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ABSTRACT

Obesity is now widely recognized to be associatét lew-grade systemic inflammation. It
has been shown that high-fat feeding modulatesnguatobiota which strongly increased
intestinal permeability leading to lipopolysacchkiari absorption causing metabolic
endotoxemia that triggers inflammation and metabdlsorders. N-3 polyunsaturated fatty
acids (PUFAs) have been shown to be associatedanttfobesity properties, but results still
remain heterogeneous and very few studies unddrliihe metabolic pathways involved.
Thus, the use of fat-1 transgenic mice allows titeb@inderstanding whether endogenous n-3
PUFAs enrichment contributes to obesity and astetienetabolic disorders prevention. It
specially evidences that such effects occur throogidulations of gut microbiota and
intestinal permeability. Then, by remodeling gutrabiota, endogenous n-3 PUFAs improve
HF/HS-diet induced features of the metabolic symdrowhich in turn affects host
metabolism. Thus, increasing anti-obesogenic miaftobpecies in the gut microbiota
population {.e Akkermansia) by appropriate n-3 PUFAs may represent a promisirategy to

control or prevent metabolic disorders.



1. Introduction

Obesity, defined as an abnormal or excessive fairaalation, is now recognized as
an international public health concern. Indeedhaworld, more than 2.1 billion people have
a body mass index (BME 25.0 and> 30.0 in more than half a billion of them with no
distinction of age or sex. Although obesity is ddaged as a multifactorial pathology (genetic
predisposition, environmental impact, lack of phgsiactivity ...), the leading cause of
obesity development is the rising consumption afhHat/high-sucrose (HF/HS) diets -
especially in western countries - and efforts stiéd to be done to identify factors that would
prevent or cure this pathology. Obesity is alsmeissed with increased risk of developing a
wide cluster of alterations such as insulin resista(IR), dyslipidemia, hypertension, diabetes
known to be the main components of the metaboligyme (1) and of non-alcoholic fatty
liver diseases (2).

2. Obesity and low grade inflammation: role of L PS

Nowadays, obesity is linked to low-grade systemftammation which is identified as
a key factor of its development and of related inetia disorders (3-5), even if the molecular
origin of such inflammation is not fully elucidateGani and co-workers (6) have identified
major bacterial components, lipopolysaccharidesS{l.nainly found in the outer membrane
of Gram-negative bacteria, as a triggering factér ntetabolic endotoxemia when it
translocates in the bloodstream, which has beewciadsd with an increased risk of obesity
and clinical diabetes (7). A rising of concentratiof LPS in plasma and both diet-induced
metabolic endotoxemia have been shown to be linketdigh fat and high energy diets
coupled with enhanced Toll-like receptor (TLR) 4danuclear factor-kappa B (NkB)
expressions (6).
Even if the increased level of LPS in plasma isfatly understood, it is closely correlated
with an imbalance in bacterial composition (maiBlycterioides/Firmicutes ratio and defined
as intestinal microbiota dysbiosis) during highfaf) feeding in mice (8) and human (9).
Moreover, it has been shown that the gut bactéw@mges after HF diet strongly increased gut
permeability (10) by downregulating genes encodorghe tight junctions zonula-occludens
1 (ZO-1) and occludin (6). Next, LPS promotes ligithrage in liver and adipose tissue,
triggers inflammatory cytokine expression and caugssulin resistance (8). Mice invalidated
for TLR4 have been shown to be resistant to HF-ididticed inflammation, obesity, and

insulin resistance (11). Moreover, mice invalidated CD (Cluster of Differentiation) 14



gene (a TLR4 co-receptor) are resistant to the I[dpueent of LPS-induced inflammation,
compared with wild-type (WT) mice (8). These datmygest a major role of LPS in the

pathogenesis of metabolic syndrome.

3. N-3 polyunsatur ated fatty acids, obesity and related disorders

In this last decade, many studies both in animal haman have focused on the
cardioprotective effects of fish oils. Increasihg feeding of n-3 polyunsaturated fatty acids
(PUFASs) represents a promising approach (12) agabesity-associated diseases. Thus, the
physiological functions and molecular actions oés unsaturated fatty acids have been
investigated in the context of obesity, and thatokgheir functional properties they could be
considered useful to fight metabolic syndrome iesgbanimal models. Indeed, administration
of marine oils containing n-3 PUFAs in the contekbbesity and linked disorders has been
reported to improve both glucose (13-16), and lipigtabolism (17, 18), and to alleviate liver
lipid storage by downregulating lipogenic geneseiestingly, these beneficial effects of n-3
PUFAs have been associated with reduced adipossmimfation (15, 19, 20), increased
expression and secretion of adiponectin - an ingdnsitizing adipokine - (21) raised adipose
mitochondrial activity (22), and inhibition of tremodeling of adipose tissue induced by a
HF diet (23). Furthermore, beneficial effects oB rPUFAs on metabolic syndrome and
obesity mitigation could be due to their impacttba regulation of transcriptional factors in
liver and adipose tissue (19): among those, n-3A&Jpotential endogenous ligands for the
peroxisome proliferator activated receptor (PPA&hity nuclear receptors, play a crucial
role in adipocyte differentiation and lipid metaisot (21, 24).

In addition, nutrigenomic approaches have showmlioprotective effects of n-3 PUFAs
mediated by a decrease of inflammatory markergrdianced synthesis of proresolving lipid
mediators and a modulation of genes involved ityfacid synthesis and oxidation (25).
Then, it has been recently shown that feeding am®astaenoic acid (EPA) enhances the
hepatic content of resolvin (Rv) E1, RvE2, RvD1 &2 in mice fed HF diets, leading to
reduction of high-fat diet-induced liver proinflamatory state (26). In addition, other n-3
PUFA-derived mediators (as protectins and maresirs)lso known to be specialized lipid
mediators able to dampen inflammatory (27) in tbatext of dietary obesity. Moreovea,
recent study demonstrated that administration ofgatin D1 (PD1) to obese diabetdb/db
mice markedly improved their insulin sensitivity8§2



Nevertheless, studies regarding the effects of RJFAs on obesity remain controversial:

some of them argue that these FA are able to 8ignily decrease body weight and fat mass
(29-31) whereas others did not evidence any siamti effect on body weight loss even if

adipose fat accumulation decreased in n-3-fed driif®, 33). More recently, it has been

demonstrated that the replacement of lard by fisindhigh-fat diet alleviates systemic and

tissue inflammation (34). In addition, the authtv@ave shown that n-3 PUFAs increased
mitochondrial fatty acid oxidation leading to a lwliver lipid accumulation (35).

Nevertheless, very recent meta-analyses did ndeage any positive effects of n-3 (36).

4. N-3 PUEAS, intestinal per meability and microbiota in the context of obesity

Dietary n-3 PUFAs, affecting gut integrity, haveeheshown to reduce clinical colitis
and colonic immunopathology by improving epithehalrrier function in animal models (37,
38). EPA has been shown to up-regulate the expressitight junctions and to increase the
trans-epithelial electrical resistance (TER), theducing the permeability of the endothelial
cells (39). EPA and DHA, by lowering permeabilityduced inflammatory cytokines such as
TNFa, IFNy and IL-4, can maintain gut barrier integrity (411,). In agreement, it has been
shown that, following intravenous injections Bfcoli LPS to animal models, dietary DHA
supplementation significantly enhanced the expoassf intestinal tight junctions as occludin
and claudin-1 and decreased intestinal expresdiarLB4 (42). Very few studies assessed
the impact of n-3 fatty acids on metabolic endotoie Nevertheless, Mani and co-workers
(43) have shown in pigs that post-prandial endatoge was decreased by fish oil
supplementation when it was increased by cocomtich in saturated fatty acids). Recently,
enhanced levels of metabolic endotoxemia and systdéow-grade inflammation were
observed in high n-6 PUFA-fed mice, whereas themameters are drastically reduced in
transgenic mice able to convert n-6-to-n-3 PUFAth@air tissues (44).
It has been recently suggested that n-3 PUFAs mifyence the content of gut microbiota
(45-47) when another study showed no preventiogubfmicrobiota dysbiosis in EPA- and
DHA-treated mice (48). N-3 PUFAs, brought by daek able to attenuate the decrease of the
Bacterioides/Firmicutes ratio observed in high féat-mice (46). These results agree with
dietary experimentation conducted by Andersen etwdlo reported that, compared with
sunflower oil, dietary intake of fish oil impactedost of bacterial phyla (49). Moreover, Yu
et al. showed that fish oil is capable of producsignificant changes in gut microbiota,

especially suppression of Helicobacter and Firneisugrowth (47), known to be highly



involved in the etiology of peptic ulcer diseased avbesity respectively. Finally, a just
recently published paper showed that a host-miorobirelationship mediates the opposing
effects of n-6 and n-3 FA on metabolic endotoxefad).

A large amount of interest has been generated thstgears by the bacteriuAkkermansia
muciniphila, a highly represented species in human grastmaidract with 5% of the total
bacteria in basal conditions. Interestingly, besithee fact that Akkermansia uses mucins, it
seems to be crucial for the maintenance of muores ategrity (49, 50). Increased intestinal
abundance of Akkermansia can protect against gbsied metabolic syndrome, and
reduce (brought as a probiotic) systemic LPS lewelsigh-fat-fed mice (50-53). Possibly, it
occurs through mucus layer thickness preventiod,than reduction of gut permeability and
LPS leakage (50). Moreover, in a study on the &fe€ a polyphenol-rich cranberry extract,
Anhé et al. showed that the putative effects of ékkansia on dysbiosis induced by obesity
arises with no major changes in the proportion§iohicutes and Bacteroidetes (51). The
mechanism by which Akkermansia could protect agaohgsity is not fully elucidated, but
recent data indicate that a membrane protein #kermansia muciniphila (Amuc_1100%) -
more than the bacteria by itself - could be invdlve the protective effects. This hypothesis
has been reinforced by the fact that data obtawith pasteurized bacteria have shown
similar effects (54). Collectively, these data gate that modulation of intestinal tight-
junction barrier by n-3 PUFAs remains not fully enstood and the means by which n-3
PUFAs are able to reduce LPS-induced permeabililyreeds to be evaluated and more
particularly under diet-induced obesity (DIO) carafis. In addition, the complexity to point
out the specific effects of n-3 PUFAs per se isificed by many potential confounding

factors provided by the dietary procedures.

5. Thefat-1 mice: an appropriate moded for studying obesity

In obesity-related studies, fat-1 mice representirarovative animal model that
overcomes the use of dietary manipulation helpérl dvoiding any confounding dietary
elements brought by diets. Indeed, these transgmiaie ubiquitously express a gene coming
from C. Elegans, which encodes for a n-3 fatty acid desaturase #&blconvert n-6 to n-3
PUFAs (55) leading to a remarkable tissue enrichinmem-3 PUFAs compared with WT.
Moreover, in this mouse model, tissue contents 3 RUFAs not only increase but the levels
of excessive endogenous n-6 PUFAs also decreaskingsin a balanced n-6-to-n-3 ratio
(56). This endogenous synthesis of n-3 PUFAs allgetting away from the use of dietary

intervention introducing potential confounding farst and is more effective in balancing the
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n-6-to-n-3 ratio. This n-3 PUFA enrichment is idéad identifying their specific roles and
addressing nutrient-gene interactions. Then, thasise model represents a useful in vivo
system for giving new insights of the role of thé-to-n-3 fatty acid ratio in the context of
obesity and associated metabolic disorders.

We recently took advantage of this model to angherfollowing questions: does n-3 fatty
acids tissue enrichment prevent obesity and adsocimetabolic disorders? Does such
prevention occur through alleviation of intestinpérmeability (tight junction protein
expression, gut permeability) and metabolic endataa, in association with gut microbiota

remodeling?

6. Remodeling qut microbiota by endogenously synthesized n-3 fatty acids prevents high

fat/high sucr ose diet-induced metabolic endotoxemia and associated metabolic disorders

In the context of obesity, remodeling the gut midome could be a promising
therapeutic target. Then, it has recently beentediout in mice the relative contribution of
endogenously synthesized n-3 PUFAs in alteringngiatobiota in order to change metabolic

parameters (28, 57).

6.1. Fat-1 mice were protected against obesity, glucose intolerance, and hepatic

steatosis

Homozygous fat-1 transgenic mice have been shovallytqrotected against HF/HS diet-
induced obesity (DIO), glucose intolerance and sevleepatic steatosis occurring in
obesogenic diet-fed mice (Fig 1). Moreover, in adaoce with such a liver steatosis
prevention, the mRNA liver expressions of FATCDZ6fétty acid transport protein) and
PPARy (an adipogenic marker) were not altered as usuaibgiwved in DIO (57). These data
extend those of Li et al. (28) and Kim et al.(58)o showed that fat-1 gene expression
provided protection against hypercholesterolemia lagpatic steatosis when mice are fed a
high-fat diet. The homozygous status has been ledessential for obesity protection, as if
fat-1 heterozygous mice were protected againstigb@sked inflammation and insulin
resistance and exhibited amelioration of non-altohfatty liver disease, no change was
observed in their body weight compared to WT miadar DIO (15).

The protection of fat-1 mice against metabolic nisos associated to obesity might be related

to the release of anti-inflammatory n-3 PUFAs mexi| as shown by White et al. (15) who



pointed out an increase of docosanoid biosynthesithe pro-resolving lipid mediator, PD1
(10R,17S-dihydroxydocosa-4,7Z,11E,13E,157,197-hexaenoic acid) in DIO.

6.2. Unlike WT mice, fat-1 mice maintained a normal barrier function and

exhibited a significantly lower metabolic endotoxemia

Low-grade systemic inflammation is now recognizedaacrucial factor underlying obesity
and type-2 diabetes (59) where significant alteretiin the intestinal barrier take place (8, 60,
61). Until now, very fewin vivo studies have investigated the effects of n-3 PUBAs
intestinal permeability and metabolic endotoxermia, (43). A recent study showed high
levels of metabolic endotoxemia and systemic loadgrinflammation in WT mice fed a diet
high in n-6 FA, whereas endotoxemic and inflammatiatus were alleviated in fat-1 mice
(44). We have also reported (57) that fat-1 mideldted a decrease of intestinal permeability

and metabolic endotoxemia compared with WT micg (Bi

6.3. Transplantation of fat-1 microbiota to HF/HSfed wild-type animals

decr eases metabolic syndrome disorder s and maintains gut barrier integrity

The use of reciprocal microbiota transplantatiopreésents an appropriate approach to
validate the fact that n-3 PUFA-enrichment in fatrlce impacts their gut microbiota by
enhancing the proliferation of beneficial bactdeading to DIO and associated disorders
prevention. The transfer of fat-1 fecal microbitdaWNT mice was able to strikingly prevent
obesity induced by a HF/HS diet and to regularizecage tolerance and intestinal
permeability (57), evidencing that a lean phenotyae be transferred from fat-1 to WT mice

and is probably mediated by changes of gut mictaldiy n-3 PUFAs (Fig 2).

7. Conclusions and futur e pr ospects

Altogether, these data evidence that n-3 PUFAssgmt a promising approach in the
prevention and treatment of obesity and assocuiitatders. Indeed, by the use of transgenic
fat-1 mice avoiding nutritional confounding factorsissue n-3 PUFAs enrichment
indisputably demonstrates that these functiondaly fatids prevent weight gain, glucose
intolerance, liver steatosis inflammation and leajut. Moreover such tissue enrichment
unexpectedly change gut microbiota composition éaupar increase of Akkermansia) in
favor of a lean phenotype. Remarkably, transplgngat microbes from fat-1 mice into WT

replicated this protection against DIO and linkeetaiolic disorders, unequivocally showing



that n-3 PUFAs impact intestinal microbiota thatllweonsequently influence host
metabolism.

Although more studies are required to decipher ritle of other intestinal components
implicated in gut barrier integrityi.é colonic mucus layer) and the molecular mechanisms
involved. Fecal microbiota characterization of abgmtients may become a relevant and

usable means to evaluate the positive effect oPWBAs in individualized medicine.
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Figure legends:

Fiqure 1:
Fat-1 transgenic mice maintain a lean phenotype when fed an HF/HS-diet

The increase of endogenously synthesized n-3 PURAbeir tissues protects fat-1 mice
against obesity induced by high-fat/high-sucrosg. dfioreover, these mice are also protected
against liver steatosis and adipose tissue inflatomaCompared with wild-type mice, fat-1
mice fed a HF/HS diet maintained gut epitheliumnpeability and then exhibit a lower

plasma LPS level.

Figure 2:
Fecal transplantation of the n-3-modified microbiome as a relevant way to preserve a

lean phenotype in mice fed the HF/HS diet

High fat/high sucrose diet is known to be assodiatih gut microbiota dysbiosis and
to lead to increased intestinal paracellular pebiiga These alterations will allow the
leakage of microbial products (LPS) into the systemirculation (named as metabolic
endotoxemia) resulting in a low-grade systemicaimination, considered as an important
component of the evolution of obesity.

The transfer of fat-1 fecal microbiota to WT mickiksngly prevented metabolic
endotoxemia and subsequent low-grade inflammat®nwell as obesity and associated
metabolic disorders. Then, preventing a “dysbiofigitrobiota by n-3 PUFAs affects host

metabolism and therefore potentially offers anrgdgéng target for therapeutic intervention
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