigration, but having a detrimental role
in chronic inflammatory responsg895]. Clearly, GPR43 is imdved in the SCFAnduced
neutrophil chemotaxis inmice Figure 4.3) [109,394] However, demonstrating GPR43
contribution to human neutrophil chemotaxis remains to be accomplished. Interestingly,
GLPGO0974, an orallpavailable small GPR43 inhibitor from Galapagos with undisclosed structure,
has been claimed to reduce neutrophil migration. GLPG0974 is currently being tested in a second
Phase | study and results are expected in early 2013 (ClinicalTrials.gov; ideN@i€91721980).

The global role of GPR43 in inflammatory conditions needs to be clarified before ruling on the
therapeutic potential of GPR43 in this context. The dualistic action of SCFAs, being anti
inflammatory while recruiting neutrophils, might be awmiethe keys to full understanding of how
SCFAs and GPR43 manage inflammation. Importantly, a comparison of several studies highlights
that the biological andnolecular responses ®CFAsdiffer in the severatype of immune cell

[394]. This might be consistent with the various temporal roles of these cells in an inflammatory
responsg393]. Therefore, the different metular pathways downstream of GPR43 remain to be
elucidated. Finally, ITF prebiotic feeding can control inflammation in rodent models of colitis,
obesity, diabetes, and leukenj&96,397] It is possible to postulatthatprebiotics, through their
fermentation into SCFAs, might exert some of their -arftammatory effects in a GPR43

dependent mannghis hypotetesis need to be confirmed
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4.2 Effects of Butyrate at intestinal level

Effects on transepithelial ionransport

Potentially, SCFAs are absorbed by each intestinal segrasntiemonstrated in animal
models and humawolunteers. The colonocytes absorb butyrate and &B€&WAs through different
mechanisms of apical membrai®CFA uptake, including neionic diffusion, SCFA/HCO3
exchange, and active transport by SCEAnsporters. The transport proteins involved are
monocarboxylatéransporter isoform 1 (MCT1), which t®upled to a transmembrané-gradient,
and SLC5A8,which is Nd-coupled cetransporte398,399] The absorptiorof these fatty acids
has a significant impact on the absorptadrNaCl and generally,on the electrolyte balang¢é00].

In particular, butyrate is able to exert a powerful progtisar stimulus on intestinal NaCl transport
and anantisecretory effect towards Céecretion. The powerfulegulatory preabsorptive/anti
secretory effects inducely butyrate on the transepithelial ion transport oc¢hreugh several
mechanisms: (1)tsnulation of NaCl absorptioby the action of two coupled transport systems
the intestinal brush border: G1CO3 and Nd&/H* and Cl/butyrate and NaH"; and (2) inhibition
of CI" secretionby blocking the activity of the cotransportéa’™-K*-2CI' (NKCC1) on the
enterocyte basolateral membrahevitro studies have shown that butyrate has an inhibefiect
on CI secretion induced by prostaglandi@, cholera toxin, and phosphocholine. This effect is due
to reduced production of intracellular cAMRcendaryto the expression and regulation of
adenylate cyclas§399]. Comparison studies showed that the-gbsorptive andantisecretory
effects of butyratare significantly highethan those of all other SCFA400]. Clinical studies in
childrenwith acute diarrhea caused Wy choleraeshoweda reduction in stool volume and a more
rapid recoveryin patients who received oral rehydration therapydditionto resistant starch, a
precursor of butyrate, in thaiet [401]. These resudt were confirmed in other forms offectious
diarrhea in children and in animal models studé&?]. Moreover, butyrate thergips beneficial in
patientsaffected by Congenital Chloride Diarrhea () [403]. This rare genetic disease is caused
by mutations in thegene encoding the soldli@ked carrier family 2émemberA3 (SLC26A3)
protein, which acts as a plasma membraméon exchanger for Cland HCO3 [404]. The
mechanisrmunderlying this therapeutic effect could be relatedeast in part, to stimulation of the
Cl'/butyrate exchangeactivity [403]. It is also possible that butyrate could redogstrafficking or
misfolding of the SLC26A3 proteims demonstrated for other moleauievolved in transepithelial
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ion transport[405]. Alternatively, butyrate mayenhance gene expression: the SLC26A3 gene
contains a 290-bp region between residues898 and -688 that is crucial for highlevel
transcriptional activation induced Hputyrate. This may explain the variable response of patients
affeced by CLD to butyrat¢406]. In fact, dependingn t he pati entds genot
abovementionedregulatory egions of the SLC26A3 gene could afféoé gene transcription rate.

It is also conceivable thatther channels could be involved in the therapeutic effebutyrate in

CLD.

Effects on cell growth and differentiation

Several epidemiological studies soppthe role of dietaryfiber in the protectn against
colorectal cancg@07,408]Di f f er ent mechani sms haveprebenstitgen pr c
properties: reduction in transit time of tleees in the giiwhich reduces exposure of the muctzsa
luminal carcinogens; absorption of bile acids, biogemunes, bacterial toxins, and production of
butyrate. Mosbf the anticarcinogenic effects of butyrate are obseivedro carcinoma cell lines.

In these mdels, additiorof butyrate leads to inhibition of proliferation, inductiohapoptosis, or
differentiation of tumor cell$409,410] B u t gnticartirogesic effects are in contrasth the
effectsof this conpound in normal enterocytes. In facthdas been shown that butyrate stimulates
the physiologicalpattern of proliferation in the basal crypt in the colamereas it reduces the
number and the size of aberramypt focus, which are the earliest detetdaieoplastic lesionm

the colon[411]. These contradictgrpatterns of butyrate e pr esent s t he so cal l
[409]. An important mechanism by which butyrate causes biologgffalcts in colon carcinoma
cells is the hyperacetylatiomf histones by inhibitinghistone deacetylase (HDAC)This
compensates for an imbalance of histone acetylatishich can lead to transcriptional
dysregulation andilencing of genes that are involved in the control of cgllle progression,
differentiation, apoptosis and canasvelopmen{412,413] In particular, in human colon cancer
cell lines butyrate, acting as HDAC inhibitor, increasks p21 (WAF1) gene expression by
selectively regulatinghe degree of acetylation of the geas®ciated histonegnd induces G1 cell
cycle arresf414]. A novel contributorymechanism to the chemopreventive effect of butyratieeis
downregulation of the key apoptotic and angiogenesisilator Neuropilifl (NRP-1), which has
been showrio promote tumor cell migration and survival in coleemcer in response to vascular
endothelial growth facto(VEGF) binding[415]. Several reports have shown that #Hpoptosis

triggered by butyratan vitro is associated witllysregulation of Bcl2 family proteins, especially
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upregulationof BAK and downregulation of BetL [416], ratter than cellular damage. A study by
Thangaraju et al suggesisiovel mode of action of butyrate in the colon invoM3BR109A, a G
proteiri coupled receptor for nicotira{417], which recgnises butyrate with lowaffinity. This
receptor is expressed in the normal colon on the lumenfagicgl membrane of colonic epithelial
cells, but issilenced in colon cancefia DNA methylation. Thangarajet al.,[417] showed that
inhibition of DNA methylationin colon cancer cells induces GPR109A expression thatl
activation of the receptor causes tumoricgecificapoptosis. Butyrate is an inhibitor of HDAC,
but apoptosisnduced by activation of GPR109A with its ligandsdolon cancer cells does not
involve inhibition of histonedeacetylation. The primarchanges in this apoptotic mess include
downregulation of BeR, BckxL, and cyclinD1 and upregulation of death receptor pathway.
Moreover,a recent study suggested that fivetective role ofdietary fiber, and its breakdown
product butyrate, againsblorectal cancer could be determined by a modulaifarzanonical Wnt
signaling, a pathway constitutively activatedhe majority of colorectal cancej#18]. Butyrate is
recognigd for its potential to act on secondary chemoprevenipsjowing growth and activating
apoptosisin colon cancer cell§359], but it can also act on primamghemoprevention. The
mechanism proposed is the transcriptiongdregulation of detoxifying enzyme such as
glutathioneS-transferases (GSTs). This modulation gifhes may protect cells from genotoxic
carcinogens, sucis HO, and HNE[412].

Effects on inflammatory and oxidative status

Butyrate plays a role asan antiinflammatory agent, primarilyia inhibition of NF-a B
activation inhuman colonic epithelial celfgl19], which may result from thmhibition of HDAC.
NF-a B dategmany cellular gen@svolved in early immune inflammatory responses, including
IL-1b, TNFU IL-2, IL-6, IL-8, IL-12, INOS, COX2, intercellularadhesion molecuié (ICAM-1),
vascular cellulamdhesion molecuié (VCAM-1), T cell receptot) (TCR-U), and MHC class
molecules[420]. The activity of NFe B frequentlydysregulated in colon cancgt21] and in
IBDs, such asllcerative colitisa n d Cr o h n423]. IndCD patients, doutyratdecreasepro-
inflammatory cytokine expression via inhibitimi NFe B acti vati on a[@da]l | aBU
The upregulation ofPPAR92 and the inhibition ofFN-0 signaling, areen ot her t wo of
antrinflammaory effects[423]. Butyrate can act on immune cells through GPR41F@A3) and
GPRA43 (or FFA2), which are both expressadmmune cells, including polymorphonuclear cells,

suggestingthat butyrate might be involved ithe activation ofleucocytes[424]. The possible
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immunemodulatory functionsof SCFAs are highlighted by a recent study on GPR48ice.
These mice exhibit aggravated inflammation, relai@dncreased productionf inflammatory
mediators andhcreased immune cell recruitmgB05]. Most clinical studies analyzing the effects
of butyrate onnflammatory status focused on UC patiehtallert et al [425] instructed 22 patients
with quiescent UC to add 60 g datan (correspatting to 20 g dietary fiber) to their daitiet. Four
weeks of this treatment resulted in a significentrease of fecal butyrate concentration and in a
significantimprovement of abdominal symptoms. In a doullied, placebecontrolled multicenter
trial, Vernia et al [426] treated 51 patients with active distal UC with rectal enecoasaining
either 5aminosalicylic acid (BASA) or 5-ASA plus sodium butyrate (80 mmol/L, twice a daye
combined treatment wittopical 5ASA plus sodiumbutyrate significantly improved the disease
activity scoremore than 5ASA alone. These and other interventgindieg427] suggested that the
luminal administration obutyrate or stimulation of luminal butyrate productionthg ingestion of
dietary fiber results in an amelioration tiie inlammation and symptoms in UC patients.
Numerous studies have reported that butyrate metabisnpaired in intestinal inflamed mucosa
of patientswith IBD. Recent data show that butyrate deficiemegults from the reduction of
butyrate uptake by thénflamed mucosa through downregulation of MCT1. Tdwncomitant
induction of the glucose transporter GLU$dggests that inflammation could induce a metabolic
switch from butyrate to glucose oxidation. Butyrate transgeiitiency is expected to have cliaic
consequence®articularly, the reduction of the intracellular availabibifybutyrate in colonocytes
may decrease its protective effets/ard cancer in IBD patienfd28]. Limited evidence from pre
clinical studies shows #h oxidative stress in the colonic mucosa can be modulayebutyrate.
Oxidative stress is involved in both inflammatigd29] and the process of initiation and
progression ofcarcinogenesi$430]. During oxidative stress there is an imbalahe#ween the
generation of reactive oxygepexies(ROS) and the antioxidant defense mechanisms, leadliag
cascade of reactions in which lipids, proteins, anBMA may get damaged. In healthy humans, it
has beememonstrated that locally administered butyrate in physiologmatentrations inmeased
the antioxidant GSHind possibly decreased ROS production, as indicateddegreased uric acid
production [431]. As the human coloris continuously exposed to a variety of toxic stimuli,
enhancedbutyrate poduction in the colon could result in @mhanced resistance against toxic
stimuli, thus improvingthe barrier function. This might be relevant for the treatmeit
gastrointestinal disorders, such as pogctious irritable bowel syndrome (IBS), microgpic

colitis, IBDs, and diversion colitis.
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Butyrate and intestinal epithelial permeability

Intestinal epithelial permeability has been widely studisdan important parameter of the
intestinal defencebarrier. Under normal conditions, the epitheliumviles a highly selective
barrier that prevents the passafeoxic and proinflammatory molecules from the extemdieu
into the submucosa and systemic circulatidacromolecules pass the epithelial barrier maimdy
the paracellular route for whichight junctions are theatelimiting structures[432]. Increased
permeability, indicatingimpaired epithelial barrier function, is thought be involved in the
pathophysiology of several gastrointestim@lammatory diseases,ubcan either be aause or a
consequence of inflammatio33]. Several studies have assessed the effects of butyrate
intestinalpermeability in vitro as well as ex vivét low concentrations, butyrate (up ton2M)
inducesa concentratiolependent reversible decrease in permeability Cace2 and HTF29 cell
lines [434,435] This decrease in permeability may be related to the butasdeciated increased
expression otight junction proteins observed in different cultured cell lines, thus effect was
shownto be cell type depended36]. At higher concentrations (8 mM), however, butyrate
increased the permeability in a Ceaaell line [435]. An ex vivostudy, using adult rat distal colon
mucosamounted in an Ussing chamber, demonstrated #tate exposure to butyrate at a
concentration o0 mM, but not 1 or 5 mM increasgdracellular permeabilitn rat colon[437].
This has alsdeen demonstratad rats fed a dietontaining fermentable FO$he rapid bacterial
fermentation of FOS led to accumulatiohhigh concentrations of SCFAs thatreased intestinal
permeability and was associatedth increased translocation &almonek [438]. However,in
humans, daily FOS supplementation of 2@idynot increase intestinal permeabili$9]. It can be
concluded that the effect of butyrate iatestinal permeability depends on its concentraéind on
the model system or species used. The effeictaityrate at diierent concentrations remain to be

evaluated in the human vivo situation.

Effects on visceral perception and intestinal motility

Little is known about the environmental and nutritionadjulation of the enteric nervous
system (ENS), whichcontrols gasbintestinal motility. Butyrate regulates colonimucosa
homeostasis and can modulate neuronal excitab8ibyet et al [440] investigated the effects of
butyrate on the ENS and colonic motility, and showed, vivo and in vitro, that butyrate

significantly increased the proportiari choline acetyltransferase (ChAT), but mauronalnitric
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oxide synthase (NNOS) immunoreactive myenteric neurBaogyrate increases the cholinergic
mediated colonicircular musclecontractile responsex vivo The authorsuggest that butyrate
might be used, along with nutritionapproaches, to treat various gastrointestinal motiggrders
associated with inhibition of colonic transif.recent study by Vanhoutviet al, [441] shows that
intraluminaladministration of a physiologically relevatbse (50 to 100 mmol#). of butyrate into
the distalcolon increases compliance and decreases pain, urgelisommfort measured with a
rectal arostat proceduren healthy subjects. This study suggests a potential beneéifedt of
butyrate in disorders that are associateth visceral hypersensitivity, such as IBS and infantile
colics, and provides a basis for future trials with dietargduation resulting in intracolonic
butyrate productiorn both healthy and IBS subjects. The decrease in visperaéption induced
by butyrate treatment could be dwean increased-BT release, as previously suggestedthers
[442]. Another possible mechanism by which butyrataild affect visceral perception is the
previous reportednhibition of histone deacetylase. In fact, Chen et[d4k3] showed that these
inhibitors induce microglyal apoptosend attenuate inflammatianduced neurotoxicity in rats,
which may affect visceral perception. Butyrate has Weported to induce enhancement of colonic
motility via the release of-BIT [444]. In functional studies, butyrate aptpionate induced phasic
and tonic contractions in rablonic circular muscle. The desependent contractileffect occurred
only when SCFAs were applied on theicosal side and disappeared in mucosalgreparations,
suggesting the presence of sensory mechamsw@austhe epitheliur{fB84].

Effects on nonspecific intestinal defensemechanisms

Besides the effects of butyrate on carcinogenedigmmation and oxidative stress, butyrate
has beershown to affect several components of the colaldfence barrier leading to enhanced
protection againsiuminal antigens. One important cooment of thisbarrier is the mucous layer
covering the epithelial liningonsisting of mainly mucin glycoproteins and trefaittors(ITF or
TFF3) Mucin glycoproteins are classifiadto neutral and acidic subtypes and the latter category
further include sulfomucins and sialomucins. Sulphatadcins are generally considered to be
more resistanto bacterial degradatiof#45]. Several epithelial muciiMUC) genes havdeen
identified in humans, of whictMUC2 is predominantly expressed in the huntaon [446].
Alterations in goblet cell function, compositi@md thickness of the intestinal mucous layer have
been found in severahtestinal disorders. For exampla, reduced mucous thickness and a

decreased MUCD»roduction have been reported in UC patidd#/]. In vitro studies, butyrate
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increased the MUC2 genexpressia in specific cell lineg448,449] In addition, 0.11 mM
butyrate administered to human colonic bioppgcinensex vivostimulated mucin synthesig50].
Luminal butyrate administration of 5 mM, but not 100 mMcreased mucous secretion in an
isolated perfused rablon[451]. In another rat study, caecal aiagcal SCFAconcentrations were
found to correlate with mucotBickness. In humans, effects of butyrate alonenanous synthesis,
thickness of the mucous layer aidUC expressionn vivo have not been reportet@ihe effects of a
number of fermentable dery fibreson the mucous layer have been studied with varyasglts.
For example, resistant starch increasedntimaber of acidic mucins, but did not affect the number
of goblet cells in rat§452]. In contrast,FOSincreased the number of goblet cetisiglets[453].

In a human intervention study wigatients with an ile@nal pouch, inulin supplementatidid not
alter MUC2 expression or the rati@tween sulfomucins and sialomuc[d§4]. Trefoil factors are
mucinassociated peptides thatntribute to the viscoelastic properties of the mudaysr. TFFs
are thought to reduce the recruitmenirdfammatory cells and to be involved in the maintenance
and repair of the intestinahucosa, althougthe exact mechanism for this effect is not kebwn
[455]. Intestinal trefoil factor islmost exclusively secreted by the intestinal gobddis [456]. In a

rat TNBS model of colitis, TFF3 expressiaas decreased during active disease, and intracolonic
administration of butyrate increased TFERpresion [457]. However, butyrate inhibited the
expression of TFF3 in colon cancer cefldsand in colonic tissue of newborn rg#58]. Other
components of the colonic defenbarrier thatare involved in the maintenance of the colonic
barrier,which may be influenced by butyrate are transglutamireast@nicrobial peptides and heat
shock proteingHSPs).The enzyme transglutaminase is actively involvednitestinal mucosal
healing and correlates with theeverity of inflammation in UG459]. In a rat model otolitis,
butyrate restored the colonic transglutamindeeels [460]. Antimicrobial peptides such as
cathelicidin (LL-37) and defensins, protect the gastrointestmatea against the invasion and
adherence of bacteraad thereby prevent infectiojd61,462] Severalin vitro studies have shown
that butyrate upregulates tegpression of LE37 in different colon epithelial ceiihes as well as in
freshly isolated colorectal epitheliaklls [463]. HSPs confer protection against inflammatlon
suppressing the production of inflammatory modulaféégl 465]. Butyrate induced the expression
of HSP70 and HSP25 in Ca@ocells[465] and inrats[452,464] However, in a study in rats with
DSSinducedcolitis, butyrate inhibitd HSP70 expressioithis was related to protection against the
decrease igell viability, increase in mucosal permeability areutrophil infiltration in DSS colitis.

It was concludedhat the induction of heat shock response has a protedfteet befoe an injury,

whereas activation of heahock response leads to cytotoxic effects after a proinflammatory
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stimulus[466]. In addition, there is evidence from in vitro studiesh human colon cancer cell
lines thatbutyrate isinvolved in repair after mucosal damage througlnarease in the rate of cell
migration. Efficient repair ofuperficial injuries and mucosal ulcers is importanhaintaining and
re-establishing the epithelial barrigd67]. In conclusion, there are several lines of evidence
suggesting that butyrate reinforces the colonic deféacger by affecting several components of
this barrier,such as the promotion of epithelial migration and itnduction of mucins, TFF,
transglutaminase activitygntimicrobial peptides and HSPs. However, mostheke effects still
have to be confirmed in the humstndies The effects of butyrate at intestinal levels are resumed in

schematidigure 4.4.
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Fig. 4.4. Effectsof butyrate at intestinal level.
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4.3 Extraintestinal Effects of Butyrate

Hemoglobinopathies

Clinical trials in patients with sickle cell disease d@nthalassemia confirmed the ability of
butyrate to increastetal hemoglobin (HbF) productiofd68,469] Butyrateis an inducer of HbF
through an epigenetic regulation fetal globin gene expression via HDAC inHibn, resultingin
global histone hyperacetylation, including nucleosonaes  tglolen poomoters[470]. Other
experimentshave shown that butyrate can cause a rapickase in thea s s o ¢ i a-glabia n
MRNA with ribosome$471]. Otherauthors have demonstrated activation of p38 mit@gtivated
protein kinasesnd cyclic nucleotidesignaling pathways in association with butyrate inductbn
HbF [472]. Taken together, these studies suggestdludtal histone hyperacetylation induced by
HDAC inhibitionis not the unique mechanism underlying butystt@ulation of HbF.

Genetic metabolic diseases

Sodum phenylbutyrate 4 (PBA) was approved by th€ood and Drug Administration
(FDA) for use in patientsvith urea cycle enzyme deficiency, in which it acts asxcavenger of
ammonia. Indeed,-BBA is oxidized tgphenylacetate, which binds to glutamine determineshe
urinary excretion. In patients with ornithine transcarbamythdeeiency, the use of-BBA allows
for bettermetabolic control and increased intake of natural pratetie diet[473]. The possible
use of butyrate in the treatment oflikked Adrenoleukodystrophy (ALD), a disorder of
peroxisomes characterized by altered metabolism and accumwétireny long chain fatty acids,
has also been studieSodium phenylbutyrate 4 induces, vitro on fibroblastsfrom patients with
X-ALD andin vivo in X-ALD knockoutmi c e, a n ioxdatiorech \&ry long rchaib fatty

acidsand peroxisome proliferatiqd 74].
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Hypercholesterolemia

Under normal lipidemic contlons, the liver is the mosimportant site of cholesterol
biosynthesis, followed by thmtestine. Biosynthesis in the liver and intestine accdontabout
15% and 10%yespectively, of the total amounf choleserol biosynthesis each dd#75]. In
hypercholesterolemiayhen cholesterol biosynthesis is suppressemhest organs by fasting, the
intestine becomes the majgite of cholesterol biosynthesis, and its contributioninarease up to
50%. Importantly, recent evidence shothat the global effect of butyrate is to downregulate the
expression of nine key ges involved in intestinal cholesterblosynthesis, potentially inhibiting
this pathway476].

Obesity and insulin resistance

Dietary supplementation with butyrate can prevent tagak dietinduced obesity and in8n
resistance in mousmodels. After a &wk treatment with butyrate, obese miost 10.2% of their
original body weight. Consistent withe change in body weight, fat content was reducetiO8y.
Furthermore, fasting glucose was reduced by 3@&%jlin resistance was reduced by 50%, and
intraperitonealnsulin tolerance was improved significantly by butyrdtee mechanism of butyrate
action is related to promotionf energy expenditure and induction of mitochondfiaiction.
Stimulation of peroxisomerpliferator-activatedreceptor (PPAR) coactivator (PGCU) act i vi t
beensuggested as the molecular mechanism of butyrate. ActivafigxMPK and inhibition of
histone deacetylases megntribute tothe PGA U r egul at i o n . thaTbutgrateemay at a
have potentiahpplication in the preventicend treatment of metabolic syndrome in hun{dis].

Butyrate and satiety

It has been hypothesized that SCFAs produced itatige intestine alsoan influence upper
gut motility and satiety [478]. Endocrine kcells present in largeoncentrations in theolonic
mucosa secrete peptideach as GLF, peptide YYand oxynbmodulin, which are involved in
appetite regulatiorand satiety[479]. In severalanimal studies usingermentable carbohydrates
such as inulirf479], lactitol [480] and FOS481], an increased satiety, decreased wegghh and
increased endogenous productionof Gl nd u o r  B&rédyl In hwenans, FOSanereased
satiety[482] and increasd plasma GLR concentration$483]. However, lactitol did ot affect
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plasma concentratiortd this gut peptidg¢480]. The increased satiety is possibly promoted through
the production of SCFAsThis is supported by a numbef studies. Butrate inceased the
expression of PYY angroglucagonin vitro in rat egthelial cells[484] and increase®YY release,

but notthat of GLR1, in the isolateccolon of rats[485] and rabbitd486]. In addtion, colonic
SCFA infusion in rats stimlated PYY releas@87]. However,colonic infuson with SCFA in
humans did notncrease plasma levels of letr PYY or GLR1 [488]. Activation of the SCFA
recepbr GPR43 expressed in endocrineells may play a role in this effect on satig883]. There

is increasing evidenctat the effect of fermentabtietary fibreon satiety is mediated througme
colonic production b SCFAs. However, most evidenagiginatesfrom rat studies, while again
humanevidence remainkmited. In figure 4.5the main intestinal SCFA receptors and transporters

are shown.
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Fig. 4.5 Intestinal SCFA receptors and transpaters. SCFAs are taken up by the epithelial cells by diffusiof, cdupled transport by
monocarboxylate transporters (MCT) or by *‘Nzoupled transport by SLC5A8. Other receptors that are activated by SCFA are localized on
colonocytes, peptide YY expressiegteroendocrine cells, or different immune cells. Receptor FFAR2 is involved in neutrophil chemotaxis toward
sources of SCFAmage from: R. Schilderink, C. Verseijden and W. J. de Jonge. Dietary inhibitors of histone deacetylases in intestirtglamamuni
homeostasis. nt. Immunol., 01 August 2088i: 10.3389/fimmu.2013.00226.
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Adverse effects of butyrate

In contrast to the wide range of positive effectduofyrate on the intestinal mucosa, a small
number ofstudies have also shown some adverse tsifelbwo ratstudies revealed that rectal
administration of butyrat€8i 1000 mM), dose dependently increased colagceral sensitivity
[489]. However, these effects hawet yet been reported in humanhs faecesof weaning children,
low butyrate concentrationdhave been measuref490]. It has been hypothesizethat
overproduction or accumulah of SCFAsmay be toxic to the intestinal mucosa of premature
infants and might play a role in the pathogenesiseainatal necrotizing enterocolitis. It has been
demonstratedhat the severity of mucosal injury to butyrateeasured in newborn rats, wagse
dependent and alsdepended on the maturation of the itites[458,491] It remains to be
established whether luminal butyratepiemature infants can increase towards levels thabaie
for the intestine mucosa[491]. In addition, as mentionellefore, increased permeability and
Salmonellaranslocation has been found after FOS supplementati@study with rats, which may
be the result of SCFAccumulatiori438]. However, this was not confirmedtime humas [439].
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CHAPTER 5: EFFECTS OF A LACTOBACILLUS PARACASEI
B21060 BASED SYNBIOTIC ON STEATOSIS, INSULIN
SIGNALING AND TOLL -LIKE RECEPTOR EXPRESSION IN
RATS FED A HIGH -FAT DIET

5.1 Introduction

Non-alcololic fatty liver diseasés an increasinglyecognized clinical condition characterized
by insulinresistancehepatic steatosis and frequently type 2 diabl@2BM). The pathophysiology
of NAFLD is still not completelydefined. Tilg and Moschen have prgqped a dpar al |
hypothesion the evolution of inflammation in NAFL[29], as opposed to the sallediit wo hi t s
previously suggested for the development of nonalcolstéiatohepatitis (NASH)R28]. This new
model suggests thdifferent hits may act in parallel, and that-goit adipose tissuderivedfactors
may have a key role in the onset of liver inflammatidhe cytokines tumor necsoi s f act or
(TNF-U) and i nt-6representkai link bétweken) IR and liver inflammatory process,
activatingseveral mechanisms involved in hepatocyte apoptosis and inhibftiasulin signaling
[93,492] Evidencesuggest the modulation of gut microflora as potenéeget for the prevention
and treatment of NAFL}493,494] Probioticsare live microbial that have beneficial effects on
human healtrand disease moduilag intestinal microbiota composition affidnction, improving
epithelial barrier function, and reducing inflammatipf95]. Immune and epithelial cells can
discriminate amonglifferent microbial species through the iaation of TLRs [496]. We have
recently obtained experimental and clinical evidences d&kected probiotics, could be effective
against NAFLD[70,497] The effectof probiotics are clearly related to specific strains and dosage
[498]. It hasbeen reported that some lactic acid bacteria affect the progressutinbmtes mellitus
[259,396] These studies show that ingestiondetermined lactic acid bacteria prevents or delays
the disease onset warious gperimental models of diabetes, induced by a chemical alidiyor
genetically modified animals (db/dPp}99]. A variety ofin vitro experiments andh vivo studies
provided experimental evidence sopport the probiotic roles in lowering serum cholesterol and
ameliorating lipid profiled500]. It has been demonstrated thatparacasei B2102Glone or in
combinationwith prebiotics, is effective tbmit infectious diseases and to regulate immune system

[246,501] A recent study has highlighted the striking difference among speciestiaias of
77



lactobacilli such ad.. plantarum NCIMB8826, L. rhamnosus G&Ad L. paracasei B21060n
modulating immune and inflammatorgsponsd240]. This latter strain of lactobaciky the most
active, wasisolated from the feces of bredstl babies and its newccasionalpresence in the
physiological intestinal microflora was establishedgepetic identification method$02]. Based

on these findings, it seemed of great interest to assessflinence of asynbiotic preparation
containing Lactobacillus paracasei B21060n liver damage and glucose homeostassg an
animal model of NAFLD. Thissynbiotic is commercially available in Europe as a formulation
containing prebiotics (arabinogalactan and frumligosaccharide)that are able to improve
probiotic strain survival[503]. Here, we have demonstratethat this synbiotic could limit
inflammatory liver damagand insulin signalling impairment by restoring intestinal permeability

and, thus, preventing the imbalance of TLR pattern in a modB afd steatosis in young rats.
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5.2 Materials and methods

Ethics Statement

This study was carried out in strict accordance withinlsgtutional Guidelines and complied
with the Italian D.L. no116 of January 27, 1992 of Ministero della Salute aswb@ted guidelines
in the European Communities Counbiirective of November 24, 1986 (86/609/ECC). All animal
procedures reported herein were approved by the Instituti@oraimittee on the Ethics of Animal
Experiments (CSV) of th&Jni ver sity ofi chapgll®s afmfe deySaluteh e
under protocol no. 2008099793. Prior to sampleollection, animals were euthanized by an
intraperitonealinjection of a cocktail of ketamine/xylazine, followed by cervid#location to

minimize pain. All effots were made to minimiznimal suffering.

Diets and syhiotic

High fat diet (HFD) provided in pellevith 58% of energy derived frorfats, 18% from
proteins, and 24% from carbohydrates (5.56 kcal/g) was purchased from Labobdtoo
Piccioni (Gessat, Milan, Italy). The composition of this diet has been previodskcribed255].

The control standard (STD) pellet diet had 15% of energy from fats,f&2foproteins, and 63%
from carbohydrates (3.30 kcal/g). @hsynbiotic formulationcontaining viable lyophilized..
paracasei B21060mixed with prebiotics fructooligosaccharidesd arabinogalactan (Flortec,
Bracco, Milan, ltaly) was available amwder and dispensed in 6 g bag containing about 2°5x10
CFU of thebacteria.

Animal model and experimental design

After weaning, young male Spradgu#awley rats (113.5+1.1 g; Harlan, Corezzaitaly)
were randomly allocated in 3 groups (at least n=8) as follows: (1) control gemapying STD and
vehicle (tap water);2) HFD-fed group, receiving vehicle; and (B)FD-fed group, receiving the
synbiotic by gavage once daily [HFD+SYN; paracasei B2106@.5x10 bacteria/100 g body
weight (bw); fructeoligosaccharides 7 mg/100kyv, and arabinogalactan 5 mg/100 g bw]. The
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synbiotic treatment started togeth&rith the HFD and continued for 6 week¥he HFD,
administered for a long period of time (up to 6 months), creatastrgional model of IR and
NASH in nongenetically modified animalf256]. In our experiments, we administered HFD in
young rats for a shorter period of time (6 weetks)nduce the early events of NAFLD due to fat
overnutrition in young animalgxcluding age and gender influencBfood samples from animals
werecdlected by cardiac puncture and serum obtained. Liver and white adipose tissexeissd

and immediately frozen.

Histological analysis of liver tissue and transaminase levels

Liver sections were stained with hematoxylin and eosin or Oil Red O. Sseatmsgjraded on
a scale of 0 (absence of steatosis), 1 (mild), 2 (moderate) and 3 (exteAdarehe amino
transferase (ALT) andspartate amino transfera®ST) were measured in serum samples by
standard automated procedurgs; c or di ng t ®protweols (ASTRRek neagent cartridge,
ALT Flex reagentcartridge; Dade Behring, Newark, DE, USA). Blood nonesterified fatty acids
(NEFA) were determined as previously descrifso#].

Oral glucose tolerance test and insulin resistances@ssment

At fifth week of treatment, fasted rats received glucose (2g/kg; per osylgraemia was
measured at 0, 30, 60, 90 and 120 min after glucose administratiorar@deinder the curve
(AUC) was calculated from time zero, as the integratedcanallative measure of glycemia up to
120 min for all animals. Glucose and insukvels were measured by the glucometer One Touch
UltraSmart (Lifescan, Milpitas, CAUSA) and by rat insulin radioimmunoassay kit (Millipore
Corporation, Billerica, MAUSA), repectively. As index of insulin resistance, homeostasis model
assessmerfHOMA) was calculated, using the formula [HOMA=fasting glucose (mmol/L)*fasting
insulin (eU/ ml)/22.5].

Western blotting

Liver and visceral white adipose tissues were homogenizedaaidproteinlysates were
subjected to SDPAGE. Blots were probed with arguppressor ofytokine signaling 3 (SOCSS,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), or antiperoxispnoéferatoractivated
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recept orU;U SamPtAaR Cr u zoraBtiThR4 ¢irngenexq $ao Diggd, CA, USA), or
ant-PPAR9 (Novus Biologicals, LittletonCO, USA), or antglucose transporter4 (GLUT4, Santa

Cruz Biotechnology). To evaluadF-a Bact i vatU drS,anlteaB Cr uz Bi-0B ec hn
p50 (Santa Cruz Bitechnology) were measured in liver cytosolic or nuclear extreatpgectively.

Western blot for glyceraldehyephosphate dehydrogenase (GAPDS&igmaAldrich; Milan

Italy) or lamin A (Chemicon, Temecula, CA, USA) was perforrteednsure equal sample loagl.

Immunoprecipitation

Immunoprecipitation of insulin receptor substrate (lRSyas performedhcubating 1.5 mg
of i ver |l ysate with 2 ¢4 (SantaCraz Biotechnblogy).oTthey a g
immunoprecipitates were subjected to SBSGE, andimmunoblotted with an antibody against
total IRS1 or phosphdRS-1Sef® (1:1000,Cell Signaing Technology, Danvers, MA, USA).

Realtime semiquantitative polymerase chain reaction (PCR)

Total RNA, isolated from liver, colon and visceral adipose tissue, was extisited TRIzol
Reagent (Invitrogen Biotechnologies), according to the manufactirsstructions. cDNA was
synthesized using a reverse transcription kit (Maxima Fasand cDNA Synthesized Kit,
FermentasOnt ar i o, Canada) f r o wereZperferrged with tam ABIPRSM A . f
HT7900 fast Realime PCR System instrument asdftware (Applied Biosystem). The primer
sequences aneported inTable 5.1. The PCR conditions were 10 min at 95°C followed by 40
cycles of twestep PCR denaturation 86°C for 15 s and annealing extension at 60°C for 60 s.
Each sample contained 100 ngcDNA in 2X Power SYBRGreen PCR Master Mix (Applied
Biosystem) and 200 nmol/L @ach primer (EUROGENTEC Explera s.r.l, Ancondy)tin a find
vol ume of reédabve amount ol éaeh studied mMRNA was normalized to GAPDH as

housekeepingene, and the data were analyzed according toB® Znethod.
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Table 5.1. RealTime PCR Primer Sequences

Target gene Forward pri mer Reverse primer ( 36 Y5 6| Accession
Number
Adiponectin AATCCTGCCCAGTCATGAAG TCTCCAGGAGTGCCATCTCT NM_144744
CD14 GTGCTCCTGCCCAGTGAAAGAT GATCTGTCTGACAACCCTGAGT AF_087943
FGF21 AGATCAGGGAGGATGGAACA ATCAAAGTGAGGCGATCCATA NM_130752.1
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA )N(m_gigggg
IL -6 ACAAGTGGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC NM_012589
MyD88 TGGCCTTGTTAGACCGTGA AAGTATTTCTGGCAGTCCTCCTC NM_198130.1
Occludin TTGGGAGCCTTGACATCTTGTTC TCCGCCATACATGTCATTGCTTGGTG | NM_031329.2
RPL19 GAAGGTCAAAGGGAATGTGTTCA CCTTGTCTGCCTTCAGCTTGT NM_009078.2
TLR2 GTACGCAGTGAGTGETGCAAGT TGGCCGCGTCATTGTTCTC )l\(lm_;ngg
TLR4 CTACCTCGAGTGGGAGGACA ATGGGTTTTAGGCGCAGAGTT NM_019178
TLR9 ATGGCCTGGTAGACTGCAACT TTGGCGATCAAGGAAAGGCT NM_198131
TNF-U CATCTTCTCAAAACTCGAGTGACAA TGGGAGTAGATAAGGTACAGCCC NM_012675
Z0-1 CCATCTTTGGACCGATTGCTG TAATGCCCGAGCTCCGATG NM_001106266

Measurement of gut permeability in vivo

In another experiment, after 6 weeks on HFD, rats were fasted for 6 h arghttagyed with

4,000 kDa FITGlabeled dextran diluted in water (TdB Consultandy, AJppsala, Sweden) (500
125 After 2  h jntradaildiacopdinctyres ahd
centrifuged (3000 rpm for 15 min at RT), and Fl@€xtran concentration in plasma was

mg/ kg, mg/ ml )

determined by spectrophotometry (excitation waveled@h nm; emission wavelength 535 nm;
HTS-7000 Plusplatereader; Perkifclmer, Wellesley, MA, USA), as previously descrijgas].

Immunofluorescence analysis of occludin and zonula occludens
(ZO)-1

Colon segments wernenmediately removed, washed with phospHatéferedsaline (PBS),
mounted in embedding medium (Pelco G&d, Ted Pella inc, Redding;alifornia), and stored at
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T80AC until use. Cr y o Semaldehyde 2%+KFB% atflkRimfor 1vmin fer f i
occludin or in methanol for 10 min at RT f&@O-1. Nonspecific background was blocked by
incubation with normal goat serumBBS and 0.1% Tion X-100. Sections were incubated for 2h
with rabbit antioccludin(1:50 for occludin, Santa Cruz Biotechnology) or rabbit-2@#1 (1:100

for ZO-1; Invitrogen, Camarillo, CA, USA). Sections were probed with goatrabtit Alexa Fluor

488 antibodies (200, Invitrogen). Slides were mounted in mounting medjuectashield; Vector
Laboratories, Burlingame, CA, USA), and visualized oftuarescence microscope using a 640
objective, and images were stored digitalligh Leica software. Two negative consolere used:

slides incubated with or withoytrimary antibody. All the staining were performed in duplicate in

nonserial distansections, and analyzed in a doubland manner by two different investigators.

Semiquantitative and qualitative assessmeatf Enterobacteriales
order and Escherichia coli species by sequence analysis of the microbial
16S rRNA gene

Semiquantitative PCR was performed to investigate modifications in Gegativebacteria
relative amount in animals receiving HFD alone or in borationwith the synbiotic. For microbial
content, DNA was extracted from colon tissue byhNheleoSpin Tissue (Macheréyagel, Duren,
Germany).Groupspecific primers based on 16S rRNA gene sequences PCR assay were forward
Enterobacteriales order, CCTBGIGATTGACGTTACTCGCA; reverse Enterobacterialesler,
CCACGCTTTCGCACCTGAGGprwardEscherichia colCATGCAGTCGAACGGTAACAGGA;
reverseEscherichia coliCTGGCACGGAGTTAGCCGGTG (Eurofins MW®peron; Huntsville,

AL, USA). The PCR conditions were 10 min at 95f@lowed by 40 cycles of twstep PCR
denaturation at 95°C for 15 s and annealing extension at 60°C for 60 ssdfagple contained 50

ng DNA in 2X Power SYBRGreen PCR Master Mix (AppliBabsystem) and 200 nmol/l of each
primer) in a f.iPERWaperforinad mith a BilRadZCEX9@ Connect Retime

PCR System instrument arsdftware (BieRad Laboratories) The relative amount of 16S rRNA
was normalizedto RPL19 rRNA levels as housekeeping gene, and the data were analyzed
accordingto the 2*®T method.
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Statistical analysis

Data are presented as meanzS.E.M. Statistical analysis was performed by ahabssice
test for multiple compari sons +HPadRrienv€rdpPddy Bo i
software, San Diego, CA, USA). Sttical significance was set @&0.05.
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5.3Results

Effects of the synbiotic on liver steatosis and damage

Liver sections from HFHed rats demonstrated hepatic damegepared to control animals.
As shown inFig. 5.1A, foci of inflammatorycell infiltration and hepatocyte necrosis or apoptosis
appearedhroughout the lobule. HFRied rats showed microvesicular steatosisgrade 2 Fig
5.1B). In the animals treated with synbiotic the sevenitgteatosis was reduced at grade 1, with a
microvescicular patétrn of lipids accumulation mainly in perivenular and periportal region.
Scattered inflammation and occasionally apoptotic nuclei wbeerved, showing that treatment
prevents the inflammation inducegt HFD. Accordingly, the increase in AST, ALFi¢. 5.1C and
D) andNEFA (Fig. 5.1E) were reduced by the synbiotM/eight gain of HFD fed animals did not
significantly changeamong groups after 5Sweeks (STD 209.2+7.2, HFD 225.0+6.6, and
HFD+synbiotic 213.3+9.3 g), in accordance, at this experimémal, alsofat mass did not vary
among groups (STD 29.05+2.50, HAA®.78+1.26, and HFD+synbiotic 30.30+2.88 g). Moreover,
food intake, expressed as grams of food taken daily, did not differ betatefed the HFD treated
with vehicle (15.45+0.58 g/day/rat) teaed with synbiotic (15.45+£0.82 g/day/rat).
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Fig. 5.1. The synbiotic effects on liver damage in HFBed rats. Paraffirembedded sections of the liver (n=4 each group) were stained with
hematoxylineosin (A) or oil red O (B)Micrographs in both pafeare representative pictures with magnification 400x. Circulating AST (C), ALT
(D), and NEFA (E) were measured (n=8, each gra@i<0.05vs STD; # P<0.05/s HFD).

Effect of the synbiotic on glucose homeostatasis

The synbiotic administration causadsignificant reduction oflycemia 90 min after glucose
load Fig. 5.2A). A marked and significanhcrease of AUC values was shown in HFD grokig (
5.2B), and thiseffect resulted significantly inhibited by synbiot&s shown inFig 5.2C and D, the
increase in serum glucose and insuéivels induced by HFD was prevented in rats receiving the
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synbiotic. Accordingly, IR assessed by the HOMA index was redu€egl 6.2E). No significant

difference in body weight was observed among all groups.
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Fig. 5.2. The synbiotic effects on glucose homeostas@@lucose tolerance test (A) in STD and Hfeld rats (n=6, each group) was performed and
AUC evaluated (B). Fasting glucose (C), insulin levels (D), and HORIAE) were also reported (n=8, each groufp<0.05; **P<0.01;
***P<(0.001 vs STD; # P<0.05; ### P<0.00& HFD).
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Effects of the synbiotic on TNRJand IL-6 gene liver expression

The raise of pronflammatory cytokines is one of the early evemsmany types of liver
injury. In particular, TNFU a n-8 ard two prototypic inflammatory cytokines involved in
metabolic impairmentinitiating the patbgenesis of hepatic IR. As shown kig. 5.3A and B,
HFD induced a significant increase in hepatic TMF a n-6 mRNAs, and the synbiotic
significantly prevented the transcription fmfth genes. As known, TNB  a n-@larelinvolved in
IR due to theirabiity to impair insulin signaling through the phosphorylation of {R$ Ser®”’
and upregulation of SOCS3, respectively. As depictedrig. 5.3C, Western blot analysis of-P
IRS-1Ser **’ of immuneprecipitatedIRS-1 from hepatic tissues showed an inceedrs serine
phosphorylationin HFD group, partially reverted by the synbiotic. Moreovile increase in
SOCS3 in hepatic tissues from HFD rats wigmificantly inhibited by the synbiotid=(g. 5.3D).
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Modulation of hepatic inflammatory transcription facts by the
syrbiotic

The activation oNF-aB was evaluated throughh e measur ement of <cyt o
and nuclear content gf50 NFa B . I n our modeIB, rresallderd p5hCr M
group, related to a decr ea symbiotickignificandy pievefgd b i t o
both effects Fig. 5.4A and B). Accordingly, withthe metabolic and inflammatory alterations,
PPARU expression resultesignificantly reduced by HFD and partially restored by shebiotic
(Fig. 54C). The evaluation of fibroblast growth factor (FGF)2anscription,as a downstream
target gene of PPAR), reveal ed a expressidnlofaits trapscription facefFigo f
5.4D). These findings wereonsistentith carnitine palmitoyltransferase (CPT) 1 expression level,
whose transcription was wpgulated by synbiotic, suggesting iaorease in the oxidation of fatty
acids Fig. 5.4E).
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89



Effect of the synbiotic o hepatic Toltlike receptors pattern

The activation of TLRs family, especially TLR4, by inflammataytokines or increased
NEFA could modulate insulin sensitivift15]. As shown inFig. 55A and B, HFD induced an
increase in liver TLR4NRNA and protein expression. Interestingly, a similar expregsiofile
was also observed for TLR4 teceptor CD14 Kig. 5.5C). The synbiotic significantly inhibited
these effects. Notably, TLR2 and TLR@hich are able to deteipoproteins and unmetilated CpG
containingDNA, respectively, were also wuegulated by HFD and both TLRs wereduced by

synbiotic Fig. 55D and E).
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Modulation of PPAR-D, GLUT4 and adiponectin expression in

adipose tissue elicited by the dyiatic

To address whether the change in glucose metabolssnrélatedo a modulation of genes
expression involved in glucose and fia¢tabolism in metabolically active tissues, we evaluated the
expression oPPAR2 and GLUT4 in visceral white adipose tissue.ammals receiving HFD, a
significant reduction oPPAR-0 and GLUT4was observed after 6 weeks. The synbiotic limited
these effectpreventingPPARO decreaseHig. 5.6A) and patrtially limiting the effeadbf HFD on
GLUT4 expression Kig. 5.6B). Moreover, the reduction ocddiponectin mRNA in mesenteric

adipo® tissue from HFD group wabolished by synbiotidg. 5.6C).
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Fig. 5.6. The synbiotic modulation of metabolic and inflammatory proteins in adipose tissudRepresentative Western blot BPAR9 (A) and
GLUT4 (B) are shown (n=8 eachgroup). Panelh©ves PCR results from adiponectin mRNA expression (rel@kpgession to STD) in adige
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Effect of the synbiotic on intestinal permeability and tight jumnah-

associated proteins in gut mucosa

As a consequence of HFD feeding, epithelial barrier integrity altesed. There was a

significant increase in gut permeability measureglivo by appearance in plasma of FFiabeled

dextran Fig. 5.7A), by amecharsm associated with a reduced expression of the epithiginml

junction proteins Z@&L and occludinKig. 5.7B-E). These effectsvere prevented by the synbiotic
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Fig. 5.7. Effect of the synbiotic on intestinal permeability and tight junction-associated proteins Panel A shows the measurement of gut

permeability by appearance of Flfi@beleddextran in plasma of STD, HFD and HFD+SYNBIOTIC rats (n=8 each grdopnunofluorescent

images (5xobjectieand mRNA expression for Z0 (B, D) ar occludin (C, E) inthe colon tissue are shown=4 each group). (*P<0.05;

***P<0.001 vs STD; # P<0.05; ## P<0.0& HFD). Immunofluorescence staining are representative of 3 slides for each group.
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Modulation of Gramnegative bacteria and TLR4 in coleammucosa

HFD strongly increased 16S rRNA levels of Enterobacteriales addrrelated spece
(Escherichia coli spp) at colonic level, while tegnbiotic significantly reduced Granmegative
bacteria Fig. 5.8A-B). The modulation of Gramegative bactesi was associated withsggnificant
increase in TLR4 andlyD88 in HFD rat intestinal mucosa. Also theffect was significantly
blunted by the synbiotidHg. 5.8C and D).
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5.4Discussion

We show that the synbiotic containihg paracasei B2106flus arabinogalactan and frueto
oligosaccharide, is able to prevent lidamage and inflammation, steatosis, IR, and imbalance of
TLRs pattern in the early stagd NAFLD. The synbiotic not only preventke increase of hepatic
markers of steatosis and NEFA, but afgeserves glucose tolerance, reduces fasting glucose and
insulinemiamodulating HOMAIR and adiponectin levels. It is now clear tiaiF-U and IL-6
represent crucial effectors of IR, that link liveflammatory process to hormonal and metabolic
alterationg93,506] In our experimental model, the synbiotic reduces TNEvels inparallel with
a lower Ser’-phosphorylation of IRSQ, demonstratingthe recovery of insulin signaling
transduction. IE6, activating the JAKSTATpathway, stimulates SOCS1 and SOCS3 transcripts
that in turnled to ubiquitinrinduced degradation of IRE[93]. Here, we show thahe synbiotic
reduces the transcription of both cytokines, TMEnd IL-6, and inhibits markedly their above
reported pathways, limitingnflammation and IRIn our experimental conditions, it is plausible to
argue that theynbiotic, reducing NEFA and cytokines (i.e., TNIFIL-6 and IL-16), modulates the
activationof NF-eB pathway induced by HF[507], reducing 8BUdegradation and inhibiting p50.
Moreover, theincreased expression of TNFby HFD is associated with threduction ofPPARU
expression in liver and adiponecsgnthesis immesenteric adipose tissue. Adiponectin, an insulin
sensitizing antrinflammatory adipokine, limits fat accumulation in the liver by rumber of
mechanisms including induction ¢fPARU expression[508], reduces liver TNFJ expression
[509], and inhibits expression of seve@ltokines in hepatic stellate cells, with a concomitant
increase in therelease of the regulatory cytokines-10 and IL1RA [510]. The molecular
mechanisms by which the synbiotic exertdbigmeficial effects on NAFLD are linked to the marked
increase ofadiponectin and to the partial recovery of PPBRThe level of PPARU which
regulates fatty acid-oxidation and catabolism, was restoreyg the synbiotic. We previously
demonstrated that HFD feedingassociated with the reduction BPARU expression in livef70]
andaccording to our findings, the administeat of a PPAR agonist qrobiotics restorePPARU
and improves hepatic steatoqi80,71] Recently, it has been demonstrated that FGF21, a
cytokine/hormone predominantly produced by the liver, was regulatd®PBR-U [511]. FGF21
regulates glucose and lipid metabolism thropigiotropic actions in pancreas and adipose tissue
[512]. In particular,FGF21 is required for the normal activation of hepatic lipid oxidatiod
triglyceride clearancg513]. In our model FGF21 was significantieduced by HFD and its

decreased expression was partially prevetgdsynbiotic. Accordingly, the synbiotic not only
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increasedPPARU and FGF21,but also normalized CPT1 transcription, suggesting a roléhisr
pathway in synbiotienduced decrease in fatty acid accumulationthe liver. As known,
adiponectin ugregulation byPPAR9, provides aonnection between the two PPARtges[514].
PPARO promotesfatty acid uptake and increases insulin sensitivity byagulatingGLUT4, an
insulin dependent glucose transporter in adipose tesdetriated muscl®15] and attenuating the
induction of SOCS3516]. Consistently with the modulation of adiponectin synthesissyindiotic

also modulate®PPAR92 and GLUT4 expression in visceradlipose tissuelo addras the synbiotic
mechanisms on HFRihduced hepati@lterations, we evaluated gut permeability. The synbiotic is
able to significantly inhibit the modification of gut permeability induced biD. In fact it
significantly reduces the amount of FHd@xtran &plasmatic level and restores the Hifduced
alteration in tightjunction proteins expression and distribution. The synbiotic pfsvents the
increased transcription of TLR4 in the colonic mucos&lBb animals, suggesting a reduction of
TLR4 inflammabry pathwaysTLRs are i nvolved in bacterial
tol eranceod i n[67] RHere, weedaniohstrage thiati thgndiotic is able to limit the
increased transcription and expressiombRs and cereceptor CD14 or MyD88 at intestinal and
liver level andrestores the imbalance of Gram negative bacteria (Enterobctenmlan particular

E. col)) induced by HFD. Rectly, it has beerdemonstrated that during HFDBduced diabetes,
commensal intestinddacteria translocate in pathological manner from intestnwards the tissues
where they trigger a local inflammation. Thimetabolic bacteremia was reversed by a
Bifidobacterium animalistrain, which reduced the mucosal adherence and bacterial translocation
of gramnegative bacteria from the Enterobacteriaceae gféaf]. Moreover, an increase in
Enterobacteriaceae family withirEnterobacteriales order has been associated with gut
inflammation; induction of experimental colitis in rodents was followed byirerease in this
family, suggesting that it may be a consequence ofnflaimmation rather than a caugel8]. In

our model the increaseamount of Enterobacteriales indudegl HFD, and probably associatéml

gut inflammation, was restored by this paracasei strainwhich iswell known modulator of the
inflammatory procesf?40]. In this study, the increased expression of hepatic TLRs due to HFD
confirms a greater exposure of the liver to ligandstliese receptor6.e. PAMPs and DAMPS)
deriving from the intestine. Our data are agreement with previous studies showing that the
administration ofprobiotics (i.e. Lactobacillus and Bifidobacterium) or prebiotics (ireilin and
oligofructose) camrmodulate the microbiota and improgeit permeability, thus controlling the
occurrence of endotoxemj&19,520] Also NEFA and other nebacterial substances, may act as
ligands for TLR2, TLR4, and TLR9[67,521] In NAFLD patients, elevated NEFAfevels are
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commonly observe{b22]. Very recently, it was demonstratdtht free fatty acids could stimulate
NF-a B act i hepatocytes in ithenearly stage of HiFduced NAFLD through th&LR4
[523].

Here, we demonstrate that the synbiotic reduces inflammatidnits mediators, not only
through an effect on NEFA and intestina¢érmeability, but also inhibithg NBB act i vat
through the downregulatioof TLR patern. Accordingly, we evidenced the same prasil@ctivity
of the synbiotic on TLR2 expression. Both TLR2 and TlRdognizes NEFAE24], and share the
same signaling cascade leadiogNFe B act i vati on. The reduction
contribute to the inhibition of the effects of HFD, impacting on IR @sglie damage. Consistently
with our data, Ehses at.[525]haver e por t ed t hat TLR2 deficient m
cell dysfunction induced by HFD, linking TLR2 to the increased didlipigt and the alteration of
glucose homeostasis. Finally, thgnbbtic significantly inhibits the HFErelated increase in TLR9
synthesisintracellular TLR9 activates innate immune defenses against virdlaatdrial infection

and plays a role in the pathogenesis of NASES].

5.5Conclusions

In conclusion, our results support probiotics as innovagike/entive and therapeutic strategy
for NAFLD, usingsynbiotic preparations containing selected strain with clear and demonstrated
beneficial immunomodulatory effects. Among pmatiis, L. paracasei B2106Gcan be considered a
potential approach, limiting the mapathogenetic events involved in the onset of IR and steatosis
inducedby HFD. This synbiotic, alone or in combination with other theramiesld be useful in
the treatmat of fatty liver in children who arbardly able to follow a program of hypocaloric diet
and regulaphysical activity.The major results of our study a@emmarizedn figure 5.9.
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Fig. 5.9. Effects of a Synbiotic basedlactobacillus paracasei B2106id the liver. The enhancement of epithelial barrier integrity by the synbiotic

through an increase in tight junction proteins expression{Z@d occludin) , determines a reduction of DAMPs, PAMPs, and FFA afflux to liver.

This synbiotic effect is relatkto a reduction in the expression of hepatic TLR4ad¢essory molecule CD14, TLR2 and TLR9 andd\Bactivation
with a decrease in inflammatory gene transcription. The reduced expression of inflammatory cytokinds$ (TAIF-6) leddd to an improvement of

insulin signaling (reduction of IR$ phosphorylaon in Ser 307 and dowregulation of SOC3), accompanied by an increase in insulin sensitivity.

The synbiotic increases PPAR expression in |liver, contributing to the reducti

on

Consistently, in aigose tissue the synbiotic increases PPAR e x pr essi on and adi ponectin transcription,

the therapeutic/preventive role of the synbiotic in hepatic steatosis could be related to its ability to limit infladiveatd@ynage, insulin signaling
impairment, and imbalance of TLR patterns induced by high fat diet.

ALT, alanine transaminase; AST, aspartate aminotransferase; LPS, lipopolysacchar@ld8 NF nu c |- B;r T lakke redepior; IIL,
interleukin; TNF, tumor necrosis factor; TG, triglycerides; PPAR, peroxisome prolifeaatorated receptor; FFAs, free fatty acids; DAMPs, damage
associated molecular patterns; PAMPs, pathogen associated molecular patterns;TJ, tight junction; GLUT4, glucose #rassppressor of
cytokine signaling, SOCS; IRS, insulin receptor substrate.
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CHAPTER 6: EFFECTS OF SODIUM BUTYRATE AND ITS
SYNTHETIC AMIDE DERIVATIVE ON LIVER INFLAMMATION
AND GLUCOSE TOLERANCE IN AN ANIMAL MODEL OF
STEATOSIS INDUCED BY HIGH FAT DIET

6.1 Introduction

A close association betwedtAFLD and several findingandicative of IRand metabolic
disorders has long been reported. The Ip@duces and is exposed to various types of lipids, such
asfatty acids, cholesterol and triglycerides via fiatal vein fromthe diet and visceral adipose
tissues. The liver and adiposgsue jointly participate in maintaining glucose and lipisneostasis
through he secretion of several humofattorsand/or neural networks. Perturbation in the mnter
tissuecommunications may be involved in the development of IRdialdetes. An excessive free
fatty acids (FFAs) flux into the liveria the portal vein may cause fatty liver disease and hepatic IR.
However, the initial events triggering the development of dRl its causal relations with
dysregulation of glucose and fathigids metabolism remain uncleirhas been suggested that the
blood glucoseand lipidlowering effects of soluble dietary fibres may be related in fa@CFAs
generated during anaerobitcrobial fermentatiof526,527] Among SCFAs, butyrateonstitutes
one of the major products derived from intestiieaimentation of undigested dietary carbohydrates,
specificallyresistant starches and dietary firbut also in a minor part lwyetary and endogenous
proteins. After butyrate uptake by thkelon, it is metabolized in part by the colonocytes, and the
remaining fraction reaches the liver via the portal vein. ddlenocytes absorb butyrate through
different mechanisms dapical membrane uptake, including Aonic diffusion, SCFA/HCO3
exchange, and active transport ML T1 [428]. In particular,butyrate is able to exert a powerful
pro-absorptive stimulus onntestinal NaCl trasport and an anfiecretory effect toward€l
secretion[400,403] The effects exerted by butyrate are multiple and invaegeeral distinct
mechanisms of action. Its wé&dhown epigenetic mechanism, is the hypmtylation of histones by
inhibiting class | and class Il histone deacetylases (HDAC),rdsatlts in the regulation of gene
expression and in the controf cell fate[413,528] HDAC regulates gene transcriptiomraugh

modification of chromatin structure by acetylation of proteinsluding not only histone proteins,
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but also transcriptiorfactors (i.e. NFe B, p53 a[b29]. ButirAeT dlso actas signal
molecules, targeting their G protesoupled receptorSree Fatty Acid Receptor 2 (FFAR2, GPR43)
and FFAR3(GPR41)[378]. At intestinal level, butyrate exerts multiple effecssich as the
prevention andnhibition of colonic carcinogenesithe improvement of inflammation, oxidative
status, epitheliatilefense barrier, and the modulation of visceral sensitivityimtedtinal motility.
At the extraintestinal level, potential fields @pplication for butyree seem to be the treatment of
different pathologies, including metabolic diseases, suchyapsrcholesterolemia, obesity, IR, and
ischemic strokg¢530]. Recently, it has been demonstrated that dietapplementation of butyrate
can prevent or treat digiducedIR in mice[477]. The mechanism of butyrate action was related
promotion of energy expenditure and inductionmatochondrial function through stimulation of
PGG1 UMoreover, activation oAMPK and inhibition of HDAC could contributeto PGG1 U
regulation by butyrate. Moreecently Li et al [531] demonstrated tha&GF 21, which plays an
important role in lipidmetabolism[532], is induced by butrate and involved in ttemulation of

f at t y-oxaationdn lier.Some butyratdased products are marketed but their spiisastill
very limited and greatly understaffed in view of the wisieectrum of possible indications
especially in chronic diseaseshere it is possible to predict a lasting use of tlesepounds. The
unpleasantaste and odour make extremalifficult the oral administration of butyrate, these
difficulties areeven more remarkable in children where the administratiaonsplicated. Thus,
new formulations of butyrate with a bettmlatability, which can be easiddministered orally, are
needed. The purpose of this study is to investigate the effafasxydium butyrate (butyrate) and of
its more palatablderivative, the N(1-carbamoy2-phenytethyl) butiramidg FBA), in a rat model
of NAFLD induced by high fatliet. Wehypothesized that orally administered butyrate compounds,
could attenuate steatosis and liver injury, with reductiomftdmmatory responses via suppression

of Toll-like receptorghrough downregulatonof N B act i vati on.
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6.2 Materials and Methods

Ethics Statement

This study was carried out in strict accordance withinlsgtutional Guidelines and complied
with the Italian D.L. no116 of January 27, 1992 of Ministero della8e andassociated guidelines
in the European Communities Counbiirective of November 24, 1986 (86/609/ECC). All animal
procedures reported herein were approved by the Instituti@oraimittee on the Ethics of Animal
Experiments (CSV) of thé&niversity o f Naples fAFederico | ISéluteand
under protocol no. 2008099793. Prior to sampleollection, animals were euthanized by an
intraperitonealinjection of a cocktail of ketamine/xylazine, followed by cervid#location to

minimize pain. All efforts were made to minimizmimal suffering.

Drugs and reagents

Standard and higfat diet (HFD) were purchased frobaboratorio Dottori Piccioni (Gessate,
Milan, Italy). Standarddiet had 15% fat, 22% proteins, and 63% carbohydrates, WMikil2 had
58% of energy derived from fat, 18% from proteand 24% from carbohydrates. The composition
of high fat diethas been previously describfb5]. Standard and high fat diet®ntained 4.06
kcal/g and 5.56 ¢al/g, respectivelySodium butyrate was purchased by Sigidrich (Milan
Italy) and phenylalaninrbutyramide (FBA; Italian pate@M2008A000214; April 21, 2008) was
provided by ProfCalignano.Their chemical structure are reportedigure 6.0. FBA is present in
a solid, poorly hygroscopic, easilyeighable form, stable to acids and alkalis and capable of
releasing butyric acid at small and large bowel level ao@stant manner over time. This product
has demonstratedtaxicological profile comparabl® that of butyrate; it showghysicochemical
characteristics distinctly more suitable &xtensive clinical use than those of butyrate. A particular
aspect of FBA is that it does not present the unpleasant ofibutyrate and is practically tasteless,
thus making possible tmvercome the main limitation to the use of butyrate inthieeapeutic field,
namely its very poor palatability. Moreovéne solubility of FBA in water is satisfactory in that it

produceglear solutions up to the concentratidrod M andsuspensions for higher concentrations
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Figure 6.0.Chemical structure of sodium butyrate and its derivative FBA

Synthesis and characterization of butyric acid derivative FBA

Briefly, 0.01M of phenylalanine carboximide and 0.0bMtyroyl chloride were dissolved in
50 ml of chloroform and theesulting mixture were left to react at room temperature for 24a.
mixture, evaporated in vacuo, yields a solid wisidouredresidue, that was washed with a 1%
sodium bicarbonatsolution. Theaqueous bicarbonate solution was extracted twitle an equal
volume of ethyl acetate to recover an additidrexdtion of the mixture of derivatives. To isolate the
single components, the mixture was treated and procesBesmatographically on a silicgel
column, usingdichloromethane as eluent. The compound wasrystallisedwith a mixture of

chloroform/nhexane 1:1 v: v, obtaining a fingkld equal to or greater than 50%.

Animals and treatments

After weaning, young male SpragDawley rats (avege body weight 113.0+2.2 g),
purchased from Harlan, Italy, werandomly divided into four groups (at least 6 animals for each
group) as follows: 1) a control group receiving STD and velpeleosby gavage; 2) HFBed
group receiving vehicle; 3) HFi2d group treated by gavage with sodium butyrate (HBDtyrate,

20 mg/kg/die) or 4) with N1-carbamoy2-phenylethyl)butyramide (HFD+FBA 42.5 mg/Kg/die,
the equimolecular dose of butyrate). The treatments staogether with the HFD and continued
for 6 weeks.We used a nutritional model of IR in ngenetically modifiedanimals[256] that after

6 weeks, induced the early eventdNAFLD due to fat overnutrition in young animals, excluding
ageand gender influence&lood sample was collected by cardiac puncture and sehiained.
Liver and white adipose tissue were excisediamdediately frozen.
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Blood biochemistry

Alanine amino transferase (ALT), aspartate amino transferase (AST), total cholesterol, low
density lpoprotein (LDL) and triglycerides (TGL) were measured by standawttomated
procedur es, accordi ng (Dade Bemang unt.aNewark; BHE).6Fasting r ot
insulin concentrations were measured by rat instditioimmunoassay kit (Millipore Corpation,

Billerica, MA, USA). Blood glucose concentrations were measured usghgcameter (One Touch
UltraSmart; Lifescan, Milpitas, CABlood NEFA were determined as previously described (Itaya
and Ui.,[504].

Histological Analysis of Lver Tissue and triglycerides content

Liver sections were stained with hematoxylin and eosin oR&il O. Steatosis was graded on
a scale of 0 (absence stkatosis), 1 (mild), 2 (moderate) and 3 (extensive). ltiglycerides were

determired as previoug described533].

Oral Glucose Tolerance Test (OGTT) and Insulin Resistance
Assessment

Five weeks after the beginning of the experiment, all wase fasted for 18 h and then
underwent a glucose tolerand8lucose was orally administered (2 g/kg body weight). Blood
samples were collected sequentially from the tail vein beéme,30, 60, 90, and 120 min after the
glucose load. The aramder the glucose concentration versus time curve (AUC)calzsllated
from time zero, as the integrated and cumulathaasure of glycemia up to 120 min for all animals.
To comparethe course of the glucose concentration among graitpsstical analysis of AUC
mean values was performed usitihgg GraphPad Prism software (GraphFdtware, Inc., San
Diego, CA).As index of insulin resistance, HOMA was also calculated, using the formula [HOMA

=fasting glucose (mmo/ L) [ fasting insulin (egU/ml)/22.5]
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Western blotting

Liver and white adipose tissues were homogenized andptatiin lysates were subjected to
SDSPAGE. Blots weregprobed with antsuppressor of cytokine signaling 3 (SOCSanta Cruz
Biotechnology,Inc., Santa Cruz, CA, USA), or antiprotdéyrosine phosphatase 1B (PTP1B, Santa
Cruz Biotechnology), or aCOX-2 (Cayman Chemical, Ann ArboiMl), or antriNOS (BD
Trusduction, Franklin Lakes, NJ, USAdr antiperoxisome proliferateactivated receptotJ
(PPARU Santa Cruz Biotechnology), or aftPAR9 (Novus BiologicalsLittleton, CO, USA), or
antiglucose transportet (GLUT-4, Santa Cruz Biotechnology) or amfiucose transportet
(GLUT-2, Millipore Corporation, Billerica, MA, USA)To evaluate NFeB activation, bB-U
(SantaCruz Biotechnology) and NBB p50 (Santa CruBiotechnology) were measured in liver
cytosolic or nuclearextracts, respectively. Western blot for glyceraldehR§dephosphate
dehydrogenase (GAPDH) d@ractin (in cell lysatesSigmaAldrich, Milan, Italy) or lamin A (in
nuclei lysatesChemicon. Int, Temecula, CA, USA) was performed to ensgual sample loading.

Reakttime semiquantitative PCR

Total RNA, isolated from liver and adipose tissue, weasracted using TRIzol Reagent
(Invitrogen Biotechnologiesp ccor di ng to the manuf aesynthesizzd 6s i
using a reverse transcription kit (Maxima Figtand cDNA Synthesized Kit, Fermentas, Ontario,
Canada)rom 2 eg total RNA. PCRs were performed with a Btad CFX96 Connect Redlme
PCR System instrument asdftware (BieRad Laboratories). The primer sequencegeperted in
Table 6.2. The PCR conditions were 10 min at 95f@lowed by 40 cycles of twstep PCR
denaturation at 95°C fdt5 s and annealing extension at 60°C for 60 s. Each samplained 1
100 ng cDNA in 2X Power SYBRGreen PQRaster Mix (Applied Biosystem) and 200 nmol/l of
each primer(Eurofins MWG Operon, Huntsville, AL) in a final volume o06&. The relative
amount of each studied mRNA was normalizedGAPDH as housekeeping gene, and the data

were analyzedccording to th@ ®®" method.

Statistical analysis

All data were presented as mean + SEM. Statistical analgsgperformed by ANOVAest

foll owed by B omultipkercampanisorissStatisecal significance was sBét05.
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Table 6.2. RealTime PCR Primer Sequences

Target gene Forward pri mer Revere primer Accession
Number
CD14 GTGCTCCTGCCCAGTGAAAGAT GATCTGTCTGACAACCCTGAGT AF_087943
F4/80 CCCAGCTTATGCCACCTGCA TCCAGGCCCTGGAACATTGG NM_001007557.1
FGF21 AGATCAGGGAGGATGGAACA ATCAAAGTGAGGCGATCCATA NM_130752.1
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA )N("\\Aﬂ_gigggg
HMGB -1 TTGTGCAAACTTGCCGGGAGGA ACTTCTCCTTCAGCTTGGC NM_012963.2
IL-16 TCCTCTGTGACTCGTGGGAT TCAGACAGCACGAGGCATTT NM_031512
IL-6 ACAAGTGGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC NM_012589
MCP-1 CCCACTCACCTGCTGCTACT TCTGGACCCATTCCTTCTTG NM_031530.1
PGC1-U AACCAGTACAACAATGAGCCTG AATGAGGGCAATCCGTCTTCA NM_031347.1
Pro-collagen TCGATTCACCTACAGCACGC GACTGTCTTGCCCCAAGTTCC NM_053304.1
at_y gm TGCTGGACTCTGGAGATGG GATGGTGATCACCTGCCCATC NM_031004.2
TGF-b GAAGCCATCCGTGGCCAGAT TGACGTCAAAAGACAGCCACT NM_021578.2
TLR2 GTACGCAGTGAGTGGTGCAAGT TGGCCGCGTCATTGTTCTC )N("\\Afl_;g%fg
TLR4 CTACCTCGAGTGGGAGGACA ATGGGTTTTAGGCGCAGAGTT NM_019178
TLR9 ATGGCCTGGTAGACTGCAACT TTGGCGATCAAGGAAAGGCT NM_198131
TNF-U CATCTTCTCAAAACTCGAGTGACAA | TGGGAGTAGATAAGGTACAGCCC NM_012675
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http://www.ncbi.nlm.nih.gov/nucleotide/18543364?report=genbank&log$=nucltop&blast_rank=4&RID=J9DABAMY01R
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http://www.ncbi.nlm.nih.gov/nucleotide/148747597?report=genbank&log$=nucltop&blast_rank=2&RID=J9GM5U2101R

6.3Results

Effects of butyrate and FBA on liver steatosis and serum parameters

Liver sections from rats fed with HFD demonstratednificant hepatic damage in
comparison with standard dig@TD) fed animals. As depicted Figure 6.1A, HFD liversshowed
foci of mixed inflammatory cell infiltration, evidenceoly arrows, and hepatocyte necrosis or
apoptosis throughouhe lobule. Scattered inflammation and occasionally apoptatatei were
obseved. No alterations were shown in liver of tta¢s £d with the STD. Furthermore,AB rats
showed grade dhepatic steatosis with a histological pattern characterizednioyovesicular
steatosis. The hepatocytes showedcyteplasm filled with small vacles which were uniform in
size and smaller than the centrally located nucleous. Steaaffeisted most of the hepatocytes
(Figure 6.1B). In animalstreated with equimolecular doses of butyrate (sodium butgrakBA),
liver inflammatory damage appearsdueed andsteatosis was graded as grade 1 with a
microvesicular patterof lipid accumulation distributed in perivenular and peripontgion. This
effect was also associated with a reductiontriglycerides content which was significantly
enhanced by HP (Figure 6.1C). In HFD-fed animals TW-U, a <cytokine I nv
development of IR, was significantly increased, butyrate anganticular FBA reduced hepa
expression of this cytokin@-igure 6.1D). Similarly the mRNA concentration of chemokikkCP-
1 and a specific marker of maturexcrophages #80 were increased in HFD rats and normalized
by butyratetreatments Kigure 6.1E and F). Moreover, HFD induced thexpression TGHb 1 , an
early marker of the fibrotic proce¢Bigure 6.1G), which was significantly downegulated in the
butyratetreated group (P < 0.01) and more significantly by FBR < 0. 001) . We al ¢
SMA and precollagen type 1ltranscript by real tim&CR but it did not show a significant
modification after 6 weeks of HFD. Biochemical seryparameters are reported table 6.1.
Circulating levels of ASTALT and cholesterol resulted increased at 6 weeks of Hidllle LDL
and triglycerides showed a trend of increase.tidlse parameters were reduced by butyrate and
FBA. Compared with animals fed with STD diet, HF&ts showed anarked increase in fasting
glucose without change in insulievels. Both butyrate and FBA prevented glucose alteration.
Homeostasis model assessment for insulin resistance (HRYlAvas 25% and 30% lower in

butyrate and FBA groupsespectivey. No difference in body weight was shown among all groups,
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weight gain of HFD fed animals did not change after 6 wewkther modified by butyrate and

FBA treatments (data nehown).
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Figure 6.1. Effects of butyrate and FBA on liver statosis Paraffirembedded sections of the liver (n=4 each group) were staiited
hematoxylineosin (A) or oil red O (B). Micrographs in both panels are representative pictures with original magnific@onF46i of
inflammatory cells are shown (arrow¢C) Triglycerides were measured in liver and normalized on 500 mg of frozen (fisfiieach group). The
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(n=6, eachgroup).(*P<0.05, **P<0.001vs STD; # P<0.05, # # P<0.01, # # # P<0.081HFD).

Table 6.1. Changes in serum parameters of rats fed with contradtandard diet (STD), high fat diet (HFD) or high
fat diet and treated with Butyrate or FBA for 6 weeks.

STD HFD HFD+Butyrate HFD+FBA
ALT (U/l) 26.17+3.40 38.83+3.69 * 22.00+1.597 18.83+1.56™
AST (U/) 157.33+12.23 226.16+24.15 ** 152.0+3.657 146.60+12.797
Colesterol (mg/dl) 71.50+1.72 86.14+6.37 * 74.50+1.57 74.67+3.0F
LDL (mg/dl) 24.55:0.74 27.23+2.39 20.40+0.86" 23.46+0.82
TGL (mg/dl) 38.50+3.52 43.863.70 35.17+0.40 39.67+1.62
(Frﬁ;}'d”l? glucose 110.3+3.22 149.0+16.27* 115.2+6.71 118.445.48
Fasting insulin (ug/l) 0.20+0.06 0.27+ 0.02 0.21+0.01 0.20+0.01
HOMA index 0.97+0.3 1.56+0.16* 1.17+0.1% 1.13+0.08

Values are means = S.E of six anim@ld2<0.05, **P<0.01lvs STD. #P<0.05; ##P<0.01; ###P<0.081HFD).
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Modulation of hepatic inflammatory parameters and N& B
activation by butyrate and FBA

Hepatic and extrhepatic -1 sources contribute to livémflammation related to metabolic
alterations. In fact, 1 b strosgly upregulated by activated macrophag® other livercell types
(including Kupffer cells and hepatic stellate celfsrticipating in liver injury. Beyond TN/, al s o
IL-6 is involvedin metabolic impairment, initiating the pathogenesis of hepRticAs shown in
Figure 6.2A and B, HFD indwed a significanincrease in hepatic L b a r6dnRNAk, and
both treatmentsignificantly prevented the transcription of these geNkseover, the higHat diet
determined an increase in liver proinflammatergymes, COX2 and iNOS Figure 6.2C and D)
and butyrate and FBA reduced the expression of tpesiins. In agreement both treatments
significantly preventedhe increase of nuclear content of p50-8lB r e | addecibn daf the a
inhibitory cytosol iiohibjianoftNEd B1 a cotBRilyee G2E@mF(n g t h
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Effect of butyrate and FBA on hepatic Tollke receptors pattern

The activation of TLRs family, especially TLR4, lyflammatory cytokines or increased
NEFA could modulaténsulin sensitivity{115]. Recently, it has been hypothesized taé-related
highi mobility group box 1 (HMGB1) releasenediates the activation of TLR4 signaling in
hepatocytes anglays an essential part in the early stage of NAFLD inducedMiy [523]. Here,
HMGB-1 mRNA levels were strongly ugegulatedby HFD feeding while both butyrate, and in
particular FBA,determined a significant reduction of these levélgyre 6.3A). As shown in
Figure 6.3B and C, HFD induced the mRNAncrease of TLR4 and its eeceptor CD14 in liver.
FBA and, toa lesser extent, butyrate inhibited these effects. Notably, TAfRZTLR9, which are
able to detect lipoproteins andnmetilated Cp&ontaining DNA, respectively, weralso
upregulatedoy HFD and reduced by two treatments, with a geffaictiveness of the FBA-{gure
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Figure 6.3. Effect of butyrate and FBA on hepatic Tolllike receptors pattern. Panels A and B are the results of 1tzale PCRfor HMGB-1 and
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Effect of butyrate and FBA on glucose homeostasis and insulin
resistance

To confirm the effects of butyrate and its derivative on instésistance in HFBed rats,
glucose tolerance andsulinsignaling were analyzed. In oral glucose tolerance test, Isiaogles
were collected sequentially before, and 30, 60a8d,120 min after the glucose load, HFD induced
an alteredesponse to glucose at all time points paralleled with §igure 6.4A and B): in fact, a
marked and significant increase AUC values was shown in HFD group (P<0.001), which was
significantly reduced by FBARigure 6.4A and B). Butyrate and=BA groups exhibited improved
response to glucose at all tirpeints, in partialar FBA raised a significant reduction giffcemia
90 min after glucose loadrigure 6.4A). The insulin receptor is acted on an unique group of
regulatory proteins, includinBTP1B which is considered as a major negative regulatamseflin
receptor sigaling. As depicted ifrigure 6.4C the HFDfeeding determined an ovexpression of
this enzyme whildoth treatments showed a significant reduction of this protelreratic tissue.
Moreover, we showed an increase in SO@&8ein expression in hepatisgues from HFD rats,
that wassignificantly inhibited by butyrate and FBA (P<0.0Bigure 6.4D) confirming the
restoration of insulin signalingdccording with the inflammatory alterations, othapdifications
demonstrated metabolic impairment and instiisue resistance in HFD fed rats. The basal level of
PPARUwhi ch r egul aoxigason dnd tatabolisra, evaletectda in liver homogates
from STD fed animals. PPARdecreased in liver from HFD rats (P<0.01) and restordalbyrate
or FBA (P<0.01 and P<0.05, respectiveBRigure 6.5A). Very recently, it has been demonstrated
that FGF21, acytokine/hormone that plays an important role in the regulatibdipid and
carbohydrate metabolism, was induced by buty&@&]. In liver extracts, FGF21 was significantly
reduced by HFCand its decreased expression was slightly preventdalityyate and significantly
by FBA (Figure 6.5B). Moreover, GLUT2, a glucosesensitive gene in liver cellf534], was
markedly reduced by HFD and this effect was significaptgvented by butyrate and FBA (and
Figure 6.5C). It is well known that adipose tissue, behind its reservesancetory role, represents
an important insulirsensiive target tissue contributing to glucose homeostasis. Here, the
expression oPPARY, a liganddependent transcription factavas lower in HFD compared with
STD group, whereas botheatments significantly increased Rigure 6.6A). ConsistentlyPGG
1 U, sigrdfisantly reduced in HFD group, while both treatmemtsvented thisffect Figure
6.6B). It is well known that thiscoactivator controls energy metabolism interacting with
severaltrangiption factors, including PPAR) , and i t sssaciatet witht mitacimondrias
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dysfunction, reduction in fattgcid oxidation andnisulin resistanc¢535]. Moreover, in adipose
tissue butyrate and FBA were also albderestore GLUT4 protein expression, that was deeply
reducedby HFD (P<0.05, respectivelfzigure 6.6C).
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Figure 6.6. Butyrate and FBA are able to modulate metabolic proteins in adipose tissuRepresentative Western blot BPAR2
(n=5 each group). Panel B shows rtiale PCR results from PGC U mR Nefs (rélative expression toSTD) in adipose #sgu=6 each group).
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6.4 Discussio

Metabolic and antinflammatory effects of butyrate and idderivative, phenylalanine
butyramide (FBA), were examined this study in a HFBEInduced rat model of hepatic steatosis
and insulin resistance. Sodium butyrate shows considerdbdevbacks: it hs fairly strong
hygroscopicity and butirricauseating smell, associated to a poor compliance relagdrésnely
unpleasant taste and epigastric discomfort afteramsimption. On the other hand, the conjugate of
butyrate to phenylalanine, FBA, has laived to obtain a molecule witlthemicalphysical
characteristics suitable for an easier @@ninistration compared to butyraléhe most important
observation is that both treatmergsevented the impairment of glucose homeostasis and the
development oinsulin resistance. In our model there are tmajor hallmarks of insulin resistance:
hepatic inflammatoryprocess and alteration of glucose tolerance related ito@airment of insulin
signaling. The improvement in insulsensitivity may be, at least ipart, a consequence aftr-
inflammatory effects of these compounds in this nutritionadel. Insulin controls whole body
glucose homeostasis witkeveral mechanisms, such as the promotion of gludcgmosal in
sensitive target tissues, such as lived dat. Our study shows that both treatments are able to
preventliver inflammation and damage, steatosis, the onset of IRinapalance of TLRs pattern in
the early stage of NAFLD. Iparticular, we showed a reduction in hepatic lipid accumulation
mainly significant in FBA treated rats, together with a reductbthe inflammatory infiltrates. The
evaluation of the fibroticprocess revealed no appreciable modification in HFD fed eatd,
consequently no modification by both butyric treatmédéta notshown), even if TG, an early
pro-fibrogenicmarker, was wpegulated in liver from rats on HFD, anghrkedly reduced by both
treatments. TG is considered thenost powerful mediator of hepatic stellate cell activation and
kupffer cells are a main saeg of TGFb in the liver, promotingcollectively to inflammatory
cytokines and oxidative stress, lati®rosis[536].

Moreover, both treatments normalize the hepatic markesseatosis, and preserve glucose
tolerance, reducing fastirgjucose and modulating HOMIR. It is now clear that TNfJand 1L-6
represent crucial effectors of IR, that link liveflammatory process to hormonal and metabolic
alterations[93,506] In our experimental model, both compounds redtiee above reported
cytokines in paallel with a lower expressioof PTP1B and SOCS3 inhibitory proteins, suggesting
two molecular mechanisms of insulin sensitization. In accordarcently it has been highlighted
how the prototypicphoshotyrosinepecific phoshatase PTP1B dephosphoryldtes insulin

receptor and downstream IR% proteins. Itsnhibition enhances insulin signaling and attenuates
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insulin resistance both in conventional and non conventional ingekponsivetissues[537],
indicating PTP1B as a target for thevelopment of novel therapeutics for diabetes and obesity. On
the other hand, SOCS family, including SOCS3, assoocrgataghe insulin receptor and inhibits its
signaling througtubiquitinrinduced degradation of IRS In particular, thenduction of SOCS3 in
liver may be an important mechanism lof6-mediated insulin resistand®3]. Moreover, both
treatments reduce thetawation of NFe B pat hway HFBPducedubing | aBU
and inhibiting p50, with aubsequent reduction not only in cytokine transcription (INFE.-6 and
IL-1b6) , but al so i n i nZdndiNDB) Fudhenmnores wezfqundettsat BF C O X
increases macrophagdiltration markers, MCPL and F4/80, and both butyrateatments are able
to reduce these parameters, in particuladucing F4/8positive macrophage, indicative of
M1state associated with inflammation and tissue inj[5$8].

Here, we demonstrate that both treatments redhflsanmation and its mediators inhibiting
NF-a B a c t arguably thmugh the dowregulation of TLR pattern in théver, which are
involved in bacterial sensing and are crucialffdr i ver t ol eranceo. We demc
a lesseextent, bugrate are able to limit the increased transcriptionexpmtession of TLRs induced
by HFD. The increased expressiofi hepatic TLRs confirms a greater exposure of the liver to
ligands for these receptors deriving from the intestine gaghogerassociaté molecular patterns
or PAMPs andendogenous damag@essociated molecular patters or DAMRBsEIuding the widely
expressed nucleus protein HMGHiecently, it has been hypothesized that FElted HMGB1
release mediates the activation of TLR4 signalingapatocytes and plays an essential part in the
early stage oNAFLD induced by HFOJ523]. Here, hepatic HMGBIfranscription was strongly up
regulated by HFD feeding whilboth butyrate, and in particular, FBA detened a significant
reduction of its levels. In parallel, they also normalizedetkygression of TLR4 and its @eceptor
CD14 in liver. Accordingly, we evidenced the same profile of activity of butyregatments on
TLR2 mRNA. Consistently with our dat&hseset al, [525] have reported that TLR2 deficient
mice are protectecir om | R and b cell dysf unct theincredasedd u c e
dietary lipid and the alteration of glucosemeostasis. FinallysBA significantly inhibits the HFB
relatedincrease in TLR9 synthesis. Intracellular TLR9 activates inmateune defenses against
viral and bacterial infection and plagsrole in the pathogenesis of NAJHL8]. We previously
demonstrated that HFD feeding is associatét the reduction of PPAR) e x pr es s[fTOpn i n
and theadministration of a PPARI agoni st or PPARLi @and csmpret®s
steatosis[70,71] Here, ve evidence that butyrate and FBA are also able to do @is. data

confirm recent in vitro and in vivo findings thialentify butyrate as a new inducer of FGH331].
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In that studyputyrate injection increased F21 serum concentration aptbtein levels in the liver
of obese mice through activation ®PARU whi ch was dependent on
butyrate.Despite the differences in theo experimental models (Geeksvs 20 weeks of dietan
sub-chronic treatment vs acute one), in our experimenksjtyrate and its derivative astill able

to restore hormone lelein the early stage of NAFLDOnN liver of non obese rats sming the
involvement of HDAC3nhibition. FGF21 is anetabolic hormone predominanglyoduced by the
liver, but dso expressed in adipocytes ampa@ncreas, where it regudst glucose and lipid
metabolismthrough pleiotropic aatins [512]. We studied PPAR) aRPPARo expressi o
tissues where they are more abundaliwer and adipose tissue, pestively [539]. PPARD
promotesfatty ecid uptake and increases itiausensitivity by upregulatingsLUT-4, an insulin
dependent gluse transporter iradipose tissue and striateduscle [515] and attenuating the
induction of SOCS3516]. In the current report, we providevidence that butyrate andBAk not
only prevent, in adipostissue, the HFBInduced reduction oPPAR but alsopositively modulate
PPARo-coactivator PGEL U540]. This transcription coactiar controls energy metabolism,
interacting with several transption factors, includingPPARU and PPARI |, t h ate gemee g u |
transcription for mitochondrigbiogenesis and respiratigfi41]. In fact, the reduction iPGG1 U
function is associatedith mitochondrial dysfunctiomeduction in fatty acid oxidan, and risk for
IR or type 2diabeteg542]. Dietary interention of PGEL U a c t i prontisg in theopredestion
and tratment of metabolic syndronjé77,543] Our data support theoncept that thetisnulation

of PGG1 U act i v imoleculanangchabism ofbutyraetivity, in agreement with premis
data demonstrating that thahibition of histone deacetylases and \ation of AMPK may
contributeto the PGEL U r e g[4i7I].&Conisistemtly, butyrate dnFBA are able to normalize the
facilitative hexose transporterGLUT-2 and insulirstimulated glucose transport GLUZ#
expression in liver and adipotissue, respectively, supging systemic effects dfoth compounds.
Our data are ingrteement with previous findinglemonstrating thatutyrate upregulates GLUT2
MmRNA abundance in other cell typesuch as CaceBBe monolayerspy activating specific
regions within the human GLUTRromoter[544]. GLUT-2 is located in the plasma membrane of
hepatocytes and pancreatic beddls, in contrast with GLUTL and GLUT3, has a low affiity for
glucose. Their high Km(1520 mM) allows for glucose sensing; rate ofugpse entry is
proportional to blood glucoskevels. GLUT4 transporters areasulin sensitive, and are fod
mainly in muscle and adiposissue. As muscle is a prindgpstoragesite for glucose anddipose
tissue for triglyceride (into which glucose cha converted for storage), GLUZ is important in

postprandialuptake of excess glucos®in the bloodstream or in otheonditions of ovenutrition
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(i.e. HFD). Moreover, receriindings have reported an improvement of liver glycograge by
acute butyrate upply that was explained by theompetition between butyratend glucose
oxidation, and by &kely reduced glycogengsis from the newly synthesizegticogen[545].

6.5 Conclusions

To our knowledge, our work is the first to propassmcomitant biochemical mechanisnm
the liver and adiposéissue to better understand hdwtyrate and its derivative magguate
glucose metabolism and improve insulin sensitiv@yr results show a protective effect of butyrate
to limit early molecular events underlying IR linked to steatosis, suggestipgtential clinical
utility as innovative, preventive anherapeutic sategy for NAFLD. In fact, these treatments
prevent the transition from steatosis toward steatohepatdimpening the onset of several hits
responsible for the shifand the progression of the disease. Since FBA does not thave
characteristic odor afancid butyrate, this derivative magpresent a viable therapeutic alternative
to butyrate, favoring hetter compliance and a greater effectiveness.

118



CHAPTER 7: EFFECTS OF A SYNBIOTIC -BASED
LACTOBACILLUS PARACASEI B21060 ON EPITHELIAL
BARRIER FUNCTION AN D TISSUE REPAIR IN DEXTRAN
SODIUM SULFATE -INDUCED COLITIS IN MICE.

7.1 Introduction

IBDs arethought to result fronmappropriate and ongoing activation of the mucasahune
system driven by penetration of normal lumifiafa throughdefectivetight-junction proteins (TJ)
The altered TJ structure in ulceratielitis results in impaired barrier function, which mawgd to
increased uptake of luminal antigens and/or adjuvér@iisoverwhelm the net suppressive tone of
the mucosal immune syste{p46]. Commensal bacteria reguldtey epithelial cell functions that
contribute andmaintain intestinalepithelial barrier integrity against injup47]. However,the
precise innate immune mechanisms of benefib@étmicrobial interactions are not yet fully
understood[548]. The intestinal epithelium is the interface fdretinteraction between gut
microbiota and host tissu¢s49]. This barrier is enhanceay the presence of a mucus layer and
immune factors thadre produced by the hd&50]. Antimicrobial peptides for innaienmunity are
produced by P a rdefénsins, dysorymeE, pliospholjpases, &hd-t@oe lectin,
primarily regenerating isletderived 3-g a mma , Regl 1 2) or [5M4,652]er ocy
Adaptive immune system effectors that are secreted into the intéstimet, such as IgA, may also
restrict bacterial penettion into the host mucus and mucosal tis§b®3]. These immune factors
allow the host to control its interactions with gut microbiota sinape its microbial communities
[552]. The development of immuraodulating probiotic therapeutic approaches for IBD is related
to observations that several invasive pathogenic bacteria ingl&dicoli andC. Difficile are pre
inflammatory and associated with disease development in patigbt4,555] In contrast,
bifidobacteria are reported to be deficient in rectal biopsies from patients witH38&) and
studies of faecal flora in patients with Croh
bifidobacterig[557]. Therefore, in IBD patients there are respectively reduced and increased levels
of commensal bacteria and pathogenic bacteria. The most widely used probiotics are

Bifidobacterium and Lactobacillus species, both of which have been tested in clinical ftrials o
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irritable bowel syndromg58]. Overall, human IBD trials to date suggest that probiotics display no
overt side effedt, but conflicting reports on probiotic efficacy highlight the importance of selecting
well-characterised probiotic strains and in delivering intact pharmaceutical formulations at an
appropriate dose level to the inflamed regions of the inteb®#. Testing of probiotics in mouse
models of IBD hayielded encouraging data that have prompted human. ffiaés distal intestine

of humans contains tens of trillions of microbes: this community (mictapis dominated by
members of the domain Bacteria but also includes members of Archaea and Eukarya, and their
viruses. The vast repertoire of microbial genes (microbiome) present in the distal gut microbiota
performs myriad functions that benefit the hi@0]. The mucosal immune system-eeolves with

the microbiota beginning at birth, acquiring the capacity to tolerate components of the microbial
community while maintaining the capacity to respond to invadirigog@ns.The gut epithelium

and its overlying mucus provide a physical barrier. Epithelial cell lineages, notably the Paneth cell,
sense bacterial products through receptors for mieagsbeciated molecular patterns (MAMPS),
resulting in regulated produoti of bactericidal molecule$561]. Mononuclear phagocytes
continuously survey luminal contents and participate in maintenance of tissue integrity, and the
initiation of immune response62,563] Several fanlies of innate receptors expressed by
hematopoigc and norhematopoietic cellare involved in recognition of MAMPSs, such as Foll

like receptors nucleotidebinding oligomerizationdomain proteirike receptors (NLR), and C

type lectin receptor§s64,565] Recently, the NLRP sufamily of the NLR family of proteis,
distinguished from the othéLRs by an Nterminal pyrin domain, has been implicatedthe
pathogenesis of chroninflammatory condition$566,567] Inflammasomes are cytoplasmic multi
protein complexesomposed of one of several NURoteins, including NLRP1, NLRP3, and
NLRC4, that fundbn as sensors of endogenous exogenous stress or damaggsociated
moleailar patters [568]. Upon sensing the relevant signal, they assemble, typically together with
the adapto protein, apoptosisassociated spedike protein (ASC), into a mtilprotein complex

that governgaspase. activation and subsequent cleavage ofatdieprainflammatory cytokines
including prelL-1b and prelL-18 [565,569] Several other members of the NLR family, including
NLRP6 and NLRP12, possess tbteuctural motifs of molecular sensors, and are rectuiethe
ifspeckso foytosalbydASC alignterizaion, leading to proaspasd activation[570].

Given these considerations,specific aimof this studywas toinvestigate whether in a mouse
models of ulcerative colitisthe synbiotic formulation Flortecbased onLactobacillus paracasei
B21060could prevent or repair the damage inuced by sodium dextran sulphate. Drugs that can

decrease epithelial permeability through closing epithelial tight junctions are currently the focus of
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intense research efforf§71]. Thus, a key question posed in the current study was whether this
probiotic strain could presesvnnateimmune barrier equilibrium through TJ regulatiomhich
balances mucosal homeostasis against inflammativegsinduced damage in mic@&esdes, in

order to investigatbow thissynbioticregulate the epithelial repair processg soght to exploe
themechanism that requires anlathmasome, involving NLRP6, NLF8 and caspast, andleads

to the cleavage of prth-18in our model of colitisOur data showed significant curative effects of
this synbiotic formulation in DSS model of colitis and gegts not only a potential therapeutic role

for this agent in this pathology, but also the possibility that a supplement of these lactobacilli might

prevent the relapse of UC.
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7.2 Materials and Methods

DSSinduced colitis and animal treatments

Experimenal colitis was induced iten weeks olBBALB/c male mice (25+2y) (Harlan
Corezzanopltaly) by 2.5% DSS (wt/vol)NIP BiomedicalsIrvine, CA) in sterile drinking watead
libitum for five days followed by drinking water without DSS for twelve daydlice were
randonty divided into four groups (n=168ach group) as following: 1. a control animals (CON), 2.
DSS treated mice (DSS), 3. DSS mice treated with Flortec as preventive tHer@pyREV) and
4. DSS mice treated with Flortec as curative ther&hy)(CUR). Flortec(Bracco, Milan, Italy)is a
synbiotic formulation containing viable lyophilizddhactobacillus paracasei B2106@ixed with
prebiotics fructeoligosaccharides and arabinogalact@his formulationwas available as powder
and dispensed in 6 g bagrtaining abou®.5 x 16 CFU of the bacteriaDaily synbiotic treatment
(L. paracasei B210602.5x10 bacteria/10g bw;fructo-oligosaccarides 7mg/10g bw, and
arabinogalactan 5mg/10g by gavage}started seven days before (PREV) or two days after (CUR)
DSS challenge.DSS group without synbiati formulation, received 0 by gavage as
vehicle Colitis was assessed by the daily monitoring of body weight, stool consistency and fecal
blood. All procedures involving animals were carried out in accordanitle the Institutional
Guidelinesand complied with the Italian D.L. no.116 of January 27, 1992 of Ministero della Salute
andassociated guidelines of the European Communities Council Directive of November 24, 1986
(86/609/ECC). Prior to sample collecticemimals, kept overnight fasted, were euthanized by an
isofluraneanesthesiafollowed by cervical dislocation tminimize pain. All efforts were made to
minimize animal suffering. Blood samples from animaksre collected by cardiac puncture and
serum okeined. At 19" days mi ce WkintestinkdnddlorsdneasuredColon tissue
was excised and immediately frozenSegments of colon were assessed histologically by
hematoxylin and eosin stainingn figure 7.0 the scheme of experimental proto@id animal

treatments are summarized.
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Figure 7.0.Experimental protocol used for this study

Evaluation of experimental colitis

In all animals, weight pregnce of blood and stool consistency were determined daily as
previously describefb72]. Disease activityindex (DAI) was determined by combining scores of a)
weight loss b) stool consistency and c) bleeding (dividgd3). Each score was determined as
follows, change inweight (0:<1%, 1: 15%, 2: 510%, 4:>15%), st blood (0: negative, 2:
positive) or gross bleeding (4), and staoinsistency (0: normal, 2: loose stools, 4: diarrhea) as
previously described573]. Bodyweight loss was calculated tee percent dierence between the
original bodyweight and the actual bodweight on any particular day. Typically in DSS colitis
animals will lose 1015% body weighbver the course of 10 days. The appearance of diarrhea is
defined as mucus/fecal material adherentmal fur. Thepresence or absence of diarrhea was
scored as either 1 6 respectively, and the cumulative score for diarrheacafasilated by adding
the score for each day and dividing the number of days of exposure. Rectal bleedingdefised
as darrhea containing visible blood/mucus gnoss rectal bleeding and scored as described for

diarrhea.

Western Blotting

Segments of colon tissue were homogenized on ice in lysis bufferH{Ttjs20 mM pH 7.5,
10 mM NaF, 150 mM NaCl, 1% Nonidet4®, 1 mM menylmethylsulphonyl fluoride, 1 mM

123



NasVOg4, 10 ng/ml leupeptin and trypsin inhibitor). After 1 h, tissue lysates were obtained by

centrifugation at 21000xg for 15 min at 4°C. The protein concentration of the samples was

determined by Bidrad protein assafBio-Rad Laboratories, Segrate, Milan, lItaly), using bovine
serum al bumin as the standard. For Western
sample buffer, boiled for 5 min, and subjected to $SIX&E. The blot was performed by

transferrig proteins from a slab gel to nitrocellulose membrane at 264 mA for 45 min at room

temperature. The filter was then blocked with 1x PBS, 5% non fat dried milk for 40 min at room

temperature and probed with rabbit polyclonal antibody-Zwnitrotyrosine (1:8000; Millipore,

Billerica, MA USA) dissolved in 1x PBS, 5% non fat dried milk, 0.1% Tween 20 at 4°C, overnight.

bl

The secondary antibody was incubated for 1 h at room temperature. Subsequently, the blot was

extensively washed with PBS, developed using eoéd chemiluminescence detection reagents
(Amersham Pharmacia Biotech, Piscataway, NJ, Piscataway, NJ, DisApptical density of the
bands was determined by a 880 imaging densitometer (Biead). Western blot for GAPDH

(SigmaAldrich; Milan Italy) wasperformed to ensure equal sample loading.

MDA measurement

MDA levels in colon were determined as an indicator of lipid peroxidatiri4]. Tissues
were homogenized in 1.15% KCI solution. An
reaction mixture containing 200Iraf 8.1% SDS, 1.5 ml of 20% acetic acid (pH 3.5), 1.5 ml of
0.8% thiobarbituricacid, and 600 iof distilled water. Samples were then boiled for 1 h at 95°C
and centrifuged at 3000xg for 10 min. The supernatant absorbance was measb8dnmby

spectrophotometry and the conagatibpn of MDA was expressed as umol MDA/mg protein of

al

tissuehomogenate. A standard curve was prepared using MDA bisdimethylacetal as the source of

MDA. All solutions were freshly prepared on the day of assaying.

Measurement of MPO activity

Proximal colonic tissues wer homogenized twice for 30sat 4#C in 05%

hexadecyltrimethylammonium bromide TAB) in 50 mM sodium phosphate, pH 6.0, according to

Bradley et al [575]. The homogenates were clarified by centrifugation at 13000xg for 15 min, at

4°C, and were assessed for MPyeloperoxidasegctivity in 3 ml 50 mM sodim phosphate, pH
6.0, containing 16 mMaqueous guaiacol and 5.9 miWO,, as previously describe®76]. The
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increase in adorbance was measured for 2 min at 470 nm using The iMark microplate absorbance
reader(Bio-Rad). Protein concentrations were determined using theR&id protein assayPO

activities were expressed inMPO/ mg protein with LOJMhinhydrol yzin

Realtime semiquantitative PCR

Total RNA isolated from colonwas extracted using TRIzol Reagelffinvitrogen
Bi otechnol ogi es) , according to the masingfaact u
reverse transcription kit (Maxima First Strand cDISgnthesized Kit, Fermentas, Ontai@ganada)
from 2eg total RNA. PCRs were performed wilio-Rad CFX96 Connect Retime PCR System
instrument andoftware (BieRad Laboratories)The primer sequences are reported able 7.1.
The PCR conditions were 10 min at 95°C followed by 40 cycles ofstepo PCRdenaturation at
95°C for 15 s and annealing extension at 60°C for 60 s. Each sample contab@ed cDNA in
2X Power SYBRGreen PCR Master Mix (Applied Biosystem) and 200 nmoldach primer
(Eurofins MWGOperon; Huntsville, AL, USA)in a final volumeof 25¢l. The relativeamount of
each studiednRNA was normalized to GAPDH as housekeeping gene, and theela@analyzed

according to the 2®T method.
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Table 7.1. RealTime PCR Primer Sequence

Target Forward pri mer Reverse pri mer (3 Accession
gene Number
Caspl TGGTGTTGAAGAGCAGAAAGC GCCCAGAGCACAAGACTTCTGAC NM_009807.2
CCL5 AGATCTCTGCAGCTGCCCTCA GGAGCACTTGCTGCTGGTGTAG NM_013653.3
COX-2 TGTGACTGTACCCGGACTGG GGGTGAACCCAGGTCCTCGCTT NM_011198.3
Defb-1 GGTGTTGGCATTCTCACAAG ACAAGCCATCGCTCGTCCTTTATG NM_007843.3
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA QM-S%ZE??
IL-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT NM_010548.2
IL-18 CAGGCCTGACATCTTCTGCAAC CTGACATGGCAGCCATTGT NM_008360.1
MUC-1 TCGTCTATTTCCTTGCCCTG ATTACCTGCCGAAACCTCCT NM_013605.2
NE CCTTCTCTGTGCAGCGGATCTTC ACATGGAGTTCTGTCACCCAC NM_015779.2
(Elane)
NLRP3 TGCTCTTCACTGCTATCAAGCCCT | ACAAGCCTTTGCTCCAGACCCTAT NM_145827.3
NLRP6 CTGAGACTGGTGAGCTGTGGA ATTGCCTCACAGAGTGGACG NM_133946.2
Occludin ATGTCCGGCCGATGCTCTCTC CTTTGGCTGCTCTTGGGTCTGTAT NM_008756.2
TNF-a CATCTTCTCAAAACTCGAGTGACAA | TGGGAGTAGATAAGGTACAGCCC NM_012675.3
Z0-1 ACCCGAAACTGATGCTGTGGATAGA | AAATGGCCGGGCAGAACTTGTGTA| NM_001163574.1

Immunofluorescence analysis of occludin and zonula occludens
(ZO)-1

Colon segments weremmediately removed, washadgith PBS, mounted in embedding
medium (Pelco Cry@-T, Ted Pella inc, Redding, California), and stored-80 °C until use.
Cryosections (£m) were fixed informaldehyde 2%+PBS at RT for 10 min for occludin or in
methanol for 10 min at RT for Z®. Non-specific background was blocked by incubation with
normal goat serum in PBS and 0.1%tton X-100. Sections were incubated for 2 h with rabbit-anti
occludin (1:50 for occludin, Santruz Biotechnology, Inc.) or rabbit ariO-1 (1:100 for Z01,
Invitrogen corporation, Camarillo,California, USA). Sections were probed wittecondary
antibodiesgoat antirabbit Alexa Fluof 488 for ZO-1 and goat antiabbit AlexaFluor® 594 for
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occludin (1:200, Invitrogen corporation). Slides were mounted in mounting medMdectashield;
Vector Laboratories, Burlingame, California, USA), and visualized on a fluorescence microscope
using a640 objective, and images were stored digitally with Leica software. Two negative controls
were used: slides incubated with or without primmantibody. All the staining were performed in
duplicate in norserial distant sections, and analyzed in a dehlt®l manner by two different

investigators.

Serum Adiponectin detection

Whole blood takerthroughcardiac puncturevas centrifuaged after4h at1500xgat 4°C for 15
min. So serum obtained was std at-80°C and then used fodiponectin levelsdetectionby
Enzyme Linked Immuno Sorbent Assay (ELISA) (QuantiRinemunoassayRD & SISTEMS,

Minneapolis, MNYf ol | owi ng manufs@acturerdés instruction

Statistical analysis

Data are presented as mean = SEM. Statistical analysis was performA®OMA test for

mul tiple comparisons f ol | owPall PrismGrdpePad seftvare ni 0 S

Inc., San Diego, CA). Statistical significance vga$ at P<0..
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7.3Results

Flortec reduces micesusceptibility to DSSnduced colitis

During all experimental time body weight was monitored every day. As depicted in weight
change graphFig. 7.1A), DSSchallenged mice treated with vehicle showed aicgdn of weight
which becamesignificant from 14 day until end of experimental period (18lay) (P<0.05vs.
CON). Both preventive and curative treatment with Floppeeserved fronthis body weight loss
showing so a beneficial effect @aan i mgaih @nd healthThis protectiveaction ofsynbiotic was
more evident by area under curve (AUC) analyBig.(7.1A). Assessment of disease activity index
(DAI) after 7 days from DSS enrkveals in DS&hallengé mice plus vheicle, a strong increase of
colitis gravity (**P<0.01 vs CON). Instead both therapeutic schenveish syrbiotic (PREV and
CUR) significantly prevented the developmetulcerative colitis manifestations={g. 7.1B) (##
P<0.01vs DSS).
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Flortec improves tissue histopatholgy and prevents colon damage

Administration ofFlortecsignificantly ameliorated all clinical signs of DS8duced colonic
inflammation (weight loss, rectal bleeding, ambrtality), whereas DS8ontrol mce showed
marked colitis-associated signgiistological examinatiorof the distal part of DS&lone colons
revealechemorrhagic walls with multiple ulcerations, mucosdéma, and largeyperplasia of the
mucosaassociated lymphoid tissue (MALTDSS micetreated withFlortec had intact colonic
epithelium, ncerosions, and rarely inflammatory infiltrates in the lanpnagpria(Fig. 7.2A andC).
Both therapeuticschemes (PREV and CURjignificantly restored DS$duced colon shortening
(Fig. 7.2B) (***P<0.001 vs CON ## P<0.0lvs DSS.
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Colon length (cm)
O =2 NWHAEANOON®©O©O
i el A T
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DSS 5.5cm
FLO PREV 6.3cm
FLO CUR

6.3cm

Fig. 7.2 Effects of Flortec on acute DS$hduced colitis. (A) Representative H&fStainedsection of colons fromsynbiotic or DSS+vehicletreated
mice (Scalebar = 200 um, magnification 100X)(B) Colon kngth measurement and (@presentative colon images adntrol mice and DSS
challengedmice treated or untreated withnbiotic. Dataare meant SEM from 7 to8 mice/groupH&E images are representative of 5 slides for
each group.
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Flortec reduces DS$nduced CCL5 production and inflammatory

immune cell recruitmenin colon tissue

Analysis of chemokine mRAl levels by Reallime PCR, showed significant upregulation
of Chemokine (G&C motif) ligand5 (also CCL5) FFig. 7.3A) and Neutrophil Elastase (NEFig.
7.3B) in colon tissue from DS#&ice (*P<0.05; **P<0.0vs CON). The immune ell recruitment
was also evidenceuly high levels of MPOKig. 7.3C), nitrosylated proteing~ig. 7.3D) andMDA
amount Fig. 7.3E) revealedin these animalsThe g/nbiotic treatment was able tsignificantly
reduce all these parameters (#P<0.05; P<0.01; P<QLOES), exhibiting so an effect not only on

immune cells trafficking but also on inflammatory status in colonic mudégaq.3A-E).
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Effects of Flortec on pre and antrinflammatory parameters and

adipokines after DSSamage

After 5 daysexposureto DSS followed by7 days of recoverythere was a significant
(P<0.001vs CON) increase inTNF-Uand COX-2 mRNA levels in the colons dbSS-challenged
mice relative tocontrol group €Fig. 7.4A-B). Additionally, downregulationin colon levels of
MRNA IL-10 (Fig. 7.4C) and in serum levels ofdgonectin Fig. 7.4D), following exposure to
DSS were also evidencedn these animalsTreatment of mice for 19ays(PREV) or 12 days
(CUR) with synbiotic, reducedpro-inflammatory cytokinesand enzymegTNF-a and COX2
respectively, and restoredegultory cytokines (IL10) or adipokingadiponectin) levds in colon
tissueand serum respective{$¥P<0.05; #P<0.01; P<0.0@% DSS).
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Fig. 7.4. Pro- and anti-inflammatory mediators production in colonic mucosaand serum DSS can increase the production significantly of pro
inflammatory mediators TN& ( @ COX-2 (B)in colon tissueandreducetranscriptional levels of anthflammatory mediators in colon (C) and

serum (D) Dataare mearrSEM from 7 to8 mice/group
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Therapy with Flortec ameliorates colitis restoring TJ barrier

function

To evaluate barrreintegrity morphologically, we investigatedRNA levels of TJ occludin
and zonula occludens 1 (Z0, and theirdistribution in distal colon.As shown infigure 7.5,
intensity ofstaining foroccludin(A) andZO-1 (C) was significantly diminisheth coloric mucosa
of DSSmice. This reduction was confirmed by analysisyd®NA levels for these proteing-ig
75B-D) (*P<0.05; **P<0.001vs CON). In contrast,synbiotic treatment ledto substantial
preservation of TJ architecture of epithelial cells in DSStisplcomparable tdhat observed in
control mice Occludin andZO-1 remained localizethrough enterocytesith a continuous staining

patternand alsanRNA transcripts were recovered (#p<0.05; p<0.08.DSS).
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Fig. 7.5. TJ impairment in colon tisste from DSSmice. Representative immunofluorescent image®ccludin (A) and ZGL (C) revea TJ loss in
distal colon sectiomof DSS challenged mice. ybiotic treatment recovered distribution and mRNA amairioth Occludin (B) and zQ (D).
PCRdataare meant SEM from 7 to8 mice/group Immunofluorecence images are representative of 5 slides for each(ilaymification100X).
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Flortec prevents the inhibition of inflammosome complex pathway

in DSS-challenged mice

Among members of the NLRP s@ilimily, NLRP3 and NLRP6 are the better characterized.
They has been shown to triggerlLb a &8 prokcdssing and release in response to a variety of
pathogen and endogenous danger signals including monosodium urate crystals (MSU), adenosine
triphospate (ATP)silica and asbestd®77,578] As depicted infigure 7.6 a downregulation of
NLRP3 A) and NLRP6 B) mMRNA were obsefed in colon tissue of DSRiice. In the same way
also mRNA levels of Caspasé& and IL-:18 wereredued in these animsl(Fig. 7.6C and D
respectively). So DSS treatment led to a significant reduction of several components of
inflammosome complex in colonocytes (**P<0.0%* P<0.001vs. CON). Both therapeutic
schemeswith synbiotic (PREV and CUR) were ablto prevent the downregulation of these
components and t o poambligtocontrast théissuedaragenimdacgd bg 6 s
DSS (#P<0.05; P<0.04s DSS).

The role of inflammasonieaspaseillLALS ILALBR MYDS88 axis in mediating tissue repair

in the intestine is summarizedfigure 7.7

a Tissue repair b Chronic intestinal inflammation
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Figure 7.7.The inflammasomé caspase 1LIL AL8i IL AL8BRi MYD88 axis mediates tissue repair in the intestinga) Following tissue damage with

the intestinal epithelial cell (IEC) cytotoxic agent dextran sulphatéuso (DSS), theNLRP3 (NOD, LRR- and pyrin domaircontaining 3)
inflammasome, which contains NLRP3, apopt@ssociategpecklike protein containing a CARD (ASC) and caspase 1, assembles in IECs. This
leads to the production afterleukin18 (IL-18), which is then released at the mucosal sitesl8Lbinds the IE18 receptor (IE18R), which is
expressed by myeloid cells in the lamina propria (and possibly by other cell types) and signals through thealeaptermyeloid differentiation
primary respase protein 88 (MYD88). H18 signalling induces compensatqgoliferation of IECs and tissue repaif) If this innate immune
signalling pathway is impaired (as observed in mice thatdafieient in caspase 1, ASC, NLRP3,-18, IL-18R or MYD88), persitent tissue
damage leads to the translocationcommensal microorganisms to the submucosa, where they stimulate resident immune cells thrdikgh Toll
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receptorTLRs) and other pattern recognition receptors (not shown). Secretion of cytokines bieddtivmune cells results itumour necrosis
factor (TNF}induced IEC apoptosis and chronic intestinal inflammation. TNFR1, TNF recepRictlire from: Saleh M, Trinchieri G. Innate
immune mechanisms of colitis and colaissociated colorectal cancer. NRev Immunol. 2011 Jan;11(1)2D. doi: 10.1038/nri2891. Epub 2010

Dec 10. Review.
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Fig. 7.6. Flortecrestoresinflammasome componentsn intestinal epithelium of DSSchallenged mice (A) mRNA amount of NLRP3 and (B) of
NLRP6. (C) and (D) transcriptiahlevels of caspase 1 and 118 respectivelyData are meati SD from eight mice/group

136



DSS alteres coloni®-defensin expression and decreases mucin

production effect of symiotic treatment

Given thecolonic nature of the injury observed in our modsk sought to assess the

expressionof e | e c t -defensims mMdSSchéllenged mice. Significamt h a n g edsfensim b
1 (Defbl) transcriptexpressionwere observed in DS8lone animalsKig.7.8A). Alterations in
defensin expression were associatethwireductionin the antimicrobiacapabilityof these mice.
In the same way also mucus productizas impaired in DS8hallenged micein fact mRNA
levels of MUG1 were significantly reducedompared to controlFg. 7.8B) (***P<0.001 vs.
CON). In spiteof this effecs, the curative and in particuldne preventive treatmentgth Florteg
contraseéd the downregulation of Defth and MUGCL1 induced by DSS in colon tisseghibiting a
protective role omntestinal epitheliun{#P<0.05; P<0.0¢s DSS).

Seveal immune mechanisms work in concert to limit contact between the dense luminal
microbial community and the intestinal epithelial cell surface and to maintain homeostasis. Some of

them, including defensins and mucin eeported irfigure 7.9.
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Fig. 78. DSS impairs antimicrobial capacity and mucus production in colon tissuenRNA relative expressionf Defb-1 (A) andMUC-1 (B)

were recovered byyabiotic treatmentData are meat SD from eight mice/group
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Figure 7.9.Immune adaptations that maintan homeostasis with the intestinal microbiotaSeveral immune mechanisms work in concert to limit
contact between the dense luminal microbial community and the intestinal epithelial cell surface. Goblet cells secrefigcopraiteins that
assemble inta thick, stratified mucus layer. Bacteria are abundant in the outer mucus layer, whereas the inner layer is resistnilto bact
penetration. Epithelial cells (such as enterocytes, Paneth cells and goblet cells) secrete antimicrobial proteing thelpftotieiiminate bacteria

that penetrate the mucus layer. Plasma cells secrete IgA that is transcytosed across the epithelial cell layer andmettretapidal surface of
epithelial cells, limiting numbersf mucosaassociated bacterand preverihg bacterial pnetration of host tissuesnage from: Lora V. Hooper &
Andrew J. Macpherson. Immune adaptations that maintain homeostasis with the intestinal microbiota. Nature Revievisgimbiyrib9169
(March 2010)d0i:10.1038/nri2710.
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7.4Discusson

At birth, the gastrointestinal tract is a sterile environmémtial exposure of the gut to
microbes occurs durintipe birthing process from the maternal fecal and vadioi. Within a few
months after birth, a relatively stabit@crobial populatn is establishefB]. This abundantiverse
and dynamic intestinamicroflora normally lives ina complex,symbiotic relationship with the
eukaryotic cellof the mucosa. About 100 trillion bacterial cells beniéin the constant nutrient
flow, stable temperature amiches for various metabolic requirements providedh®yjintestinal
environment. Likewise, the host benefits frane ability of the intestinal microflora to synthesize
vitamin K, exert trophic effects on intestinal epithelial ceflalvage energy from unabsorbed food
by producing shorchain fatty acids,inhibit the growth of pathogens, sustamtestinal barrier
integrity and maintain mucosal immuhemeostasis. Studies from gefrae animals reveal that
the absence of resident intestinal microflora resultsignificant alterations in intestinal struotu
and function,ncluding slender villi, shallow crypts, low leukocyteunt[579], a decrease in the
number and de npatchés{p80]oahd déceegsedr stinsulation of migrating motor
complexes[581]. In their coevolution with bacteria, vertebrates develpptterarecognition
receptors, which are activated bgecific molecular patterns unique to bacteria, fungi\anges
that are absent in eukaryotes (lipomalgcharidespeptidoglycan, ssRNA, muramyl dipeptide,
flagellins, etc). These include the Tdlke receptors anchucleotide oligomerization domains
(NODs). TLRs andNODs are critical for the initiation of innate immumefense responses.
Activation of thér signaling cascadesisually results in the production of pirdflammatory
cytokines. TLR signaling also provides a link betweenate and adaptive immunity, as TLR
signaling results irthe maturation of dendritic cells, which activate adapimenune reponses
[114]. Although stimulation of theseeceptors in most parts of the immune system results in
production of inflammatory cytokines, these ligands aoé only tolerated by the gut mucosal
immune systembut also essential for apkation to intestinal bacteriand maintenance of
homeostasig§582]. The tolerance tdhe intestinal microflora is not completely understobdt
several aspects of commehpaysiology have beedefined which contribute to their inability to
activate thelimmune system. Some commensal bacteria can mddiR ligands, resulting in a
hypoactive immune respondeor example, the endotoxic portion of LPS is pentacylatadany
Bacteroides species, and has minimal toxi&88]. An important feature of commensal bacteria is
their inability to penetrate the intestinal epithelial barrier. If soméete organisms do penetrate,

they are usuallyapidly swallow upby the innate mucosainimune systenmindeed, inhealthy host,
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the systemic immunsystemseems to overlook intestinal microflojs84]. Maintaining tolerance

to these intestinal bacteria isramarkable accomplishment achieved by the mealkcmnmune
system, and disturbances in this bactegfathelialhomeostasis result in considerable deleterious
effects onthe hostMore than 20 animal models of IBD are availaj@85] and have been widely
used to study the efficacy and mechanishgrobiotics in ameliorating inflammation in order to
provide support for human clinical trials. In-Il0 knockout micel. plantarum 299({586], L.
Reuteri [587], L. salivarius subspecies salivarius UCCI1[BB8] and VSL#3[279] have all been
shown to successfully attenuate intestinal inflammatiorGG prevents recurrent colitis in HLA

B27 transgenic rats after antibiotic treatment, whetedlantarumhas no effec{589]. Dextran
sulphate sodium (DS$)duced colitis in mice is ameliorated by soluble bacterial antigens extracted
from E. coli (strain Lavespr by Bifidobacterium strains Bve, Gatenulatum andLongum[590].

Daily administration of live but not heétlled auteaggregatind.. Crispatusreduces the severity of
DSS-colitis in mice[591]. Interestingly, DNA from VSL#3 has been reported to reduceniol
inflammation, thus improving intestinal barrier functionllL.-10 KO mice and DS$duced colitis
[171,592] It is important to note thaprobiotics should be divided into immunostimulatory and
immunomodulatoryaccording to their ability to interact with immune and +immune cells, and
their clinical use should be tailored accordingly. For instance, LGG, which is immunostimulatory
has been shown to be more appropriate in the prevention of nosocomial redepeuasient
diarrhea in infantd593] or in decreasing the incidence of atopic dermaft@®4], than as an
additive therapy in children wit@ r o h n 6 s (C) [595Foais €D patients after surgefy96].

In contrastL. paracasei which is immunomodulatory, may be used to dampen inflammatory
responses and may be recommended to maintain the mg@sase in IBD. In fact,. paracasei

was a poor inducer of cytokines (both inflammatory and-inlammatory) and impacted on the
ability of DCs to produce inflammatory cytokines in response to pathogens, suggesting that this
could represent a new clastimmunomodulatory probiotics. On the basis of these instances the
aim our work was to evaluatbe preventive and curative effs of Flortecon a nurine model of
colitis induced i DSS. Florteds a synbiotic formulation containing a probiotic componesus
Lactobacillus paracasei strain B2106@ith a prebiotic compnent reprsented byfructo
oligosaccharideandarabinogalactan®SS at 2.5% (wt/volin drinking wateiwas administeredd
libitum to the animalsfor 5 days folowedby 7 days of wasbut. After these 12 days the animlas
were sacrified. This model is able toepr oduce the complexity and
characterizeéhe developmendf moderately active ulcerative colifi§S97]. In our experimet) DSS

mice showed a reductiorf body weight only after DSS challengshile both therapeutic schemes
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(PREV and CUR) prevented this loss in D8%&llenged mice. Ouesultappear in contadictioto
data in letteraturdd e cause we di dn 0 timmednatly afterdSSvaelmimgskrdtion.] o s s
Anyway many factors can contribute to this event: primary the percentage of DSS, secondary the
time of exposure to ulcerative agent. Some papers show a strong reduction of weight when mice are
exposed to DSS assumptior five or more days anghen DSS is used at higher percentage then
our ong[598].

Feigheryet al., [599] showed the féects of Lactobacillus salivarius 433118n intestiral
inflammation, immunity status and vitro colon function The authorsised DSS 2.5% (wt/vol) for
5 daysand then returned to normal drinking water foraaditional 7 days. Even in their conditions
DSSchallenged mice exhibit weight reductiafter DSStreatmen but this strairwas notable to
prevent this reductionOur results on mice weight change wereserved alsan others DSS
inducedcolitis protocols[231,600] The protective effect of Flortec was evidaalso on colon
health. Both treatments reduced coshrorteningand amelioratedecrosis andbleedinginduced by
DSS. About histological analysis, H&E staining of distal colon sestienealedcrypt distruction
and loss of tiage architecture iIDSSmice.Flortec treatment was able not only to preserve mucosa
structure and crypt organization, but also to reduce the growthAQT shown inDSS sections.
This effectsof synbioticdisplay its ability botho protect tissue integrity and to modulate immune
regponse in colonic mucosa remarking immunomodulatory skills of this Lactobacillus €ain.
model displays that DSS administration led to a strong exacerbation of disease activity at the end of
experimental time while both therapeutic schemes gtiibiotc proteced DSSchallenged mice
from colitis symptoms.On the basis of immunomodulatory skills bactobacillus paracasei
B2106Q we searched for immune cells invedvent inthis modelof ulcerative colitisOur results
show that theDSS promotes local efhelial induction of CCL5 transcription leading to an
exaggerated autoinflammatorgsponseCCL5 is chemotactic for T cellsieutrophis, eosinophils,
and basophils, and plays an active role in recruiting leukocytes into inflammatory Téites.
chemokineis potently induced by bacterial and viral infections, andumm it induces massive
recruitment of a variety of innate and adaptive immune cells car@@gl, CCR3, CCR4 and
CCR5][601]. Interestingly, botiPREV andCUR have been shown to redU€€L5 transcriptiorin
colon tissueSince neutrophil infiltration and crypt abscess are histolodeztures commono
both ulcerative colitisand the murinddSSinduced colitis model, neutrophils may play a critical
role in the pathogenesis of both damagsg is a major secretory produecdm neutrophils and is
capable of hydrolyzing mosbnnective tissue components, leading to tissue injunflammatory

sites.In this regard we performed ReBime PCR analysis of NEanscript in colonic mucosa to
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confirm CCL5 data about neutrophil recruitment. Inflammed colon sections from DSS mice
exhibited significant levels of neutrophil elastasBNA, confirming so the strength link between
this marker of neutrophils andceratve colitis. Two important classes of products that are released
by activatedneutrophils are reactive oxygen intermediates (ROI) reewtrophitderived proteases
[602,603] MPO assay represent another indicatoimohune cells recruitment inflammed tissue.

In accordance with NE dathigh levels of U.MPO/mg protein were discovereccaton of mice
treated with DSS. Similarly, nitrosylatgmoteins levelslerived from ROI productiorrgsulted up
regulated in thesanimals. These data mfirme in our experimental protocaf DSSinduced
colitis, an evident correlation betweemmune cells infiltration, particulary neutrophils, and
inflammation leading tissue damagés consequence of oxidative stress and tissue ganadso
malondialdehydéMDA) levels resulted increased in colon tissue of DSS mice. In fact M
endogenous genotoxic product of enzymatic and oxygen raddwded lipid peroxidatioand can

be considered as indicator of tissue oxidative stredsdamageg604]. In support of a role for
probiotics in modulating immunity, rectal administration Lafctobacillus specieprevented the
development of spontaneous colitis in-10 gene deficient (H10-/-) mice [268]. Similarly, a
reduction in mucosal inflammation was detected iFLQL/- mice in response to lorgrm oral
administration ofLactobacillus salivarius ssp. salivarius UCC1{8CC118) in milk, which was
also assaated with a reduced rate of progression to dysplasia and colonic cEGr
Attenuation of inflammation by bifidobacteria and Lactobacillus ifdL@/- mice may be in part
related to induction of a reduced muaband systemic T helper (Thjfpe cytokine response
[270]. In another example, while pretreatment withcasei subsp. Shiroteould not prevent the
induction ofDSSinduced colitis in mice, itlid appear to improve the condition when administered
at thetime of colitis inductior{605]. Our datademonstratethat Flortec was able to dowegulate

all markers of immune cells infiltration and so to reduc#ammation and tissue injurylhis
antinflammatory effect osynbioticwas evident also from analysis of TNF COX-2 and 1L-10
transcriptioml levels in colonic mucosa. In fact, Flortec reduced significantlyirglammatory
mediators and restored-L0 MRNA levels in colon tissudL-10 can inhibit the expression of-IL
10,-106 L6, ILI112, IL-18, granulocytenacrophage colongtimulating factor (GMCSF), G
CSF, MCSF, TNF, leukemia inhibitory factor and platelet activating factor produced by activated
monocytes or macrophages. It exerts strong immune inhibitory fun@ggj and plays a major
role in the immune tolerance of intestinal mucf@26,607] Lack of this cytokne, in fact, in knock
out mice isrespondile of spontaneous colitis in these anim@88]. Another protective cytokine is

adiponectin. This is an adipokine (secreted from adipose tissue), which plays impddgambtro
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only in lipid and carbohydrate metabolism but alscamtirinflammatory proces$609]. In our
model, serum adiponectin levels were dagulated by DSS administration while Flortec
prevented this actiomonfirming antiinflammatory property of thisynbidic formulation when
used as preventive or curative treatménir data displayn inflamedcondition of colon tissue and
a proresolving effect of thesynbiotig but ths anttinflammatory abilityis a consequence rather
than a mechanism of action bactobacillus paracaseiBeyond its immunomodulatorgroperties
which respresent apecific medanism of probiotics, thesean actwith aspecific mechanisms as
enhancement adpithelial barrier function, competitive exclusion of bactatiang epithelium and
modification of local microenvironmenin another studpf our group we demonstrated that Flortec
was able to ameliorate intestinal barrier function altered by high fat diet feeding fo 6 weeks in rats
[113]. In this experiment, in facti.actobacillus paracaresi B21060nproved gut permeability
restoring mMRNA levels and tissue distribution of tightgions proteins Z€l and occludin among
colon epithelium. Furthermore, He loss of ZGL and increased permeabilitgreceded the
development of significant intestingiflammation suggesting that in DSS colidterationsn the
TJ complex occur before géhntestinalinflammation and not as a consequence of it. Tkbaages
in the TJ complex may facilitate the developmainthe inflammatory infiltrate seen in colifi$33].
Since alterations in TJ expression andtrbution could be considered the onset of colon
inflammation and ulcerative colitis, we analyzed transcriptional levels ef Z0d occludin and
their localization among epithelium. Our findings show that @8&rminatedan impairment of
epithelial barier integrity reducing mRNA levels of these TJ proteins. This data was confirmed by
immunofluorecence analysis which showed a strong reduction in intensity staining for both
proteins. In contrast theynbiotic preserved colonic mucosa from DSS actiorproving tight
junctionsexpressiorand distribution among colonic epithelium

Recent studies assessing the role of the inflammasome in models of experimental intestinal
inflammation have revealed that mice deficient in NLR@®BOD-, LRR- and pyrin domain
confining), NLRP6,apoptosisassociatedpecklike protein containing a CARIPASC) or caspase
1 exhibit enhanced susceptibility B5Sand 2,4,6érinitrobenzenedéonic acid (TNBS)[610,611]
Zakietal.[612]r eported that NLRP31T/1T mice exhibited
oral DSS treatment, a phenotype that was dependent on NIdeR&ency innon-bonemarrow
derived tissuedDupautChicoine et al.[613] also found that loss of NLRP3 resulted in more severe
DSS colitis and again it appeared that this was dependenbmhone marrow derived tissues
They also found that the increase in colitis severity was due to the impaifeidtocessing and

that he phenotype could be partially reversed with exogenouds3[613]. Allen et al, [614] also
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found that loss of NLRP3 resulted in increased Bx&fbiced intestinal injury anghflammation but

their chimeric studies found that the increased disease severity was dependent on the lo&3of NLR
in bonemarrowderived cells Similarly, in mice deficient in NLRP6, caspakeor IL-18, gut
microbial ecology is altered, with prominectianges in the representation of members of several
bacterial phyla. Strikingly, this altered microbiota is associated with a colitogenic phenotype that is
transmissible to cohoused witgpe mice, both early in postnatal life and during adulthi@dd ].
Futhermore, in these animaddberrant microbiota promotes local epithelial inductionC&L5
transcription as a downstream mechanism, ultimately leading to an exaggerated autoinflammatory
response[611]. Normally, following tissue damage with thmtestinal epithelial cell(IEC9)
cytotoxic aget dextran sulphate sodiyrthe NLRP inflammasome, which contains NLRP3 qr 6
ASC and caspase 1, assembles in IECs. This leads to ¢ldeigiion ofinterleukinl8 (IL-18),

which is then released at the cogal sites. 1E18 binds the IL18 receptor (IEL8R), which is
expressed by myeloid cells in themina propria(and possibly by other cell types) and signals
through the adaptanoleculeMYDS88. I1L-18 signalling induces compensat@mpliferationof IECs

and tissue repaiff this innate immune signalling pathway is impaired (as observed in mice that are
deficient in caspase 1, ASC, NLRR.-18, IL-18R or MYD88), persistent tissue damagad to

the translocation o€ommensal microorganisms to the submucosa, where they stimulate resident
immune ells through TLRsand other patternecognition receptorsSecretion of cytokines by
activated immune cells results TlNF-induced IEC apoptosis drchronic intestinal inflammation
[615]. Therefore, a physiological level of inflammasom&tivation, triggered by the commensal
microbiota inthe presence of mucosal injury, is necessary for epithadilregeneration and is
protective from colitis andolitis-associated colorectal cancelere, we showed thatnbioticwas

able to recover thiphysiological level of inflammasomectivationcomponentsmpaired by DSS
treatment. So beyond the improvement of intestinal permeability, Flpreservedintestinal
epithelial repair functioality in response to injury signaldshe mucuslayer overlying the
epithelium secreted by the goblet cgdl®motes the elimination of gut contents and provides the
first line of defense against physical and chemical inganysed by ingested food, microbes amel t
microbial products. The major component of the mucus is secneteths, large glycoproteins with
highly polymeric proteinbackbone structure, linked to numerous hygroscopic layttophilic
oligosaccharide sidehains that contribute to tHermation ofgellike structurel616]. Commensal
bacteria are trapped in the mucus layer, failing to reachepithelial cell surface, and are
eliminated by peristalticnovement617]. The microbes and microbial products ezeognized by

the sensor system ttie intestinal epitheliatells and the immune cells, activating the host innate
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defensesystem. Balanced and dynamic interactions among magass, intestinal epithelial cells,
microbiota, and host immungefense is essential for the maintenance ofirtkestinal mucosal
homeostasis. The disruption in the intestimaieostasis results in the defective mucus barrier with
increased permeability that results in inflammation and inpdihe intestinal mucosal cell§18].
Besides, ti has been demonstratétht lactobacilli upregulate the MUC2nd MUC3 mucins and
inhibit attachment of enterohemorrhagischerichia coli in vitrd211], and that a probiotic mixture

of lactobacilli and bifidobacteriancrease the secretion of mucin, stimulating MUC2 gene
expression inthe rat colon in vivo[212]. Furthermoe, Mack et colleagues showed that some
Lactobacillus strain stimulated extracellular MUC 3 secretion following adherence to epithelial cell
[285]. Besides,NLR signaling has been linked to the regulation of Paneth cell function and the
release oaintimicrobialcompounds terms defensifgl9]. On the basis of these observationseg
thecolonic nature of the injury observed in our model, we sought to assess the expressiamnof colo
b-defensin 1 and mucin 1 (MUC). In our results, mr k e d ¢ h-defegsens and MUGD
transcriptexpresson were observed in DSfated animalsConversely, Florteprotected colonic
mucosa fromnthis significantreduction. So another possible mechanism of action foisymbiotic
formulation is themaintenance of the intestinahucosal homeostasigegulatig mucus ad

antimicrobial peptides secreth by colonic mucosa

7.5 Conclusions

In this work we show that thisynbiotic formulation is able to enhancitestinal barrier
function and epithelial repair capaliy in response to DSS inducelitis in mice These effects
are able to reduce bacterighslocation with consequent impairment of immune aeltsuitment
and reduction of colon inflammation. Besides, probiotics lead to competitive exclusion of negative
bacteria along epithelium by stimulating pém cells to produce antimicrobial compounds and
goblet cell to seat mucus restoring beneficialocal microenvironmentOn this basis, our data
displayrelevantcurative effects of thisynbioticformulation in DSS model of colitis and suggests
not onlya potential therapeutic role for this agent in this pathology, but also the possibility that a

supplement of these lactobacilli might prevent the relapse of ulcerative colitis.
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CHAPTER 8: N-(1-CARBAMOYL -2-PHENYL-ETHYL)
BUTYRAMIDE, A NEW SYNTHETIC BUTYRAT E DERIVATIVE,
REDUCES INTESTINAL INFLAMMATION IN DEXTRAN
SODIUM SULPHATE -INDUCED COLITIS.

8.1 Introduction

The rate and amount of SCFAs production depends on the species and amounts of microflora
present in the colon, the substrate source and gut ttamsitSCFAs areeadily absorbed after their
producion andepresent a clear example of the importance of the intestinal ecosystem. SCFAs are
organic acids produced by intestinal microbial fermentation of mainly undigested dietary
carbohydrates, specifidglresistant starches and dietary fiber, but also in a minor part by dietary
and endogenous proteins. SCFAs areatbon to Scarbon weak acids, including acetate (C2),
propionate (C3), butyrate (C4), and valerate (C5). SCFAs are essentially produeedaloth The
ratio of SCFA concentrations in the colonic lumen is about 60% acetate, 25% propionate, and 15%
butyrate. As a result of increasing concentrations of acidic fermentation products, the luminal pH in
the proximal colon is lower. This pH seemsbtmost the formation of butyrate, as mildly acidic pH
values allow butyrat@roducing bacteria to compete against Gragative carbohydratatilizing
bacteria, such as Bacteroides d02]. The ability to produce butyrate is widely distributed among
the Grampositive anaerobic bacteria hat inhabit the human colon. Butgratkicing bacteria
represent a functional group, ratltean a coherent phylogenetic group. Numerically, two of the
most important groups of butyrate producers appear t&deealibacterium prausnitziiwhich
belongs to theClostridium leptum (or Costridial cluster k ) clustey and Eubacterium
rectale/Roseburiaspp, which belong to the Clostridium coccoidegor clostidial cluster XIVa)
cluster of Frmicute bacterig403]. Butyrate is the major energy source for colonesyand is
involved in the maintenance of colonic mucosal hefdt®6]. Recently several intestinal and
extraintestinal #ects ofbutyrate have been demonstrafg80,620] Butyrate has been studied for
its role in nourishing the colonic mucosa and in the prevention of cancer of the colon, by promoting
cell differentiation, celcycle arrest and apoptosis of transformed colonocytes; inhibiting the
enzyme histone deacetylase and decreasing the transformation of primary to secondary bile acids as

a result of colonic acidification. Therefore, a greater increase in SCFA production antigigta
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greater delivery of SCFA, specifically butyrate, to the distal colon may result in a protective effect.
At intestinal level butyrate exhibits sever#fieets, for examplepn transepithelial iotransport, on

cell growth and differentiation, omflammatory and oxidative status, on rgpecific intestinal
defense mechanismand finally on visceral perception and intestinal motil[§30]. About the
mechanism/s of iteffects numerous studies have reported that butyrate metabdigmpaired in
intestinal inflamed mucosa of patiemsth IBD [621]. Recent data siothat butyrate deficiency
results from the reduction of butyrate uptake byitifmmed mucosahrough downregulation of
MCT1.

The concomitant induction of the glucose transporter GLWOhgests that inflammation
could induce a metabolswitch from butyate to glucose oxidation. Butyrate transmteficiency is
expected to have clinical consequené&gticularly, the reduction of the intracellular availabibfy
butyrate in colonocytes may decrease its protective effgaimstcancer in IBD patientpt28]. In
spite of theseeyeral preclintal and clinical studies analyzirige efficacy of SCFAs mixture or
butyrate alone in various model$ olcerose colitis, often the results are contradictdriye
equivocal results irclinical studiesusing enemas may partly be explained by differences in
treatment duration, butyrate enemas SCFA mixture enemasdifferences in concentrations and
volumes of thes&CFAs and the small number of patients includamime butyratdased products
are marketed even if their spread is still very limited and greatly understaffed in view of the wide
spectrum of possible indications, especially in chronic diseases where it is possible to predict their
lasting use The unpleasant taste and odour makeeex¢ly difficult the oral administration of
butyrate reducing the compliancghus, new formulations of butyrate with a betpedatability,
which can be easily administered orally, ageded. The purpose of this study is to investigate the
efficacy of sadium butyrate (Btyrate) and of its more palatalderivative, the N(1-carbamoyl2-
phenytethyl) butiramidg(FBA), in dextran sulfate sodium (DS8)uced colitis We hypothesized
that orally administered butyrate compoundsuld attenuatecolitis and cton injury, with
reduction ofinflammatory responsegia gut permeability improvemensuppression ofmmune

cells recruitment, inhibition of HDAC9 activity and restorat@fPPAR2 | evel s i n col o
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8.2 Materials and Methods

DSSinduced colitis aad animal treatments

Experimental colitis was induced ten weeks olBBALB/c male mice (25+2y) (Harlan
Corezzanpltaly) by 2.5% DSS (wt/vol)NIP Biomedicals Irvine, CA) in sterile drinking watead
libitum for five days followed by drinking water witbut DSS for twelve daysMice were
randonty divided into six groups (n=18ach group) as following: 1. a control animals (CON), 2.
DSS treated mice (DSS), 3. DSS mice treated saitiumbutyrate as preventiviherapy PREV
Butyrate), 4. DSS mice treated ith N-(1-carbamoy2-phenylethyl) butyramide (FBA)as
preventive therapyRREV FBA) 5. DSS mice treated witllodium butyrateas curative therapy
(CUR Butyratg. 6. DSS mice treated witRBA as curative therapyCUR FBA). We have recently
obtained a high patable synthetic butyrate derivative;(ldcarbamoy2-phenylethyl) butyramide
(FBA; ltalian patentRM2008A000214; April 21, 2008)FBA is present in a solid, poorly
hygroscopic, easily weighable form, stable to acids and alkalis and capable of rdde@gilcgacid
at small and large bowel level in a constant manner over time. This product has demonstrated a
toxicological profile comparable to that of butyratét shows physicochemical characteristics
distinctly more suitable for extensive clinical uban those of butyrate. A particular aspect of FBA
is that it does not present the unpleasant odour of butyrate and is practically tasteless, thus making
possible to overcome the main limitation to the use of butyrate in the therapeutic field, namely its
very poor palatability. Moreover, the solubility of FBA in water is satisfactory in that it produces
clear solutions up to the concentration of 0.1 M and suspensions for higher concenragomsl
treatment with Butyrate (20 mg/kg&l or FBA (42.5 mg/lg/die), started 7 days before DSS
challenge(PREV) or two days after (CUR) DSS challengied continued for hlexperimental
period (20 days)DSS group without pharmacological treatments receivgtfween20 0.01% as
both drug6s v e hiedbydhe dalyaronitdringsof bady weight, sstoa ®ssistency
and fecal blood.All procedures involving animals were carried out in accordance with the
Institutional Guidelinegand complied with the Italian D.L. no.116 of January 27, 1992 of Ministero
della Salute andassociated guidelines of the European Communities Council Directive of
November 24, 19866/609/ECC). Prior to sample collection, animals, kept overnight fasted, were
euthanized by armsoflurane anesthesiafollowed by cervical dislocation taninimize pain. All

efforts were made to minimize animal suffering. Blood samples from anivels collected by
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cardiac puncture and serumtained. At 28 days mi ce ul intestink antcblansl a n d

measured Colon tissue wagxcisedand immediatly frozen.Segments of colon were assessed
histologically byhematoxylin and eosin staininip figure 8.0 the scheme of experimental protocol

and animal treatments are summarized.

Beginning  Start Beginning End End Of the
PREV DSS CUR DSS experiment
Day 11 17 19 112 1 19
CON | |
Dss2.5%[ [ |

PREV I—_ |
Butyrate {
CUR I—— I

PREV [T — |
FBA {
cUr [ N — |

Figure 8.0.Experimental protocol used in this study

Evaluation of experimental colitis

In all animals, weight preence of blood and stool consistency were determined daily as
previously describefb72]. Disease activityndex (DAI) was determined by combining scores of a)
weight loss b) ®ol consistency and c) bleeding (dividbg 3). Each score was determined as
follows, change inweight (0:<1%, 1: 15%, 2: 510%, 4:>15%), stool blood0: negative, 2:
positive) or gross bleeding (4), and staoinsistency (0: normal, 2: loose stools,dfarrhea) as
previously described573]. Bodyweight loss was calculated #s percent difference between the
original bodyweight and the actual bodweight on any particular day. Typically in DSS ¢l
animals will lose 1015% body weighbver the course of 10 days. The appearance of diarrhea is
defined as mucus/fecal material adherent to anal fur. pfesence or absence of diarrhea was
scored as either 1 @, respectively, and the cumulative sctimediarrhea wagalculated by adding
the score for each day and dividing the number of days of exposure. Rectal bleedingdefised
as diarrhea containing visible blood/mucusgooss rectal bleeding and scored as described for

diarrhea.
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Measuremenbf MPO activity

Proximal colonic tissues wer homogenized twice for 30sat 4#C in 0.5%
hexadecyltrimethylammonium bromideTAB) in 50 mM sodium phosphate, pH 6.0, according to
Bradley et al [575]. The homogenates were clarified by centrifugation at 13000xg fomid5at
4°C, and were assessed for MPO activity in 3 ml 50 mM sodium phosphate, pH 6.0, containing 16
mM aqueous guaiacol and 5.9 n4O,, as previously describg876]. The increase in absorbance
was measured for 2 min at 470 nm using The iMark microplate absorbance (BadRad).
Protein concentrations were determined using theRBid protein assayMPO activities were

expressed inWMPQO mg protein with LOMinhydrolyzing 1 e€n

Realtime semiquantitative PCR

Total RNA isolated from colonwas extracted using TRIzol Reageffinvitrogen
Bi otechnol ogi es) , according to the masinghactu
reverse transcription kit (Maxima First Strand cDNA Synthesized Kit, Fermentas, Odanaga)
from 2¢eg total RNA. PCRs were performed wifio-Rad CFX96 Connect Retime PCR System
instrument andsoftware (BieRad Laboratories)The primer sequencder GPR43,1L-10, IL-6,
TNF-a, Occludin and Z@1 were purchased bigurofins MWGOperon(Huntsville, AL, USA)and
are reported imable 8.1. For Annexin A1 AnxAl), Ccl2, CD14, CD68Fprl, Fpr2 GAPDH, Ly-
6G and NOS2 we use@uantiTect Primer Assaysfor SYBR Qeen by QiagenThe PR
conditions were 1Bnin at $°C followed by 40 cycles of threstep PCR dnaturation at € for
15 s,annealingat 55 or 60°C for 30 s arektensiorat 72C for 30 s Each sample contained-400
ng cDNA in 2X Power SYBRGreen PCR ktar Mix (Applied Biosystem) and 200 nmol/l of each
primer in a finalvolume of 25¢l. The relativeamount of each studiedRNA was normalized to
GAPDH as housekeeping gene, and the et analyzed according to th& %™ method.
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Table 8.1. RealTime PCR Primer Sequence

Target Forward pri mer Reversepr i mer ( 30 Y  Accession
gene
Number
GPR43 TTCTTACTGGGCTCCCTGCC TACCAGCGGAAGTTGGATGC NM_146187
HDAC9 GCGGTCCAGGTTAAAACAGAA GCCACCTCAAACACTCGCTT NM_001271386.1
IL-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT NM_010548.2
IL-6 ACAAGTGGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC NM_031168.1

MCT-1 GAGCGCGCGAAGCTGCATTTGCT TGCTCCCAGGCCCGCTTTACA NM_009196.3

PPAR-g CTGCTCAAGTATGGTGTCCATGA ATGAGGACTCCATCTTTATTCA NM_001127330.

Occludin ATGTCCGGCCGATGCTCTCTC CTTTGGCTGCTCTTGGGTCTGTAT | NM_008756.2

TNF-a CATCTTCTCAAAACTCGAGTGACAA | TGGGAGTAGATAAGGTACAGCCC NM_012675.3

Z0-1 ACCCGAAACTGATGCTGTGGATAGA | AAATGGCCGGGCAGAACTTGTGTA | NM_001163574.1

Immunofluoresceance analysis of Ly6G, Annexin Aland GPR43

Colonic and livertissue samples for immunofluorescence were embedded in . (QReIEo
Cryo-Z-T, Ted Pella inc, Redding, California), and cryosectioned (10 um thick). Tissue sections
were then fixed iM% paraformaldehyde for0lmin at room temgrature(RT) and washedh TBS
with 0.05% TXx100.For immunofluorescence detectiohLy-6G, sections wer blocked with 10%
FCS in TBS for 30 minutes at RAndthenincubated witha maoclonal antibody antiy-6G-FITC
(BD Biosciencefsovernight at 4C. To examine cdocalization ofAnxAl and GPR43vith Ly-6G,
rabbit monoclonalantrAnxAl antibody[622] and goat polyclonal artePR43 antibody Santa
Cruz Biotechnology, Ing.wereincubated alongside anti L§G-FITC artibody overnight at 4C.
Sections were washed 1% FCS plus 0.025% TX00and incubated with Alex&luor® 546 goat
antirabbit IgG (for AnxA1) and withAlexa-Fluor® 594 donkey antgoatlgG (for GPR43)1 h at
RT. After incubation withsecondary antibodysections weravashedin TBS, and then incubated
with DAPI to visualize nucleiSlides were mounted in mounting medium (Vectashield; Vector
Laboratories Burlingame, California, USA)Fluoresence was visualized on @lympus BX51
fluorescence microsco®lympus)equipped with a D®iMc monochromatic camera (Nikon) and
X-Cite® Series 120Q Xenolamp.NIS-Elements BR3.1 software (Nikon) was used fomatlyses.
Merge images were performed with Imagebftware. Two negative controlsere used: slides

incubaed with or without primary antibody. Images were recorded at identical gain settings,
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performed in duplicate in neserial distant sections, and analyzed in a deble manner by two

different investigatord=our image fields wertaken of each section

Serum Adiponectin detection

Whole blood takerthroughcardiac puncturavas centrifuaged after 24h H500xgat 4°C for
15 min So serum obtained was sd at-80°C and then used fodigonectin levelgletectionby
Enzyme Linked Immuno Sorbent Assay (EB) (Quantikin€ ImmunoassayRD & SISTEMS,

Mi nneapol i s, MN) foll owing manufacturerds ins

Statistical analysis

Data are presented as mean = SEM. Statistical analysis was performA®iOMA test for
mul ti pl e compari s on stest asing GrapRadl PrsmGrdplePad seftvar®@ ni 0 S
Inc., San Diego, CA). Statistical significance was set at P<0.0
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8.3Results

Effect of Sodium butyrate and FBA on weight change and disease
activity indexin DSS mice

As shown inFig. 8.1A both pharmacolgical treatments (preventive and curative protocol)
were able to preserve weight loss induced by dextran sulphate sodium chdliEr@e05;
**P<0.01 vs CON). As reported in AUC graph, among these theragagchemedoth curative
administrations appead more effective thapreventive ones. Assessment of disease activity index
(DAI) after 7 days from DSS endgvealedin DSSchallenged micea strong increase of colitis
gravity (***P<0.001 vs. CON). Instead, Butyrate and FBAPREV and CUR) significantly
prevented the developmaenttulcerativecolitis manifestationsHig. 8.1B) (### P<0.00Vs DSS).
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Fig. 8.1 Effects of Butyrate and FBAon induction and recovery from DSS induced colitidVT mice received 2.5% DSS fordays followed by

treatmen@andthen returnedo normal drinking water for aadditional 7 Mice were sacrificed on day 1@&) Evolution of body weighand (B DAI

values on day 1Data are meat SD from eight mice/group
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Butyrate and FBAimprovetissue histopatholgy and preverblon
shortening in DSSinduced colitis

Control mouse colon sectiongi@. 8.2A) showed the intactpithelum, well defined crypt
length,no edemano neutrophilinfiltration in mucosa and submucosa, and no ulcers or erosions.
contrast, colon tissue frordSS treated miceshowedclear and severéenflammatory lesions
extensively throughouhe muosa Ulcers, shortening and loss of crypts were deeally at the
beginning progressing to more extensive areasuafosal involvement and finalthe whole colon
Infiltration of immunecells including neutrophils and lymphocytes were seen itathéea propria
in DSS treated micdn spite of DSS treatment, Butyrate and FBA were able to protect colonic
mucosa structure and to redunemunecellular recruitment. Bsides both preventive and curative
treatments ameliorateducosa integrity and crypt structure improving epithelial surface. Beneficial
effects of all therapeuticschemes wereshown macroscopicallyafter colon excission. In fact, as
depicted inFig. 8.2B, Butyrate and FBA preserved colon from inflammation and bleeding induced
by DSS. Futhermore, both therapeupimtocols, in particular curative ones, with Butyrate and FBA
reduced colon shortening shown in D&8%&llenged miceHig. 8.2C) (*P<0.05vs. CON; #P<0.05
and ##P<0.0¥s DSS).
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DSS

PREV Butyrate PREV FBA
CUR Butyrate CURFBA
B

CON 6.8cm
DSS 5.5cm
PREV Butyrate 6.0cm
PREV FBA 6.3cm
CUR Butyrate o:2.6m
CURFBA é:5cm

Fig. 8.2. Therapy with Butyrate and FBA ameliorates DSS colitis(A) Representative histology of the distal DSS colon (H&E staining; original
magnification200X, bar 0.2mm). Black arrows indicates infiltratd cells in the submucoséB) Colon images andC) assessment of total colon
length after DSS treatmeriata are meath SD from eight mice/groupHistological images are representative of 5 slides for each group.
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