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Résumé

L'obésité et son large spectre de maladies associées ont atteint des proportions
pandémiques inquiétantes, soulignant la nécessité d’identifier des stratégies
alternatives afin de lutter contre ce probléme. A ce titre, les régimes riches en fruits
et léegumes représentent des déterminants bien établis d'une incidence plus faible
de ces désordres métabolique. Grandement soutenus par des évidences
épidémiologiques reliant les régimes riches en polyphénols et un meilleur état de
santé, des efforts considérables ont été déployés afin d’étudier les bienfaits de ces
métabolites secondaires des plantes. Malgré tout, les mécanismes par lesquels
ces phytoéléments améliorent la santé métaboligue demeurent encore mal
compris, ce qui en justifie une étude plus approfondie. D’autre part, de plus en plus
d’évidences indiquent que les bactéries intestinales exercent un important contréle
sur des aspects clés du métabolisme, et on comprend aujourd’hui que plusieurs
phytoéléments de baies ont une biodisponibilité limitée, atteignant ainsi le colon
qui abrite la plus vaste part du microbiote intestinal. Le travail présenté dans cette
thése vise donc a étudier I'impact de phytoéléments de baies sur le syndrome
métabolique de souris soumises a une diéte obésogéne et d’en comprendre le role
du microbiote intestinal dans ces effets. En traitant quotidiennement ces animaux
avec des extraits riches en polyphénols d'une gamme de baies aux compositions
polyphénoligques variées, nous avons montré que les extraits les plus bioactifs (c.-
a-d., canneberge, cloudberry, alpine bearberry, lingonberry et camu camu)
partagent la capacité de diminuer linflammation intestinale, I'entotoxémie
métabolique, la stéatose hépatique et la résistance a l'insuline. L'analyse des
populations microbiennes fécales par séquencage du gene 16S ARNTr a révélé que
I'état métabolique amélioré lié a l'administration de ces extraits était associé a un
remodelage draconien du microbiote intestinal, marqué par une expansion
d'Akkermansia muciniphila. Cette bactérie intestinale est fortement associée a un
faible niveau d’adiposité chez 'humain et son administration a des souris obéses a
eté montrée suffisante pour renverser le syndrome métabolique. Par ailleurs, les
résultats présentés dans cette these suggerent que les polymeres de polyphénoals,

a savoir les proanthocyanidines et les ellagitannins, pourraient bien étre des



molécules clés dans les effets bénéfiques observés, ouvrant la voie a plus de
recherche en ce sens. L’ingestion réguliere de ces polyphénols par la
consommation de canneberges, de cloudberry, d'alpine bearberry, de lingonberry
et de camu camu représentent donc une stratégie efficace pour la prévention de
désordres métaboliques associés a l'obésité. Cet ouvrage ouvre ainsi a de
nouveaux concepts mécanistiques, ciblant I'axe intestin-foie et le microbiote
intestinal pour expliquer les effets bénéfiques des polyphénols sur la santé

métabolique.



Abstract

Obesity and its wide spectrum of associated diseases have reached worrisome
pandemic proportions, underscoring the need for alternative strategies to fight this
problem. Plant-rich diets are well-established determinants of a lower incidence of
obesity-related diseases, and fruits are important components of these diets.
Supported by strong epidemiological evidence linking polyphenol-rich diets and
better health status, research has been focused on the potential health effects of
these plant secondary metabolites, albeit the mechanisms by which these poorly
bioavailable phytonutrients improve metabolic health remains are not yet fully
understood. Since there is compelling evidence for a relationship between host
metabolic control and the gut microbiota, the work presented in this thesis aimed to
investigate the impact of polyphenol-rich berry extracts on features of the metabolic
syndrome in diet-induced obese mice. The work presented in this thesis also
focuses on the relationship between putative gut microbial alterations driven by
dietary polyphenols and its relevance to host metabolism. By daily treating diet-
induced obese mice with polyphenol-rich extracts of a wide range of berries (with
varied polyphenolic concentration and composition) we demonstrated that the most
bioactive extracts (i.e., cranberry, cloudberry, alpine bearberry, lingonberry and
camu camu) shared in common the ability to dampen intestinal inflammation and
bacterial lipopolysaccharide leakage to systemic circulation, findings associated
with reduced hepatic steatosis and improved insulin resistance. 16S rRNA gene-
based analysis of fecal DNA revealed that the improved metabolic status linked to
the administration of these polyphenolic extracts was associated with a drastic gut
microbial remodeling, marked by a consistent bloom of Akkermansia muciniphila.
This gut bacterium is strongly associated with leanness in humans and its
administration to obese mice reversed features of the metabolic syndrome. The
findings presented in this thesis suggest that polymers of polyphenols, namely
proanthocyanidins and ellagitannins, may have a superior impact on the gut-liver
homeostasis, supporting further research on these particular classes of phenolic
phytonutrients. While bringing evidence that substantiate the regular consumption

of sources of proanthocyanidins and ellagitannins as a strategy to prevent
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prevalent chronic diseases associated with obesity, this work provides novel
mechanistic insights pointing to the gut-liver axis and the gut microbiota as primary

targets of dietary polyphenols in order to improve metabolic health.
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Introduction

1 Obesity: le mal du siécle

Obesity is an abnormal fat accumulation of sufficient magnitude to produce
detrimental health consequences and it is caused by a continuously positive
energy balance. Nutritonal transition to processed foods and high-calorie diets and
sedentarism spread across the planet as societies became wealthier and
modernized throughout the 20" Century. These environmental determinants
coupled with genetic susceptibility (1) have been working together so that obesity
and overweight have both reached worrisome pandemic proportions. Data from the
World Health Organization (WHO) revealed that more than 1.9 billion adults were
overweight and, of these, over 600 million were obese in 2014 (overweight BMI =
25; obesity BMI = 30; BMI = weight/height?) (2). In other words, while 4 out of 10
adult individuals were overweight, 1 in 10 was obese in the world in 2014. Obesity
and overweight are strongly prevalent in both developed and emerging economies,
considerably impairing life quality, reducing lifespan and imposing important costs
on public health systems (3, 4). While the worldwide prevalence of obesity more
than doubled between 1980 and 2014, childhood obesity was found to be highly
prevalent in children under the age of 5, with 41 million obese infants in 2014 (2).
These data fuel alarming predictions that the global prevalence of obesity will

easily surpass 1 billion people by 2030 (5).
2 The multifactorial etiology of obesity

The storage of triglycerides in the adipose tissues is influenced by the
interplay of genetic, environmental, socioeconomic and behavioural determinants,
which are all capable of altering the balance between energy intake and
expenditure. Energy storage occurs when energy intake surpasses energy
expenditure (i.e., the amount of energy used to fuel physical activity, basal
metabolism and adaptive thermogenesis). Economic development, growing
availability of inexpensive and nutrient-poor food, industrialization and urbanization
are achievements of both high-income countries and emerging economies that act

as important obesogenic forces. However, the fact that individuals living in these
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environments are not necessarily obese and display varied BMI highlights a role for
genetic predisposition in the etiology of obesity. It is, however, surprising that while
almost a hundred of genetic loci have been associated with obesity, they explain
only a small fraction (~2.7%) of the total BMI variantion within populations (6, 7).
Although it is not reasonable to disconsider the relevance of genetics in obesity,
the relatively small differences in BMI between carriers and non-carriers of risk
alleles in addition to the dramatic global rise in obesity over the last decades stress
the importance of risk factors beyond genetics.

While dietary habits are obvious determinants of obesity, and caloric intake
a well-known player, diet quality also plays a relevant part in the consortium of
factors leading to obesity. According to the WHO, a healthy diet means at least
400g of fruits and vegetables a day, less than 10% of total energy intake from free
sugars and less than 30% of total energy intake from fat (being unsaturated fat
preferable over saturated and trans fat). Studies suggest that long-term weight
management and other metabolic consequences of obesity that go beyond body
size (egq, liver steatosis, low-grade chronic inflammation) are strongly influenced by
diet quality (8, 9). Diet also strongly influences our “other genome” (i.e., the gut
microbiome) (10), modelling gut microbial community structure (11) and impacting
host metabolism and energy partitioning (12, 13). Research conducted throughout
the last decade has revealed a clear link between obesity and gut microbial
dysbiosis, which is generally characterized by a reduction in bacterial richness and
by major taxonomic and functional changes (14). (This topic is better discussed
below). Interestingly, recent evidence also starts to shed light on transgenerational
consequences of obesity and overweight. Parental obesity (15, 16) weight gain
during gestation and gestational diabetes (17, 18) have been linked to increased
obesity risk in the offspring. These studies suggest lasting effects of fetal
programming that, possibly by means of epigenetic alterations, substantially
impacts on life course health. These studies underscore the potential relevance of
pre- and perinatal dietary/lifestyle habits on the obesity epidemic for generations to

come.



2.1 BAT activity and WAT browning

Seminal studies with monozygotic twins (19) and with a particularly obese
population of Native Americans (20) have underscored genetic-based differences
in the metabolic rate and in the adaptive thermogenesis as contributors to human
obesity. This was further supported by the demonstration that BAT depots are
significantly present in adult humans and inversely correlated with BMI, adiposity
and age (21-24). The BAT is specialized in producing heat in order to protect
mammals from hypothermia by means of non-shivering thermogenesis. Its
thermogenic capacity is conferred by the abundant presence of uncoupling protein-
1 (UCP1) in brown adipocytes (25). In the mitochondria, the energy derived from
the oxidation of fatty acid- or glucose-related molecules is either stored in the high-
energy phosphate bonds of ATP or released as heat. ATP is synthesized when
protons accumulated outside the inner matrix re-enter the mitochondrial matrix
across ATP synthase (i.e., coupled respiration). However, protons can leak back
across the inner mitochondrial membrane and energy is therefore dissipated as
heat (i.e., uncoupled respiration). Although this latter process is inherent to the
biology of several membranes, it is intensified by the action of uncoupling proteins
(UCP), which are proton channels not linked to ATP synthesis (26). Indeed, when
mice were bred in thermoneutrality (i.e., 28-30 °C), UCP1 ablation induced obesity

and abolished diet-induced thermogenesis (27).

BAT thermogenic activity is under control of the sympathetic nervous
system (SNS). Postganglionic neurons of the efferent branches of the SNS release
noradrenaline, which activates 3-adrenergic receptors and triggers the breakdown
of triglycerides into fatty acids. This process not only fuels thermogenesis as it
stimulates BAT thermogenic activity (25, 28). Importantly, several endogenous
signals coming from hormonal modulation or the action of dietary metabolites can
alter BAT biology. Thyroid hormone (29), fibroblast growth factor-19 (FGF19, 15 in
mice) (30), FGF21 (31), bone morphogenetic protein 8b (BMP8b) (32), bile acids
(33, 34), short chain fatty acids (SCFA) (35-37), long chain free fatty acids (FFA)



(38), caffeine (39), green tea (40), apigenin (41) and naringenin (41) can all
enhance BAT thermogenesis. In addition, another contribution to adaptive
thermogenesis stems from white adipocytes that acquire a brown adipocyte-like
phenotype (referred to as beige or brite adipocytes) (42). WAT browning is also
under control of peptide/protein hormones and dietary metabolites, thereby
responding to signals arising from catecholamines (secreted either from
sympathetic terminals (43) or M2 macrophages (44)), prostaglandins (45), thyroid
hormone (46), FGF21 (47), BMP4 (48), SCFA (49, 50) and from a wide range of
polyphenolic phytochemicals (51-53). Interestingly, chronic hyperinsulinemia,
which is as an early event of diet-induced obesity, was shown to hamper both BAT
activity and WAT browning in mice, constituting another contributing factor to
adaptive thermogenesis (54). Altogether, these findings stress the key role of
UCP1 in controlling adaptive thermogenesis and justify a regain of interest in
brown and beige adipocyte biology as a strategy to treat and prevent obesity and
its related comorbidities. These studies also point out the myriad of molecules
(several of which are gut microbial metabolites and phenolic phytochemicals) that
potentially modulates adaptive thermogenesis by means of enhanced BAT activity

and increased WAT browning.
3 Obesity-linked diseases

Obesity is associated with the onset and progression of a broad spectrum of
diseases. Visceral obesity (also referred to as central obesity) is considered a
hallmark of the metabolic syndrome, which consists of a cluster of key risk factors
that increases the odds of developing metabolic maladies such as type 2 diabetes
(T2D), cardiovascular disease (CVD), stroke and cancer (55). In addition to
visceral obesity, hyperglycemia, hypertension and dyslipidemia are also major
features of the metabolic syndrome (55). A deeper understanding of the
physiological role of the hormone insulin, the pathophysiological bases of insulin
resistance and the relationship between obesity, T2D and non-alcoholic fatty liver
disease (NAFLD) are particularly relevant to the elaboration of this thesis and are

better discussed below.



3.1T2D

Diabetes mellitus is a chronic disease caused by inherited and/or acquired
deficiency in the production of insulin by the pancreas, or by reduced
responsiveness to insulin (56). While T1D is triggered by the autoimmune
destruction of insulin-producing pancreatic B-cells, T2D initially results from the
body’s inability to respond properly to insulin (i.e., insulin resistance), which
ultimately evolves to B-cell failure and insufficient insulin secretion. T2D is more
common than T1D and accounts for approximately 90% of all diabetes cases in the
world (56). The prevalence of diabetes worldwide is worrisome: the number of
people with diabetes has risen from 108 million in 1980 to 422 million in 2014,
representing 8.5% of the global adult population (57). Diabetes is associated with
several complications, being a major cause of blindness, kidney failure, CVD and
lower limb amputation. The WHO projects that diabetes will be the 7" leading
cause of death in 2030 (57), which emphasizes the need for more research on this
field in order to fuel preventive policies, optimize existing curative approaches and

to discover novel treatments.

Multiple risk factors contribute to the development of T2D, such as family
history of T2D (58), glucose intolerance (59), sedentarism (60), poor dietary habits
(61) and accumulation of visceral fat (62). In fact, the global rise in the prevalence
and severity of obesity is the main underlying cause of the burden of T2D
worldwide, which explains the fact that several risk factors for T2D overlap those

associated with obesity.

3.2 NAFLD

Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of the
metabolic syndrome and results from dysregulated lipid and glucose metabolism.
NAFLD is the buildup of extra fat in the liver and comprises a group of common
hepatic maladies whose severity progressively increases as hepatic fat accretion
aggravates. NAFLD ranges from hepatic steatosis (HS) and non-alcoholic steatotic
hepatitis (NASH) to hepatic fibrosis or cirrhosis and early stages of hepatocellular

carcinoma (HCC). HS is characterized by an increase in triglyceride accumulation
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that exceeds 55 mg/g of liver (63). HS may progress to NASH, where histological
features such as hepatocyte ballooning, inflammation, cell death and fibrosis
become apparent (64). Ten to 29% of the cases of NASH evolve to cirrhosis within
10 years (65). Cirrhosis may also progress to liver HCC with a rate of 4 to 27%
(66). NAFLD and its subtype NASH are becoming the principal causes of chronic
liver disease in the world, and this is driven by the global burden of obesity and
diabetes (67).

3.3 The pathophysiology of insulin resistance
3.3.1 Insulin action and clearance

Insulin is a protein hormone synthesized and secreted by pancreatic (-cells
in response to nutrients and, while glucose-stimulated insulin secretion is a key
event, amino acids and FFA also act as insulin secretagogues (68). Insulin
contributes to control lipid and glucose homeostasis by diverting energy substrates
towards anabolism and maintaining normoglycemia (Figure 1). These effects are a
product of a pleiotropic action of this hormone on multiple target tissues. The
skeletal musculature is the main site of insulin-stimulated glucose clearance in the
body. After binding to the insulin receptor (IR), insulin triggers a cascade of
signaling events within the IRS/PI3K/AKT pathway that culminates in the
translocation of GLUT4 to the sarcolemma and glucose entry into the cell (69).
Insulin also stimulates glycogenesis and protein synthesis in the muscle,
processes downstream AKT activation and linked to the inhibition of GSK3 (70)
and FOXOL1 respectively (71). In the adipose tissue, insulin stimulates glucose
uptake through a PI3K/AKT/GLUT4-dependent process, favours lipid storage by
activating lipoprotein lipase (72) (73) and decreases FFA release by inhibiting
hormone-sensitive lipase (74) (75). This results in enhanced lipid storage and

increased uptake of FFA from circulation.

The liver is functionally connected to the intestine through the enterohepatic
circulation, being the first organ of passage of amino acids and sugars post
absorption and therefore acting as a major orchestrator of energy homeostasis and

nutrient metabolism. Insulin shuts down hepatic glucose output by downregulating
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gluconeogenesis and glycogenolysis while stimulating glycogen storage. In sum,
these anabolic outcomes are mediated by IRS/PI3K/AKT pathway-related inhibitory
effects on FOXOL1 (76), PGC1 (77) and activation of SREBP (78), being this latter
factor also important in the regulation of hepatic lipogenesis (79). A brief summary

of important insulin signalling events are illustrated in figure 2.
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Figure 1: The anabolic effects of insulin.

Insulin promotes synthesis and storage of carbohydrates, lipids and protein while stimulating their
storage and inhibiting their release into the bloodstream.

Adapted from Saltiel & Kahn (80). Insulin signalling and the regulation of glucose and lipid
metabolism. Nature 2001;414:799-806.
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Figure 2: Schematic of key insulin signalling events.

Insulin action is mediated by its binding to the heterotetrameric transmembrane insulin receptor
(IR). Activated IR elicits downstream phosphorylation of other substrates, including members of
insulin receptor substrate (IRS) family, which in turn activate downstream signaling events via
phosphatidylinositide 3-kinase (PI3K) and murine thymoma viral oncogene/protein kinase B
(Akt/PKB). These signaling events lead to glucose uptake, glycogenesis and protein synthesis in
the muscle; in the adipose tissue, insulin is a key driver of glucose uptake and lipid synthesis.
Insulin-induced glucose uptake is dependent upon GLUT4 translocation to the cell membrane in
muscle cells and adipocytes. In the liver, insulin leads to inhibition of gluconeogenesis and
synthesis of glycogen and protein through PI3K/AKT-related inhibition of PGC1, FOXO1 and GSK3
and activation of mTOR. LXR and SREBP play a major role in the insulin-stimulated lipogenic
program in the liver.

Adapted from Beddinger & Kahn (81). From mice to men: insights into the insulin resistance
syndromes. Annu Rev Physiol 2006;68:123-58.

The efficient withdrawal of insulin from circulation is a key process to
regulate the cellular response to this hormone by decreasing insulin availability
(82). In fact, impaired insulin clearance is importantly related to insulin resistance
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(83, 84) and it is a common trait associated with glucose intolerance (85), visceral
obesity (86, 87), high circulating FFA (87) and NAFLD (88, 89). The latter is not
surprising, since the liver is the primary site of insulin depuration, being 80% of
endogenous insulin rapidly removed by this organ whereas the remainder is
cleared out by the kidneys and muscle (90). Interestingly, impaired insulin
clearance increases the risk of T2D in humans even when adjusting for lifestyle,
obesity and insulin secretion, which underscores the major relevance of this

process to glucose homeostasis (87).

Upon release of insulin in the portal circulation, insulin binds to the IR in the
hepatocyte and stimulates its intracellular tyrosine activity, which in turn
phosphorylates substrates such as the protein Carcinoembryonic Antigen Related
Cell Adhesion Molecule-1 (Ceacaml). Once tyrosine phosphorylated, Ceacaml
has been shown to promote receptor-mediated insulin uptake into clathrin-coated
vesicles, which then leads to insulin degradation (91-93). Ceacaml also governs
lipid metabolism in the liver by downregulating fatty acid synthase (FASN)
enzymatic activity and therefore restricting hepatic de novo lipogenesis (94).
Indeed, studies conducted in our laboratory by Dr Elaine Xu et al. demonstrated
that Ceacaml whole-body knockout mice are prone to hepatic steatosis in addition
to impaired insulin clearance and hyperinsulinemia (95). Similar findings were
reported by others in a context of liver-specific ablation of Ceacaml (91, 96, 97).
Taken together, these findings point to Ceacaml as a major regulator of both
insulin and lipid metabolism in the hepatocyte providing a potential mechanistic link

between NAFLD, obesity and insulin resistance.

Another aspect of insulin clearance involves the insulin degrading enzyme
(IDE). This enzyme is crucial to hepatic insulin clearance and, similarly to Ceacam-
1, genetic deletion of IDE in mice causes hyperinsulinemia and insulin resistance
(98). However, little is known about the interplay between these two major
regulators of hepatic insulin clearance. While in vitro studies suggest that
inflammatory cytokines may directly downregulate IDE, pointing to a link between

metabolic inflammation and impaired insulin clearance (99), more studies are



warranted to determine the modifiers of IDE and Ceacam-1 and to clarify the role

of insulin clearance in the metabolic syndrome.

3.3.2 The concept of insulin resistance

The pathological process whereby cells fail to respond properly to insulin is
named insulin resistance. Insulin resistance is the cornerstone in the pathogenesis
of obesity-linked metabolic diseases and, in T2D, it precedes B-cell dysfunction
and the progression towards impaired glucose tolerance. Initially, pancreatic 3-cells
compensate for peripheral insulin resistance and prevent hyperglycemia at the
expense of incremental insulin secretion. While hyperinsulinemia from the
compensating (B-cells ensures normal glucose tolerance for some time, chronic
hyperinsulinemia is a deteriorating condition per se (100). Due to the adaptive
nature of pancreatic B-cells, euglycemia coupled with chronic hyperinsulinemia can
be sustained for years (101). As the metabolic injury persists, the pancreas finally
fails to compensate for the waning metabolic response to insulin leading to overt
T2D. Insulin resistance is therefore classically considered as a primary defect in
the sequence of events associated with the development of T2D. However, this
notion was challenged in an elegant study by Mehran et al. The authors genetically
prevented diet-induced hyperinsulinemia in mice by partially deleting the pancreas-
specific Ins1 gene and knocking out the Ins2 gene (i.e., Ins1"/Ins2™). These
animals were protected from diet-induced insulin resistance, which led the authors
to the conclusion that the advent of chronic hyperinsulinemia precedes obesity and
insulin resistance (54). In agreement with these findings, Templeman et al showed
that suppression of hyperinsulinemia in growing female mice protects against
obesity (102). While more studies are warranted to clarify the early events leading
to diet-induced metabolic derangements, the role of the intestine and its colonizing
bacteria in such events must be object of thorough analysis given the primordial
relationship between diet, intestinal mucosa and gut microbiota. (This topic is

object of further discussion below)
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3.4 Insulin resistance and low-grade metabolic inflammation

In the early 1990’s, Hotamisligil et al. reported increased mRNA expression
of the pro-inflammatory cytokine tumor necrosis factor a (TNFa) in the adipose
tissue of obese rats (103) and humans (104), unveiling a connection between
inflamed adipose tissue and insulin resistance. These findings were the seeds of a
whole new field, named immunometabolism, linking the recruitment of immune
cells along with the secretion of cytokines and chemokines to the pathogenesis of
obesity-linked diseases. Nowadays, the role of a chronic low-grade inflammatory
state in the pathophysiology of obesity-linked insulin resistance is well
demonstrated (105). For instance, genetic deletion of important inflammatory
mediators, such as inducible nitric oxide synthase (106) (107) and c-Jun N-terminal
kinase (JNK) (108), has been shown to prevent the development of insulin
resistance in obese mice. Moreover, in addition to TNFa (103, 104), the presence
of other cytokines and chemokines such as interleukin-6 (IL6) (109), IL13 (110),
regulated upon activation normal T-cell expressed and secreted (RANTES) (111),
monocyte chemoattractant protein-1 (MCP1) (112) and interferon y (INFy) (107) is
also raised in the adipose tissue and in circulation during obesity, highlighting not
only the complex mechanisms underlying immune cell aggregation within the
inflamed adipose tissue but also the potential spillover of proinflammatory
molecules and cells towards other metabolic organs. Indeed, immune cell infiltrates
are also found in the muscle (113), particularly associated with ectopic fat depots
(114), and in fatty liver (115, 116), where macrophages have been shown to

encapsulate steatotic hepatocytes (117).

The infiltration of macrophages is a key event in adipose tissue
inflammation, strongly correlating with BMI and being an important source of TNFa,
IL6, NO and oxidative stress in the hypertrophic adipose tissue (114, 118). Bone
marrow-derived macrophages are attracted to the visceral adipose tissue in
response to adipocyte remodeling and death (119), and the chemokine MCPL1 is
critical to this process (120). These immune cells then form aggregates
surrounding dying adipocytes histologically termed crown-like structures (121).
Interestingly, obesity is associated with the recruitment of a particular subset of

11



F4/80" CD11c" proinflammatory M1 macrophages, as opposed to a polarization
towards the anti-inflammatory IL10 producer M2 population found in the adipose
tissue of lean mice (122). Apart from macrophages, proinflammatory subsets of T
cells, such as CD8" (123), NK (124) and Th1 (125) were found to be increased in
the adipose tissue of obese mice, whereas T regs (125) and Th2 (125) populations
are either reduced or unchanged. Such a T cell profile in the adipose tissue is
thought to precede and to be necessary for macrophage recruitment. Moreover,
expansion of neutrophil (126), eosinophil (127), mast cell (128) and B-cell (129)
populations has been reported and also contributes to adipose tissue inflammation

and insulin resistance.

Immune cell aggregation into the adipose tissue takes place in parallel to an
expanding adipose tissue. While the subcutaneous adipose tissue is a more plastic
depot, which copes with anabolic demands by means of hyperplasia, visceral
adipocytes predominantly resort to hypertrophy in situations of excess energy
intake (130), more promptly leading to cell death. Although the underlying
mechanism of cell death is not yet determined, tissue hypoxia (131) and ER stress
(132) are plausible and not mutually exclusive theories. Hypoxia would be a natural
consequence of insufficient vascular supply due to cell overexpansion, whereas
ER stress is thought to be linked to an exaggerated protein and lipid synthesis

demand to comply with changes in tissue morphology and function.

Inflammation triggers the activation of protein kinases (e.g., MAP kinases,
MTOR/S6K1), lipid species (e.g., ceramides, gangliosides) and transcriptional
mediators (e.g., NFkB) that altogether contribute to disrupt the insulin signaling
pathway (133). The phosphorylation of IRS at serine 307 (312 in humans), which
prevents its activation by the IR, as well as the blockage of Akt recruitment are
points of convergence in the action of inflammatory mediators to impair insulin
sensitivity (133). Moreover, NO generated by the activation of inducible NOS (106)
can cause S-nitrosylation of IR, IRS1 and Akt (134, 135), whereas the product of
the reaction between NO and O, (i.e., ONOOQO", peroxynitrite) is associated with the

nitration of several tyrosine residues (136), also contributing to weaken the cellular
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response to insulin. Important intracellular pathways leading to low-grade

inflammation-induced insulin resistance are summarized in figure 3.

Obesity is also a state of mounting oxidative stress, characterized by an
imbalance between tissue free radicals, reactive oxygen species (ROS) and
antioxidants (137). Oxidized lipids and proteins may exert cytotoxic effects and
damage cell membrane and membrane-bound receptors in addition to disrupting
enzymatic function and signalling cascades (138, 139). Enhanced oxidative stress
may also further inflammatory responses in the cell, damage nucleic acids and
leads to cell death (138, 139).
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LPS IL-1IL-6 IFN-y TNF-o.

NOJ—> ONOO~
=

AP-1NF-kB GAS ISREa-b AP-1 NF-kB

nucleus | iNOS promoter I

Figure 3: Low-grade inflammation-related intracellular pathways leading to
insulin resistance.

Proinflammatory cytokines (eg, TNFa, IL1B3, IFNy) and bacterial lipopolysaccharide (LPS) activate
multiple pathways in fat, muscle and liver cells. Activation of IkB kinase (IKK), mitogen-activated
protein kinase (MAPK), and mammalian target of rapamycin (nTOR) pathways, as well as the
generation of lipid species (ie, ceramides and the ganglioside GM3) increases insulin receptor
substrate (IRS1) serine phosphorylation, leading to inhibition of downstream insulin signalling to
phosphatidylinositol-3 (PI3)-kinase and glucose transport. Activation of Jak, IKK and MAPK
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pathways by cytokines also triggers inducible nitric oxide synthase (106) expression and nitric oxide
production. iINOS activation possibly impairs insulin signalling either by promoting IRS1 serine
phosphorylation or by nitration of IRS1 tyrosine residues through formation of potent reactive
nitrogen species such as peroxynitrite (ONOQ"). PIP3, phosphatidylinositol-3,4,5,-trisphosphate;
PKC, protein kinase C; NFkB, nuclear factor-kB; Stat-1, signal transducer and activator of
transcription-1; AP-1, activating protein-1; IRF-1, interferon regulatory factor-1; GAS, gamma-
activated sequence; ISREa-b, interteronstimulated response element-a and -b.

From Marette A (133). Mediators of cytokine-induced insulin resistance in obesity and other
inflammatory settings. Current opinion in clinical nutrition and metabolic care 2002;5:377-83.

4 Intestinal homeostasis and obesity-linked diseases

The role of the intestine in metabolic control was object of research in the
past (140, 141). In the last decade, however, our notion on the relevance of this
complex organ to obesity-linked diseases has grown exponentially, fueling a
paradigm shift from an “adipocentric” to an “enterocentric” view point. The intestine
harbors an extensive immune system due to the exposure to microbial and
ingested antigens from the diet, and now inflammatory and immune cell changes in
the bowel are being investigated in depth as a link to obesity and insulin
resistance. But the intestine definitely received its patent of nobility as researchers
started to unveil the influence exerted by gut microbes on host metabolism. In this
section, important aspects related to diet-induced and obesity-related intestinal
inflammation and its relationship with insulin resistance are discussed. The role of

the gut microbiota in this process will be discussed in section 5.

4.1 Obesity-related intestinal inflammation

The intestinal innate immune system is the first line of defense against
infection while also ensuring tolerance to the normal gut microbiota. This system
encompasses the mucus layer (secreted by goblet cells), intestinal epithelial cells
(IEC), Paneth cells (secrete antimicrobial peptides), innate lymphoid cells (ILC) and
other fast responding immune cells, such as macrophages and neutrophils. The
enteric innate immune system is governed by pattern recognition receptors (PRR),
such as toll-like receptors (TLR) and NOD-like receptors (NLR), that bind to
microbial-associated molecular patterns (MAMPSs) from luminal microorganisms to

regulate gut immune response. Under eubiosis (i.e., a healthy equilibrium between
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gut microbiota and host), MAMPs trigger the secretion of anti-inflammatory
mediators such as IL-25, IL-33, transforming growth factor § (TGFB) and thymic
stromal lymphoprotein (TSLP) (142). However, upon an imbalance between gut
microbiota and host defenses (termed dysbiosis), the typical enteric immune
response is marked by the secretion of pro-inflammatory cytokines, such as INFy,
IL-18, IL-6, IL-12, IL-18 and IL-23 (142). Some key elements involved in obesity-
linked intestinal inflammation and its consequences to gut homeostasis are

illustrated in figure 4.
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Figure 4: Changes to intestinal physiology during obesity.

During eubiosis, the intestinal barrier (mucus layer, antimicrobial peptides - AMPs, IgA, intestinal
epithelial cells - IECs) efficiently protects the host from bacterial encroachment and excessive
leakage of microbial-related molecules to circulation. Tolerogenic response is elicited upon
activation of pattern recognition receptors (PRRs) by microbial-associated molecular patterns
(MAMPs) from comensal bacteria. This includes IL-25, IL-33, transforming growth factor B (TGFJ)
and thymic stromal lymphopoietin (TSLP). Activation of NOD2 and TLRS5 are important during
eubiosis. Obesity-linked gut microbial dysbiosis is marked by lower bacterial richness and higher
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Firmicutes to Bacteroidetes ratio. Mucin and AMP production is reduced during obesity-induced
dysbiosis, facilitating bacterial invasion. Invasive bacteria and bacterial products trigger immune
responses essentially through TLR4, NOD1 and NLRP3 activation. In turn, several pro-inflammatory
cytokines and chemokines are produced and released by IEC and surrounding immune cells (not
represented in this figure). This includes IL1B, IL6, IL12, IL18 and INFy. Such a pro-inflammatory
milieu contributes to weaken intercellular adhesion structures within IECs by decreasing or
misplacement of tight juction proteins (ZO1 and Occludin). Bacterial LPS and microbial products
can leak accross the damaged gut barrier and reach circulation, causing low-grade endotoxemia
and worsening metabolic diseases.

From Winer et al. (143) The Intestinal Immune System in Obesity and Insulin Resistance. Cell
metabolism 2016;23:413-26.

Several studies have shown diet-induced obesity as a major driver of
enhanced small bowel (144-150) and colonic (151-154) inflammation both in
humans and in animal models. The tight connection between obesity and gut
inflammation is also evident in the observed reduction of colonic pro-inflammatory
cytokines and immune cell infiltration as obese adults lose weight and display
improved glycemic control (155). Ding et al. demonstrated that increased mRNA
expression of TNFa and activation of NFkB were both increased in HFD-fed mice,
preceding and predisposing to obesity (146). Moreover, de La Serre et al. showed
that, upon HFD feeding, only obesity prone, but not obesity-resistant, Sprague
Dawley rats developed intestinal inflammation (147). Since all rats were fed a HFD,
this study is particularly interesting as it provided a specific link between intestinal
inflammation and obesity, but not between gut inflammation and HFD feeding
alone. The contribution of intestinal inflammation to metabolic diseases is further
demonstrated using KO models. Luck et al. fed B7 integrin KO mice a HFD. These
mice display hypoplasia of gut lymphoid tissue and a drastic reduction of intestinal
leukocytes. The authors showed that, besides becoming obese, HFD-fed B7
integrin KO mice were protected against metabolic diseases with alleviated
adipose tissue inflammation and improved NASH (156). Similarly, the specific
deletion of IEC MyD88 (a common downstream target of TLR) was enough to

improve diet-induced insulin resistance (157).

Given the clear inflammatory reaction associated with obesity, several
research groups started to shed light on changes in enteric immune populations in

a context of diet-induced obesity. Three weeks of HFD-feeding was enough to
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reduce the population of Tregs in the colon and increase the INFy-producing Thl
and the pro-inflammatory CD8" T cells in the colon and in the small intestine of
both mice (156) and humans (144, 156). Increased Thl population was also seen
after 4 weeks of HFD, which was accompanied by reduced IL17-producing Th17
populations (150, 158).

The aforementioned data position the gut as a promising target for
pharmaceutical or dietary strategies aiming to alleviate obesity and insulin
resistance. For instance, administration of the gut anti-inflammatory drug 5-
aminosalicylic acid (mesalamine) resolved HFD-induced gut inflammation and was
enough to ameliorate adipose tissue inflammation and insulin resistance in mice
(156). Taken together, the current state-of-knowledge shows that diet-induced
obesity alters the intestinal profile of cytokine expression and immune populations
and those low-grade bowel inflammatory changes are an early manifestation of

HFD feeding that precedes metabolic diseases.

4.1.1 How intestinal inflammation evolves to systemic insulin
resistance?

The inflamed bowel displays a disrupted gut barrier, which facilitates the
leakage of bacteria and microbial-related molecules to circulation and therefore
contributes to trigger and sustain low-grade inflammation and insulin resistance in
peripheral organs, such as the liver and the adipose tissue (Figure 4) (159-161).
The gut barrier is formed by components of the innate immune system: mucus
layer, secretory IgA, antimicrobial peptides from Paneth cells and the IEC line
altogether contribute to keep luminal microorganisms at a safe distance from the
host. The cohesion of the IEC line depends on tight junctions, which are formed by
a network of proteins (e.g., Ocln, ZO1, Claudin) that seals adjacent epithelial cells
in a narrow band and limits the passage of molecules through the intercellular
space (162).

As previously mentioned, IECs elicit tolerogenic responses to MAMPSs via
PRRs, which stimulates the secretion of anti-inflammatory mediators. Some PRR

signaling pathways important to eubiotic homeostasis include TLR5 (163), NOD2

17



(161), TLR2 (164) and NLRP6 (165, 166), the latter being crucial to mucus
secretion. HFD feeding provokes gut microbial dysbiosis, a trait linked to
diminished diversity of the gut microbiota and imbalanced ratio of bacterial species
(This topic is further discussed in section 5 ). HFD feeding also reduces the mucus
layer thickness (167, 168), impair the secretion of anti-microbial peptides (i.e.,
Reg3B, Regdy) (167) and downregulates the expression and/or misplaces tight
junction proteins (e.g., ZO1, Ocld) (147, 169, 170), which in turn facilitates the
encroachment of bacteria closer to host cells and the penetration of bacteria and
microbial-derived molecules into the circulation (159, 160, 168). Invasive bacteria
and bacterial-derived molecules then activates NLR and TLR signaling via TLR4
(168, 171), NOD1 (172) and NLRP3 (173, 174), therefore stimulating a more pro-
inflammatory response and promoting the release of cytokines such as IL-1(, IL-6,
IL-12, IL-18 and INFy (Figure 4). Interestingly, in a recent report to Cell, Wolf et al.
demonstrated that the glycolytic enzyme hexokinase can also work as a PRR to

activate a NLRP3-related pro-inflammatory response (175).

The exact mechanism by which inflammation mediates gut barrier disruption
is far from being completely understood. It is known that INFy (156) and IL-13
(176), both weaken the epithelial barrier by downregulating the expression and/or
misplacing ZO1 and Ocld. Moreover, IL-22, from T regs, dampens INFy-mediated
immunity and stimulates mucin production and antimicrobial IgA (177, 178). In
addition to these cytokines, there is significant evidence supporting a role for
GLP2, produced by enteroendocrine L-cells, as a link between a healthy gut and a
functional intestinal barrier (167, 179-181); however, how inflammation affects
GLP2 secretion and how GLP2 enhances gut permeability is currently unknown. It
is interesting to note that activation of the receptor GPR119 (which is particularly
expressed in intestinal L-cells (182)) by the endocannabinoid analogue 2-
oleoylglycerol (2-OG) has been proposed as an underlying mechanism triggering
GLP2 secretion (183). The endocannabinoid system comprises several bioactive
lipids, enzymes involved in the synthesis and degradation of these lipids and two
main receptors, CB1 and CB2. This system has been object of intense research

given the wide range of physiological processes under its regulation, such as
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energy metabolism and satiety (184, 185). Moreover, alterations in the
endocannabinoid system tone have been related to pain, neurological disorders,
inflammation (186) and gut barrier homeostasis (187). While agonism of CB1 was
associated with disruption of gut barrier and a leaky gut through disarranging the
distribution of ZO1 and Ocld (187, 188), lower levels of anandamide (AEA) (157)
and increased 2-arachidonoylglycerol (2-AG) (167, 189) were both associated with
improved gut barrier, although the latter is controversial (190, 191). Other
endocannabinoid analogues, such as 2-palmitoylglycerol (2-PG) and 2-OG, have
been associated with protective effects on the gut barrier (157, 167). While further
investigation is needed to clarify the role of the endocannabinoid system in the gut
barrier homeostasis, this system apparently works as important crosstalk
mediators between host and gut microbiota (183) and as major modulators of
metabolic and immune functions (184, 185), undoubtedly constituting a fertile field

of research in the near future.

Translocation of bacterial lipopolysaccharides LPS, a component of the
outer membrane of Gram-negative bacteria, across the damaged gut barrier is one
of the most studied links between intestinal inflammation and systemic insulin
resistance. Dr Patrice Cani et al. were the first to demonstrate that, upon HFD
feeding, the concentration of LPS in circulation increases as a consequence of
disrupted intestinal permeability in mice (159). This process was termed metabolic
endotoxemia (159), and his findings were later confirmed by others both in humans
(192, 193) and in animal models (168, 194). Alternatively, LPS can also enter the
circulation associated to chylomicrons after a HFD (195). Metabolic endotoxemia
thus impair insulin sensitivity via binding of LPS to TLR4 in the adipose tissue
(196), liver (197) and pancreatic B-cells (198), stimulating the secretion of TNFaq,
IL-6, IL-B and MCP1 (199). Activation of the innate immune system in peripheral
organs by means of TLR signaling has a major impact on diet-induced insulin
resistance, as demonstrated by the genetic invalidation of either TLR2 or TLR4;
indeed, these mice were fully protected from obesity-driven inflammation and
insulin resistance (197, 200-202). On the contrary, abrogation of TLR5 caused

spontaneous colitis (203) and metabolic syndrome (163) in mice, suggesting that
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some TLR are important mediators of tolerogenic responses. The adipose tissue
(204), liver (205) and muscle (206) express a complete and functional TLR system,
which indicates that several MAMPSs, other than LPS, may potentially modulate
inflammation in major metabolic organs. Mounting evidence supports that
translocation of live bacteria and bacterial DNA directly contributes to metabolic
syndrome (160, 161) and NAFLD (207). PRRs other than TLR are also expressed
in key-metabolic organs and participate to MAMP-related control of metabolic
infammation. For instance, NOD1l and NOD2 both recognize bacterial
peptidoglycan (NOD1 binds to meso-diaminopimelic acid-containing muropeptides
and NOD2 detects muramyl dipeptide-containing peptidoglycan). Both receptors
are expressed in adipocytes and hepatocytes (161, 172, 208, 209) and,
interestingly, while NOD1 activation is associated with worsening of the metabolic
profile upon HFD feeding (172, 208, 209), NOD2 activation protects from the

detrimental metabolic consequences of HFD (161, 210).

4.1.2 Does the gut become insulin resistant?

Several evidence suggest that the intestine is an insulin-responsive organ
and that the gut mucosa becomes insulin resistant, impairing both lipid and glucose
homeostasis (211-214). While increased hepatic VLDL production and decreased
clearance of triglyceride-rich lipoproteins in the liver are typically associated with
insulin resistance, the insulin resistant gut contributes to dyslipidemia by an
exaggerated production of chylomicrons along with increased apolipoprotein B48

biogenesis and enhanced de novo lipogenesis rate (211, 213, 214).

It has been known for decades that the gut can participate to the regulation
of glucose homeostasis (215). Indeed, increased glucose utilization by the gut is
involved in the hypoglycemic action of metformin (140, 216), one of the most
prescribed anti-diabetic drugs worldwide. In the 1980’s, Barrett et al. reported
increased enterocyte glucose uptake after combined infusion of glucose and insulin
in dogs (141). More recently, Honka et al. used **F-FDG as a radiotracer in PET
experiments to show that glucose uptake to enterocytes (mostly in the small

intestine) is enhanced in response to insulin, and that this process is impaired in
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non-diabetic obese subjects (212). GLUT2 rapidly translocates to the brush border
membrane in response to dietary glucose, whereas GLUT2 internalization is
stimulated by insulin and constitutes a limiting step for glucose uptake from the
lumen to circulation (217). In insulin-resistant subjects, GLUT2 has been shown to
permanently locate at the apical membrane of enterocytes (217, 218). Overall
these data suggest that insulin resistance impair glucose depuration from the blood
to the intestine while facilitating glucose uptake from the lumen to circulation. As
these observations were made in non-diabetic subjects (212), it indicates that

intestinal insulin resistance is an early alteration in T2D.

Gluconeogenesis also occur in the intestine and it contributes to about 20-
25% of endogenous glucose production (219). Intestinal gluconeogenesis is
especially important during fasting and is rapidly abolished upon insulin stimulation
(220). Interestingly, intestinal gluconeogenesis has been shown to regulate satiety
through glucose-sensing by the periportal neural system (219). While protein-
triggered satiety has been related to this mechanism (221), the effect of the
microbial by-products of fiber fermentation butyrate and propionate on satiety and
energy expenditure was also linked to intestinal gluconeogenesis-related activation
of gut-brain circuitry after glucose sensing by periportal neurons (222). However, a
guestion that persists is to what extent intestinal gluconeogenesis is beneficial in a
scenario of impaired insulin-driven gluconeogenesis suppression typical of insulin

resistance.

While little is known about the molecular determinants of insulin signaling in
the enterocyte, this process is presumably strongly related to intestinal
inflammation. In fact, a study showed that cytokines derived from activated
intestinal T cells, such as IL-17A, IL-22, INFy and TNFa modulate enterocyte

insulin sensitivity ex vivo (144).
5. Gut microbiota

The concepts discussed in section 4 clearly points to the gut microbiota as a

primary modulator of host metabolism and at the onset of the main
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immunometabolic events leading to obesity-linked disease state, a conceptual
model that was supported by two studies published in the late 2010s. In the first
one, the authors fed germ-free mice (i.e., mice devoid of any symbiotic
microorganism, including gut bacteria) a HFD and showed that these animals were
protected from diet-induced intestinal inflammation (146); in the other study,
antibiotic treatment was used to minimize the presence of bacteria in the gut and,
similarly to the previously mentioned work, the authors found that antibiotic-treated
mice were protected from HFD-induced intestinal inflammation and disruption of
the gut barrier (223). Although gut microbiota-related intestinal inflammation is
strongly related to insulin resistance, and possibly obesity per se (147), the role of
intestinal microbes in obesity-linked diseases goes beyond this concept, being also
involved in the control of energy availability and partitioning (13, 224-226).
Moreover, in addition to bacterial components such as LPS and peptidoglycan, a
myriad of secreted factors and microbial metabolites can reach the circulation and

exert biological effects (e.g., SCFA, deconjugated and secondary bile acids).

The term “microbiota” describes all microorganisms living within or at the
surface of an animal. In humans, the majority of the 100 trillion microbes inhabiting
our body are part of the gut microbiota, with approximately 10** of them living in the
colon (227). These microorganisms are bacteria, archaea, viruses and fungi, albeit
more than 99% of the microbial genes detected in the gut are bacterial genes
(228). Variations in oxygen availability, pH, luminal flow and the presence of
antimicrobial molecules are important drivers of quantitative and qualitative
differences in gut microbial populations throughout the gastro-intestinal tract (229).
The microbial density (cells/g) increases from the duodenum (103-10%) to the colon
(10, whereas the presence of aerobic and facultative anaerobic bacteria (e.g.,
Lactobacillaceae, Enterobacteriaceae) in the small intestine is replaced by strict
anaerobes in the colon (e.g., Bacteroidaceae, Prevotellaceae, Rikenellaceae,
Lachnospiraceae, Ruminococcaceae) (229). Although revised calculations
showed that the ratio between bacterial cells and our own cells is around 1:1 (230),
and not 10:1 as previously believed (231), the gut microbiome (i.e., the genomes of

all gut bacteria) still encodes 150 times more genes than our own genome,
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therefore complementing host biology in a mutually beneficial fashion and
providing us with major genetic and metabolic attributes (232). In fact, gut microbes
are critical players in the development of the immune system, defense against
pathogens and gut barrier homeostasis, being also relevant to nutrient and
xenobiotic metabolism (228, 233).

The colonization of the gut occurs at the moment of birth and evolves from a
poorly diverse to a richer and relatively stable adult microbiota by the age of 3-5
(234-236). Mode of delivery (C-section or vaginal delivery), nutrition and weaning
have all been related to specific traits of the gut microbiota in early life and
consequences to the mature gut microbiota (158, 237, 238). Importantly, while
gender, age and genetics all influence gut microbial profiles (236, 239, 240),
geographical location (236, 241) and other environmental features, especially
dietary habits (11, 241, 242), are major determinants of community structure in the
gut microbiota. Gut bacteria are distributed among a few phyla, being the most
abundant ones, in descending order, Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria and Verrucomicrobia (243). The latter is represented by a single
species, Akkermansia muciniphila, which can make up to 5% of the gut microbiota
(244). Nonetheless, diversity at the species level is considerably higher: One
individual harbours, at least, 160 different species out of a repertoire of

approximately 1500 prevalent species identified in the human gut microbiota (228).

5.1 Diet-induced dysbiosis

As previously mentioned dysbiosis is characterized by the disruption in the
equilibrium between gut microbiota and host and plays a role in diet-induced
enteric inflammation, obesity and insulin resistance. Moreover, diet is the major
driver of changes in the gut microbiota. But what characterizes the dysbiotic gut

microbiota and how such an imbalance affects host metabolism?

5.1.1 Enterotypes

In an attempt to find microbial patterns associated with dysbiosis and

eubiosis, researchers have described a “core gut microbiota”, that is, the set of
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species shared by the majority of the Western adult population (228, 245). From
this observation, it was possible to categorize the human gut microbiota in three
distinct clusters of taxa, also termed “enterotypes”, claimed to be reproducible
across Western adults: Enterotype 1 is dominated by Bacteroides, enterotype 2 by
Prevotella and enterotype 3 by Ruminococcus (246). Enterotypes 1 and 3 were
also proposed to be present in the mouse gut microbiota (247), however the value
of this finding was questioned by the demonstration that enterotype 3, dominated
by Ruminococcus, significantly merged with enterotype 1 (Bacteroides) and did not
configure an individual cluster (242, 248). Some research teams have confirmed
this distribution and associated enterotype 2 (Prevotella) with an agrarian and
healthier lifestyle, which included a diet rich in complex carbohydrates, as opposed
to enterotype 1 (Bacteroides), which was associated with typical Western habits
considered triggers of dysbiosis (i.e., low-fiber, animal fat/protein-rich diet) (236,
242, 249). The notion of enterotypes, however, is far from being consensual. While
Huse et al. did not find such a categorization in a population of 200 individuals
(250), recent re-analysis of the data sets of agrarian and more urbanized subjects
mentioned above did not confirm the separation of these populations among
enterotypes (248). Another study suggested that the categorization of the human

gut microbiota in enterotypes is rather discrete (251).

The usefulness of clustering populations according to enterotypes 1 and 2 is
also a matter of debate: While either short- (10 days) (242) or long-term (6 months)
(252) dietary interventions failed to shift enterotypes, it is well demonstrated that
changes in carbohydrate or animal fat/protein intake markedly affect gut microbial
community structure and are enough to alter host metabolism (11, 253, 254). More
recently, in a 26 week dietary intervention, it has been shown that obese and
overweight humans with higher Prevotella/Bacteroides ratio are more susceptible
to lose fat mass on diets high in fiber and whole grains than individuals with low
Prevotella/Bacteroides ratio (255). While changing one person’s enterotype seems
an unrealistic goal, this latter study points to a role for enterotype-based population

categorization in personalized nutrition.

24



Another issue related to the notion of enterotypes is the false idea that
Prevotella spp are necessarily beneficial whereas Bacteroides spp are always
detrimental. If on one hand B. tethaiotaomicron (256) and B. vulgatus (257) were
both linked to obesity and insulin resistance, on the other hand B. fragilis is a well-
recognized trigger of enteric tolerogenic responses (258). Importantly, Pedersen et
al. showed that Prevotella copri was an important driver of insulin resistance in a
Danish population of 277 individuals; furthermore, the authors associated this
expansion of P. copri with increased bacterial synthesis of branched-chain amino
acids (BCAA) (257), an early trait of insulin resistance (259). In addition, previous
reports have associated the family Prevotellaceae with gut inflammation (260). In
sum, while the trade-off between Prevotella and Bacteroides possibly exists (257),
the use of Prevotella- or Bacteroides-dominant enterotypes as biomarkers of health
and disease may lead to the overlook of important gut microbial features. Rather
than arranged in clusters, the gut microbiota is more likely a continuous gradient of

communities that can change within an individual over time (261-263).

5.1.2 Microbial gene richness

Gut microbiota dysbiosis is often characterized by reduced bacterial
richness, and this is a common feature observed in obesity (14, 264, 265), IBD
(228, 266) an aging (267). A robust demonstration of the link between gut bacterial
richness and obesity-related metabolic disorders came from two studies
concomitantly published in Nature. In the first study, Le Chatelier et al. showed that
obese/insulin resistant patients displayed lower gut bacterial richness than lean
subjects, as suggested by lower gene count (LGC) (14). The authors also showed
the main taxonomic features of the gut microbiota of LGC and high gene count
(HGC) patients: There was a predominance of Gram-negative Proteobacteria and
Bacteroidetes in the gut microbiota of LGC, whereas HGC showed high levels of
Verrucomicrobia, Actinobacteria and Euryarcheota (14). Moreover, while
Bacteroides, Parabacteroides, Ruminococcus torques, Ruminococcus gnavus,
Campylobacter, Dialister, Porphyromonas, Staphylococcus and Anaerostipes were
all highly represented in the gut microbiota of LGC, Faecalibacterium,
Bifidobacterium, Lactobacillus, Butyrivibrio, Alistipes, Coprococcus,
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Methanobrevibacter and Akkermansia muciniphila were all strongly present in HGC
subjects (14). At the functional level, the gut microbiome of LGC subjects showed
an enhanced capacity to handle exposure to oxygen and oxidative stress,
increased mucus degradation, overexpression of bacterial genes associated with
the production of deleterious metabolites (e.g., B-glucuronide and aromatic
compound degradation, dissimilatory nitrate reduction) and a predominance of
sulfate-reduction pathways (14). In contrast, microbial pathways assigned to the
production of organic acids (i.e., lactate, propionate and butyrate) and hydrogen
were increased in HGC subjects together with a more acetogenic/methanogenic
environment (14). In the second study, Cotillard et al. showed that an energy
restriction-based dietary intervention alleviated several features of the metabolic
syndrome in obese subjects while significantly increasing bacterial richness (i.e.

gene count) (264).

The studies aforementioned provided convincing data to support the use of
markers of bacterial richness, such as gene count, as a proxy of gut microbiota
dysbiosis. However, it is important to highlight that the interpretation of taxonomic
profiles as markers of dysbiosis, although possible, requires caution. While the gut
microbiota is extremely variable among individuals, these two papers discussed
above were restricted to two Western European populations. Functional
redundancy is a common trait of intestinal bacteria, which ensures that varied gut
microbial arrays exert similar effects on host biology (235, 265). In this sense,
observing functional alterations, in addition to taxonomic profiles, associated with
health and disease is often a more informative and reproducible strategy. Finally,
as several gut bacteria share common metabolic features, HGC subjects are
presumably protected from dysbiosis because, upon an ecological challenge (i.e.,
HFD), the gut microbiome repertoire is wide enough to surmount the insult without
major consequences to the host. The contrary is possibly observed in a context of
reduced bacterial richness, in which a poor bacterial collection cannot effectively
compensate for ecological damages to the gut microbiota, resulting in a
dysfunctional gut microbiome with deleterious effects to the host.
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5.1.3 Short chain fatty acids

Short chain fatty acids (SCFA) are the main microbial end-products from
bacterial fermentation in the murine and human large intestine, being mostly
derived from the breakdown of complex polysaccharides by anaerobic bacteria.
(268). SCFA are also formed from the fermentation of oligosaccharides, proteins,
peptides and glycoproteins (e.g. mucins) (269). Hence, branched chain fatty acids
(BCFA) can be formed from BCAA catabolism (268). The principal SCFA derived
from carbohydrate and amino acids are acetate, propionate and butyrate, whereas
valerate, formate and caproate are formed at a much lower extent (268). The molar
ratio acetate:propionate:butyrate found in the human colon was 60:20:20 (270),

showing that acetate is normally more abundant than propionate and butyrate.

There is a consistent body of literature supporting a protective role of SCFA
in obesity and metabolic disturbances by modulating energy metabolism, gut
barrier integrity and inflammatory responses in various organs (Figure 5) (271).
SCFA supplementation has been reported to decrease weight gain by preventing
fat accumulation (222, 272-274), which is corroborated by the fact that mice lacking
the SCFA receptor G-coupled protein receptor 43 (GPR43) are obese on a normal
diet, whereas its overexpression in the adipose tissue protects from diet-induced
obesity (37). Moreover, butyrate administration was shown to increase energy
expenditure by activating AMP-activated protein kinase (AMPK) in muscle (35),
propionate has been reported to reduce lipid synthesis in isolated rat hepatocytes
(275) and acetate was shown to reduce hepatic fat deposition, a trait related with
improved glycemic control in diabetic mice (276).
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Figure 5: SCFA improve metabolic syndrome.

In the distal gut, SCFA bind to G-protein coupled receptors (GPR41) and (GPR43), which leads to
the production of peptide YY (PYY) and glucagon-like peptide 1 (GLP1) and affects satiety and
glucose homeostasis. Propionate and butyrate trigger intestinal gluconeogenesis, which is linked to
improved glucose and energy homeostasis. Propionate, butyrate and mostly acetate reach the
circulation and can affect the physiology of peripheral organs. Acetate is involved in controlling
satiety by directly acting on the brain. Solid lines: direct effects of SCFA. Dashed lines: indirect
effects of SCFA.

From Canfora et al. (277) Short-chain fatty acids in control of body weight and insulin sensitivity.
Nature reviews Endocrinology 2015;11:577-91

SCFA are thought to display specific intestinal actions: while butyrate acts
on intestinal L-cells through GPR43 to increase GLP-1 production (272, 273),
propionate activates GPR41 to increase intestinal gluconeogenesis through a
mechanism dependent on the portal nervous system (222), both leading to
improved glucose homeostasis and increased satiety. The effect of butyrate on
intestinal homeostasis is the subject of particular attention: inoculation of mice with
the butyrate-producers Clostridium clusters IV and XIVa or butyrate administration
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per se were both capable to expand the colonic population of regulatory Tregs,
which increased the production of the anti-inflammatory cytokine IL-10 and
reduced the colonic population of the pro-inflammatory CD4" T cells (278-281). In
addition, butyrate is necessary for the maintenance of intestinal epithelium integrity
(282, 283) and acts through histone deacetylase inhibition to decrease intestinal
NO, IL-6 and IL-12 production by macrophages (284).

Based on the pieces of evidence relating SCFA to metabolic benefits, it is
possible to hypothesize that Western diets, which are depleted from substrates
enabling gut microbial synthesis of SCFA, are associated with poor availability of
SCFA and therefore increased risk of intestinal inflammatory diseases and
metabolic maladies. In fact, consumption of complex carbohydrates from fruits and
vegetables is associated with higher microbial production of SCFA and better
health status (285-287).

However, the notion of SCFA as beneficial molecules cannot be viewed in
black and white. First, obese humans and genetically obese ob/ob mice have been
shown to excrete more SCFA in the feces than lean subjects, whereas the
acetate:propionate:butyrate ratio was unaltered (225, 288). This increased
presence of SCFA in stool samples of obese models led to the conclusion that the
“‘obese microbiome” could harvest more energy from the diet through increased
SCFA production, thereby contributing for the obese phenotype. (The energy
harvest hypothesis is further discussed below). Second, Singh et al have
demonstrated that TLR5 deletion not only generates sub-chronic inflammation, gut
microbioal dysbiosis and insulin resistance as it also promotes liver steatosis and
increases the hepatic expression of stearoyl CoA desaturase 1 (SCD1) (289). The
authours found out that TLR5 KO mice produce more oleate in the liver using
SCFA as substrates, and that both increased SCFA synthesis and increased SCD1
expression are causally linked to gut microbial alteration seen in TLR5 KO mice
(277, 290). While this work stresses the fact that the relevance of SCFA to host
physiology involves intrincate interplay between host immune system and gut

microbiota, more studies are warranted in order to better understand the role of
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SCFA in health and disease. One explanation for the conflicting conclusions on the
physiological role of SCFA may involve the production level of SCFA. It is possible
that the gut microbiota of TLR5 KO mice generate SCFA at a much higher rate
than wild-type mice. Another explanation may be related to the ratio of acetate,
propionate and butyrate produced. It is possible that synergy between the specific
action of these three major SCFA is key to define their metabolic influence on host

metabolism.

5.1.4 A direct link between gut microbiota and obesity

In the early 2000s, a novel perspective was raised on the relationship
between the trillions of microorganisms inhabiting the intestinal lumen and obesity
by a series of studies carried out at Dr Jeffrey Gordon’s laboratory. This new wave
of research came in the setting of, and was propelled by, major advances in
culture-independent techniques for gut microbial analysis (e.g., 16S rRNA gene-
based and whole metagenome shotgun sequencing) and a more widespread use

of germ-free mice and fecal microbiota transplantation.
5.1.4.1 The energy harvest hypothesis

In 2004, Backhed et al. showed that conventionalization of germ-free mice
(i.e., colonization with the cecal microbiota of normal mice) was associated with fat
mass gain and insulin resistance, being all mice in this study fed a standard chow
diet (224). Mechanistically, the authors found that the gut microbiota favoured fat
deposition by stimulating hepatic de novo lipogenesis and triglyceride storage via
carbohydrate response element binding protein (ChREBP) and SREBP1 and by
suppressing fasting-induced adipocyte factor (FIAF, also known as ANGPTL4), an
inhibitor of adipocyte LPL (224). Backhed et al. also demonstrated three years later
that germ free mice were resistant to HFD-induced obesity (291). In 2005, studies
using leptin-deficient ob/ob mice found lower levels of Bacteroidetes and a
proportional increase in Firmicutes as compared to lean wild type mice (292), and
feeding a HFHS diet to wild-type rodents led to similar microbial changes, that is,
an increase in the Firmicutes to Bacteroidetes (F/R) ratio (254). Ley et al. also

reported an overrepresentation of Firmicutes coupled with reduced Bacteroides in
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obese humans versus lean subjects; moreover, weight loss based either on a low-
fat or a low-carbohydrate diet decreased the F/R ratio (293). A pivotal point in this
story was the demonstration of a causal relationship between the obesity-related
alterations in the gut microbiota and the obese phenotype by reconstituting germ-
free mice with the fecal microbiota of ob/ob mice (225), diet-induced obese mice
(254) or obese humans (12). Turnbaugh et al. found that higher Firmicutes in the
gut microbiota of ob/ob mice paralleled to an increase of microbial enzymes for
degradation of polysaccharides, higher fecal acetate and butyrate and lower stool
energy loss than in lean mice (225), therefore proposing that an increased energy
harvest from the diet, mainly triggered by Firmicutes, was the mechanistic link
between obesity-linked alterations in the gut microbiota and enhanced fat
deposition. However it is noteworthy that, while other research teams confirmed
the association between increased F/R ratio and obesity (294, 295), some did not
reproduce such findings (296, 297). It is now clear that genetic background
(reflected by distinct strains in mouse models) (247, 298, 299), husbandry
practices (300), time since importing from a vendor (300), vendor (299), diet (e.g.,
irradiated or non-irradiated) (300) and methodological approaches (301) can all
explain these variations in outcomes between different research teams and,
fortunately, researchers are more and more concerned about standardizing

methods in order to reduce these variations.

In synthesis, pioneer studies by Gordon’s group led to the hypothesis that,
in certain individuals, the gut would act as a “high-efficiency bioreactor” to therefore
promote energy storage, whereas a ‘“low-efficiency reactor” would promote
leanness due to lower energy harvest from carbohydrate fermentation. Obesity
would be fueled by a chronic increase in energy harvest from the diet by means of
enhanced SCFA production. However, the absorption of SCFA and storage as
lipids is dependent on factors such as gut transit, mucosal absorption, gut health
and the symbiotic relationship between different groups of gut bacteria (302), which
implies that the link between higher fecal SCFA and fat deposition is not
straightforward. Furthermore, the energy harvest hypothesis seems at odds with

the demonstration that acetate, via activation of Gpr43, increases energy
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expenditure and suppresses fat accumulation in the adipose tissue (37). This
hypothesis was also recently challenged by the demonstration that treatment of
young mice with Azithromycin and Florfenicol decreased the amount of SCFA in
the feces and increased fat mass accretion (303). Finally, Firmicutes are very
unlikely the sole contributors to such an increase in SCFA production, as
suggested by the lack of correlation between higher fecal SCFA and expansion of
Firmicutes reported by some groups (304, 305). In conclusion, while the F/B ratio
serves as a very general marker of dysbiosis, the actual role of the energy harvest

hypothesis in obesity warrants further investigation.

5.1.4.2 The influence of the gut microbiota on energy availability and

expenditure

As discussed in section 2, regulation of body weight and adiposity relies on
the balance of energy intake and energy expenditure. The energy harvest
hypothesis has initially diverted efforts to understand the influence of gut microbes
on obesity towards the capacity of the gut microbiota to alter energy availability to
the host. Only recently researchers are focusing on the role of the gut microbiota in
another key component of the energy balance equation: energy expenditure. Our
understanding of the gut microbiota-related mechanisms involved in controlling
energy partitioning in the host is in its infancy and, up to this date, is primordially
based on two elegant studies that investigated alterations in the microbiota in cold-
exposed mice (13, 226). Overall, gut microbes modulate energy expenditure by
three mechanisms: (i) through altering the bile acid profile and increasing bile acid
pool size, which enhances BAT activity upon binding to the nuclear receptor FXR
and the membrane receptor TGR5 (13) (see section on bile acids below); (ii) by
increasing thermogenic potential of brite adipocytes, possibly via increasing type 2
innate response of WAT-located eosinophils and M2 macrophages (13, 306); (iii)
by reducing apoptosis of IEC thus increasing intestinal surface and energy
absorption (226). The latter, although not directly linked to enhanced energy
expenditure, was proven necessary to fueling cold tolerance, since antibiotic

treatment abrogated resistance to cold in mice (226). Moreover, while major
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alterations in the gut microbiota (13, 226) and bile acid profile (13) of mice were
seen as early as one day after cold exposure (i.e., prior to changes in adiposity),
fecal microbiota transplantation partially recapitulated enhanced BAT-related
thermogenic programming (13, 226), browning of WAT (226) and increased energy
availability as a result of increased intestinal surface (226). Interestingly, the long-
term adaptation of the gut microbiota to cold involves a general expansion of
Firmicutes (e.g., Lachnospiraceae, Ruminococcaceae) and reduced Bacteroidetes
(e.g. S24-7, Rikenellaceae) (13, 226), which resembles the changes in the gut
microbiota associated with obesity (225, 293). Lower presence of Deferribacteres
and a drastic reduction of A. muciniphila were also found to be important features
of gut microbial populations upon cold exposure (13, 226). A major finding in the
study by Chevalier et al. was the demonstration that reduced energy availability as
a result of increased gut absorptive surface was recapitulated in germ-free mice
reconstituted with the fecal slurry of cold-exposed mice; however, this was not
observed when germ-free mice were colonized with the cold-exposed microbiota
amended with A. muciniphila (226). Interestingly, energy expenditure remained
upregulated in the presence of A. muciniphila, which resulted in a negative energy
balance in “cold-microbiota” transplanted animals (226). In agreement with these
findings, the presence of A. muciniphila is strongly correlated with leanness and a
healthy phenotype (see section on A. muciniphila below). Overall, these studies
support a role for the energy harvest hypothesis in obesity and stress the
relevance of other taxa, besides the F/R ratio, to regulate energy availability and
partitioning in the host. Importantly, Chevalier et al. demonstrated that changes in
energy availability to the host is not restricted to SCFA uptake from polysaccharide
fermentation, but is rather a result of enhanced nutrient absorption rendered

possible by alterations in the intestinal absorptive capacity (226).

In addition to the mechanism discussed above, gut microbial-derived SCFA
may also alter energy expenditure. While acetate was shown to enhance brown
adipocyte activation in vitro (307), butyrate administration has been shown to

improve insulin resistance and increase enrgy expenditure in mice (35).
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5.1.5 Akkermansia muciniphila

Akkermansia muciniphila is a Gram-negative, strict anaerobe and mucin-
degrading bacterium that colonizes the guts of humans and rodents (167, 244).
Although Akkermansia species are conserved in the gut microbiota throughout the
animal kingdom (308), A. muciniphila represents the sole member of the
Verrucomicrobia phylum identified in the human and murine intestines (309).
Moreover, A. muciniphila thrives in the outer mucus layer in proximity to the host’s
cells, and it has been shown to rely preferentially on host-derived mucin as an
energy source (310). A. muciniphila is highly abundant in the gut microbiota
(possibility as a result of an ecological advantage) and represents 1-5% of all
intestinal bacteria (244). Such a successful coevolution between A. muciniphila
and its hosts clearly indicates a relevance of this genus to host gut function and
physiology. Lower abundance of A. muciniphila has been found in the feces of
children with autism (311) and in patients with inflammatory bowel disease (IBD)
(312) and appendicitis (313). Importantly, while human and mouse studies have
both correlated the presence of A. muciniphila in the gut microbiota with leanness
(14, 314-316), higher gut bacterial richness (14, 316) and better glycemic control
(14, 314), studies using animal models have consistently shown a causative role
for A. muciniphila in protecting gut barrier, which was associated with increased
mucus layer thickness, improved glucose homeostasis and alleviated metabolic
endotoxemia (164, 167).

A general understanding of the cellular pathways potentially regulated by A.
muciniphila was described by Derrien et al. (317) and Lukovac et al. (318); both
reports clearly demonstrated that A. muciniphila can significantly alter intestinal
gene expression pattern (317, 318). Derrien et al. monocolonized germ-free mice
with A. muciniphila and demonstrated that this bacterium modulated the expression
of several genes involved in tolerogenic immune response, cell survivor,
proliferation and lipid metabolism (317). Lukovac et al. confirmed the potential of A.
muciniphila to alter these cellular pathways by exposing mature ileal organoids to
the supernatant collected from A. muciniphila culture (318). The fact that A.
muciniphila was shown to modulate cell survivor and proliferation (317, 318) is in
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line with the evidence that A. muciniphila controls apoptosis in the intestine to limit
the absorptive area and reduce energy availability to the host (164, 226).
Interestingly, Lukovac et al. compared the effect of the A. muciniphila-conditioned
medium to the impact of propionate, butyrate and acetate on gene expression and
found out that several effects of A. muciniphila on host cellular pathways may be
mediated by propionate (318), which is released as a by-product of mucin
degradation (244). Their findings pointed to an important upregulation of Hdac3
and Hdacs5 that is likely dependent upon propionate and butyrate action (318). It is
noteworthy that, although A. muciniphila does not directly produce butyrate, it can
feed butyrate-producers with acetate through cross-feeding (319). Because
inhibition of Hdac3 and 5 is involved in the regulation of pro-inflammatory
responses in the intestine (e.g., IL8, MCP1) (320) and maintenance of Paneth cells
integrity (321), upregulation of these enzymes may contribute to control enteric
inflammation and bacterial overgrowth. Another interesting finding reported by
Lukovac et al. was the increased FIAF gene expression in intestinal organoids
exposed to propionate and butyrate, which may reduce fat deposition in host
tissues through the inhibition of LPL. Interestingly, the A. muciniphila conditioned
medium did not alter FIAF gene expression, suggesting the presence of other
bacterial-derived molecules in the medium counteracting propionate- and butyrate-
linked upregulation of FIAF. However, it is possible that the contribution of A.
muciniphila-derived propionate to stimulate FIAF gene expression in Vivo is

dependent upon additive stimuli from other symbionts (Figure 6).
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Figure 6: A. muciniphila improves gut barrier and metabolic syndrome in
diet-induced obese mice.

Obesity is associated with lower abundance of A. muciniphila in the gut microbiota than in healthy
mice (left). This promotes a dysbiotic state accompanied by gut barrier disruption and the leakage
of bacterial LPS into circulation (metabolic endotoxemia). These mice display increased visceral
adiposity and impaired insulin sensitivity in the muscle and liver when compared to healthy mice
(left). In vitro studies have suggested that A. muciniphila enhances intestinal FIAF expression,
which contributes to inhibit fat mass accretion in peripheral tissues (right); these studies also
indicated that A. muciniphila controls the expression of HDAC3/5, which may be involved in
controlling Regllly secretion by Paneth cells and in the downregulation of pro-inflammatory
responses in the intestine. Moreover, the inflamed gut, by secreting INFy, may diminish A.
muciniphila population in the lumen (left). In vivo administration of A. muciniphila to diet-induced
obese mice also increased intestinal Regllly expression and revealed a marked upregulation of the
endocannabinoid system tone, which is relevant to the control of gut barrier homeostasis and of
several other metabolic processes. A. muciniphila activates TLR2 upon binding of its outer
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membrane protein Amuc_1100, which upregulates the expression of tight junction protein genes
(Claudin3, Occludin), alleviate metabolic endotoxemia, improve glucose and lipid metabolism and
reduce fat mass deposition in diet-induced obese mice. A. muciniphila administration to mice is also
associated with increased mucus layer thickness, which contributes to prevent bacterial invasion,

intestinal inflammation and the leakage of LPS to circulation.

Adapted from (322) Anhé FF, Marette A: A microbial protein that alleviates metabolic syndrome.
Nature medicine 2017;23:11-12.

A whole new perspective on the role of A. muciniphila in controlling host
metabolism was given by the group of Dr Patrice Cani. By administering A.
muciniphila to HFD-fed mice, Everard et al. showed that A. muciniphila is important
to keep gut barrier homeostasis through its ability to maintain mucus layer
thickness, preventing bacterial encroachment and metabolic endotoxemia to
therefore alleviate gut/systemic inflammation (167). Similar findings were reported
by others (323). The effect of A. muciniphila treatment was accompanied by an
increase in the intestinal MRNA expression of Regllly, a bactericidal C-type lectin
that targets Gram positive bacteria, suggesting that A. muciniphila controls the
overgrowth of several potentially pathogenic species (167). Moreover, the
maintenance of gut homeostasis after A. muciniphila administration to diet-induced
obese mice was associated with an increase of some intestinal bioactive lipids
belonging to the endocannabinoid system (i.e., 2-oleoylglyceral, 2-
palmitoylglycerol, 2-arachidonoylglycerol) (167). Recently, Plovier et al.
demonstrated in a mouse model of diet-induced obesity that the beneficial impact
of A. muciniphila on gut barrier, glucose homeostasis and obesity are mediated by
the action of the outer membrane protein Amuc_1100 via TLR2 activation (164).
Moreover, the authors have shown that administration of either live or non-
replicative A. muciniphila to overweight humans for 2 weeks is safe and well
tolerated, definitively raising A. muciniphila to the status of “next generation
probiotic” (164, 322) (Figure 6).

Greer et al. made considerable advances in our understanding of the
interaction between A. muciniphila and the host by showing that this bacterium

integrates enteric inflammation and host metabolism in an INFy-dependent manner
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(324). The authors demonstrated that INFy KO mice possess an expanded A.
muciniphila population in their gut microbiota, which parallels to improved glucose
tolerance (324). Moreover, INFy administration drastically reduced A. muciniphila
population in addition to detrimental consequences to glycemic control (324).
Interestingly, depletion of the gut microbiota or A. muciniphila in INFy KO mice
abrogated the favourable glucose homeostasis previously observed in these mice
(324) (Figure 1). The authors identified the enzyme immunity-related GTPase
family M 1 (Irgml) as a downstream target of INFy involved in controlling A.
muciniphila population (324). Given that metformin has been shown to reduce INFy
levels (325), these findings are particularly interesting as they confer a possible
mechanistic explanation to the expansion of A. muciniphila population seen after

metformin administration to mice (323) and humans (326, 327).

5.2 Bile acids and gut microbiota

Bile acids (BAs) are synthesized in the liver from cholesterol and stored in
the gallbladder. The primary BAs produced by the human Iliver are
chenodeoxycholic acid (CDCA) and cholic acid (CA), while rodents produce CA
and muricholic acids (MCAs), predominantly BMCA (328). Prior to secretion into
bile and discharge into the duodenum, BAs are amidated (i.e., conjugated) with the
amino acids glycine or taurine. While glycine-conjugated BAs are predominant in
humans, taurine-conjugated BAs are almost exclusively produced by mice and rats
(328). The gut microbiota plays a major part in shaping the BA profile by modifying
the structure of liver synthesized BAs via 7a-dehydroxylation and glycine/taurine
deconjugation, yielding secondary BAs. The main secondary BAs are deoxycholic
acid (DCA), lithocholic acid (LCA), wMCA (only in mice and rats) and
ursodeoxycholic acid UDCA (is a secondary BA in humans but a primary BA in
mice) (328). Although secondary BAs are more hydrophilic than primary BAs, a
minor portion of microbial-derived unconjugated secondary BAs are absorbed from
the gut through passive diffusion and may also undergo glycine/taurine conjugation
in the liver. Upon ingestion of a meal, I-cells, which are mostly present in the
duodenum and in the jejunum, secrete cholecystokinin (CCK); in turn, this gut
hormone triggers pancreatic exocrine secretion and the discharge of BAs in the gut
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lumen. BAs are amphipatic molecules with detergent-like properties, allowing the
formation of micelles and therefore facilitating the absorption of dietary lipids and
fat-soluble vitamins. Efficient reabsorption of BAs takes place in the terminal ileum
by the apical sodium dependent bile acid transporter (ASBT, also known as IBAT),
resulting in the accumulation of BA in the body (i.e. the BA pool). While the majority
of the BA pool cycles between the liver and the intestine through the enterohepatic
circulation about six times per day, a small amount can escape to the systemic
circulation (ref 18670431). Moreover, approximately 5% of the BAs secreted into the
gut lumen are lost in the feces, which are compensated by de novo BA synthesis in
the liver in order to maintain the BA pool and constitute an important route for

cholesterol turnover.

BAs can autoregulate their synthesis and intestinal reabsorption through the
modulation of the nuclear-located farnesoid X receptor (FXR) (329). In the liver,
BA-activated FXR induces the expression of small heterodimer partner (SHP),
which binds to liver receptor homolog-1 (LRH-1) and inhibits cholesterol 7a-
hydroxylase (Cyp7al) gene expression, the rate-limiting enzyme involved in the
synthesis of BA from cholesterol (330, 331). lleal FXR is also activated by luminal
BAs, which triggers the production of FGF15 (FGF19 in humans). FGF15/19
reaches the liver through the portal circulation, activates the FGF receptor 4
(FGFR4)/B-klotho heterodimer, which thereby provides a redundant inhibitory
signal to control Cyp7al gene expression (332, 333). Interestingly, studies using
tissue-specific FXR KO mice suggested that ileal FXR activation leads to stronger
suppression of Cyp7al than hepatic FXR activation (334, 335). CDCA, CA and
DCA are the strongest FXR activators (i.e., downregulate BA synthesis), whereas
UDCA and MCA are FXR antagonists (i.e., upregulate BA synthesis) (336-338).

Studies using FXR KO models in order to unveil the role of this receptor in
metabolic syndrome are often conflicting (339-344). Overall, FXR whole-body
deletion is beneficial to diet- or genetically-induced obese mice (342-344), whereas
some studies have reported hyperglycemia and hypercholesterolemia in chow-fed

mice (339, 340) and enhanced atherogenesis in Apoe”™ mice (345) in which FXR
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was knocked out . Liver-specific FXR abrogation was associated with NASH and
dyslipidemia, suggesting that hepatic FXR agonism is rather protective against
NAFLD (346). In fact, recent clinical trials using the semi-synthetic CDCA-
derivative obeticholic acid (OCA), which potently activates FXR, have shown
promising results against NASH (347, 348). As opposed to the liver, studies using
intestine-specific deletion of FXR indicated that FXR antagonism in the gut protects
against NASH and obesity upon HFD-feeding (349, 350).

Different dietary sources (e.g., milk fat versus fish oil) (351) and particular
gut bacterial community structures seen in mice from the same strain but from
different vendors (298) have both been shown to impact BA profile and affect FXR
signaling. Interestingly, recent studies using germ-free mice and antibiotic
treatment revealed that the gut microbiota controls energy partitioning through FXR
signaling by altering adipose tissue inflammation and hepatic lipid uptake (343,
350). The authors revealed that a gut microbial-related drop in the circulating levels
of the FXR antagonist TBMCA is an important driver of weight gain in
conventionalized germ-free mice (343), whereas the same group reported that high
levels of conjugated primary BAs (including TBMCA) are associated with increased
thermogenesis upon cold-exposure (13). In sum, while there is an intricate
interplay between gut microbiota, BAs and FXR signaling, this relationship is
markedly influenced by differences in the gut microbiota, tissue-specific role of
FXR and diet. Importantly, if on one hand mouse studies generally point to
intestinal FXR antagonism (349, 350) and hepatic FXR agonism (346) as
protective against features of the metabolic syndrome, on the other hand more

studies are warranted in order to decipher the role of FXR in human metabolism.

TGR5 (also known as Gpbarl) is a plasma membrane-bound G protein
coupled receptor with high expression in gallbladder, liver, intestine, BAT and WAT
and constitutes another bile acid-responsive receptor involved in host metabolism
(352-354). TGRS is activated mainly by the secondary bile acids LCA and DCA
(353, 355), which positions this receptor as an important mediator between the

trialogue BA-gut microbiota-host metabolism. Watanabe et al. demonstrated that
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TGRS activation promotes intracellular thyroid hormone activity thereby increasing
BAT thermogenesis (33). The authors reported that diet-induced obesity and fat
accumulation in BAT was fully reversed by dietary CA supplementation, initially
suggesting a FXR-linked mechanism (33). However, further experiments excluded
this hypothesis since the highly active synthetic FXR ligand GW4064 did not
reproduce the effects of CA administration (33). The authors then found out that
the weak TGRS agonist CA was metabolized to the stronger TGR5 agonist DCA by
the gut microbiota and was the main driver of enhanced BAT activity (33). In line
with these findings, upregulation of TGR5 signaling was shown to improve glucose
homeostasis by increased BAT and muscle thermogenesis and by increased GLP-
1 release in intestinal L cells (356). Moreover, the TGR5-specific agonist INT-777
ameliorated hepatic steatosis, obesity and insulin sensitivity in diet-induced obese
mice (356). Taken together, TGR5 activation by secondary BAs improve several
features of the metabolic syndrome in mice and are strongly associated with
thermogenic control. However, similarly to FXR, the impact of TGR5 signaling in
human physiology deserves further investigation. A summary of the trialogue

between bile acids, gut microbiota and host metabolism is presented in figure 7.
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Figure 7: Bile acids are modified by the gut microbiota and influence host
metabolism through FXR and TGR5.

Primary bile acids (BAs) T(G)CDCA, T(G)CA, and Ta/BMCA (in mice) are synthesized and
conjugated in the liver and transported from the hepatocytes into the bile duct by bile salt export
pump (BSEP). Primary BAs are therefore converted to secondary BAs by gut microbial enzymes.
BAs (primary and secondary) are then transported from the gut back to the liver via the
enterohepatic circulation by several active transporters on ileal enterocytes (ASBT, organic solute
transporter alpha/beta - OSTa/B) and hepatocytes (sodium taurocholate cotransporting polypeptide
-NTCP and organic anion-transporting polypeptide - OATP). BAs signal via the nuclear BA receptor
FXR and the plasma membrane receptor TGR5. FXR is activated mainly by the primary bile acids
CDCA and CA (green), while the most potent ligands for TGR5 are LCA and DCA (blue). OtherBAs,
such as Ta/BMCA and UDCA, have shown FXR inhibitory activity (red). In ileal enterocytes,
activation of FXR leads to transcription of FGF15/19, which is secreted into the portal vein and
binds to the FGFR4/b-klotho receptor complex on hepatocytes. The FGFRA4/b-klotho complex
activates JINK/ERK signaling that inhibits expression of CYP7AL. In colonic L-cells, FXR activation
inhibits the synthesis of GLP-1, whereas TGR5 activation in colonic L cells increases synthesis and
release of GLP-1. TGR5 in skeletal muscle and brown adipose tissue increases energy expenditure
by promoting the conversion of inactive thyroxine (T4) into active thyroid hormone (T3).
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From Wahlstrom et al. (357). Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact
on Host Metabolism. Cell metabolism 2016;24:41-50.

The interaction between the gut microbiota and BAs is bidirectional. Besides
modifications in the molecular structure of BAs by bacterial enzymes, the presence
of BAs in the gut lumen exert a selective pressure that favours BA-metabolizing (or
BA-resistant) bacteria while inhibiting the growth of BA-sensitive bacteria. This
antimicrobial effect is either direct (i.e., dependent on detergent properties of BAS)
or indirect (i.e., related to a FXR-mediated stimulation of enteric immune
responses, such as INOS and IL8 stimulation) (358). Diet is the main driver of
changes in the gut microbial profile and this is partially linked to specific BA
signatures. For example, mice fed a milk fat-based diet, but not a polyunsaturated
fat-rich diet, displayed high circulating levels of tauro-cholic acid (TCA) and
expansion of Bilophila wadsworthia, a BA-tolerant sulphite-reducing bacterium
linked to intestinal inflammation (351). Interestingly, omega-3 fatty acid
supplementation reduced the abundance of B. wadsworthia in parallel to altered
BA composition (351). In addition to B wadsworthia, other bile-tolerant bacteria,
such as Alistipes putredinis and Bacteroides spp. increased within days in the gut
microbiota of humans together with a significant build up of BAs in the feces after
the consumption of an animal-based diet, whereas the levels of bacteria that
metabolize plant polysaccharides (e.g., Roseburia, Eubacterium rectale,
Ruminococcus bromii) decreased (11). If, on one hand, diet can rapidly alter the
gut microbiota to increase host susceptibility to intestinal and metabolic diseases,
on the other hand, it is reasonable to assume that certain dietary molecules
particularly abundant in healthy regimens can do the opposite, that is, protect
against the development of diseases by improving the relationship between

microbiota and host.
6 Polyphenols

Polyphenols, also known as flavonoids, were first described by the 1937
Nobel Prize awardee Dr Albert Szent-Gyoérgyi. Originally looking for a cure for
scurvy (359), Dr Szent-Gyoérgyi prepared an extract from lemons, which
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successfully helped a friend who had that problem. The effect was then attributed
to vitamin C (also discovered by Dr Szent-Gyoérgyi). However, when he gave to his
friend a purified version of the extract (enriched in vitamin C), the effect was lost.
Dr Szent-Gyorgyi analyzed the fraction he had removed from the purified extract
and found out they were rich in molecules he then named vitamin P. The extract
enriched in vitamin P alleviated his friend's bleeding gums, which led Dr Szent-
Gyorgyi to conclude that vitamin P was important for vascular health and a remedy
for petechia (i.e., bleeding and bruising caused by the breakdown of capillaries)
(360). Further research demonstrated that vitamin P was a non-essential
phytonutrient, which prompted its withdrawal from the list of vitamins and the

change of its denomination to polyphenols or flavonoids.

Since the first discoveries by Dr Szent-Gyorgyi, much attention has been
devoted to the particular impact of phenolic phytochemicals on health. This was in
great measure fueled by several epidemiological studies showing an inverse
correlation between the intake of polyphenol-rich foods and the incidence of
diseases, such as CVD, T2D and cancer (361-365). In vitro and in vivo studies
have demonstrated putative mechanisms associated with the health benefits of
polyphenols, with a particular focus on isolated molecules at pharmacological
doses (this topic is discussed below). However, the exact role of dietary

polyphenols is not yet completely understood.
6.1 Classification of polyphenols

Phenolic phytochemicals, generally referred to as polyphenols, occur as
products of plant secondary metabolism in response to biotic and abiotic stress
(366, 367) and can exist as simple phenolic acids (i.e. hydroxybenzoic acids or
hydroxycinnamic acids) or as flavonoids: C6-C3-C6 molecules with two aromatic
rings (rings A and B) linked by three carbons usually arranged as an oxygenated
heterocycle (ring C). Flavonoids are classified according to the degree of oxidation
of ring C into anthocyanins, flavonols, flavones, flavanols (also named catechins),
flavanones and isoflavones; they also occur as oligomers and polymers (i.e.

tannins), classified as condensed tannins (also known as proanthocyanidins or
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procyanidins) or hydrolysable tannins (368, 369) (Figure 8). While
proanthocyanidins are polymers of catechins, and their structure is dependent both
on the kind of monomer and the type of linkage between monomers, hydrolysable
tannins consist of a central core constituted by a polyol (e.g. flavonoid, sugar) and
a phenolic carboxylic acid esterifying the core molecule. Stilbenoids (e.g.
resveratrol) and lignans comprise two other classes of non-flavonoid polyphenols.
Most flavonoids are present in nature as O-glycosides and other conjugates
(catechins are an exception), which contribute to their complexity and the large

number of individual molecules that have been identified (>5000).
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Figure 8: Classification of polyphenols.
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6.2 Bioavailability of polyphenols

Once ingested, plant phenolics are partially absorbed in the stomach and
small intestine (369), and hydrolysis of the glycoside moiety seems to be a
requisite step for absorption at this level. Moreover, type and position of the sugar
linked to flavonoids and the degree of polymerization or galloylation of flavanols
(catechins) importantly impact bioavailability. The multidrug resistance protein
(MRP), member of the ATP-binding cassette transporter superfamily, together with
intestinal SGLT1, have been implicated in flavonoid absorption (371). The
endogenous [-glucosidases, located at the intestinal brush border, lactase
phloridzin hydrolase (LPH) and cytosolic-B-glucosidase (CBG) are capable of
hydrolyzing flavonoids to generate more lipophilic, thus absorbable, aglycones
(372, 373). As CBG is a cytosolic enzyme, SGLT1 transport seems to be a pre
requisite for its action (374). The majority of dietary polyphenols (~95%) escapes
absorption in the small intestine and builds up in the colon, where they are
metabolized by gut bacteria yielding a complex series of end-products (375).
Indeed, the gut microbiota exhibits a much richer and distinct repertoire of
metabolizing enzymes, thus being capable of promoting O- and C-deglycosylation,
ester and amide hydrolysis, deglucuronidation of large flavonoids and fermentation
of the flavonoid backbone. Fermentation leads to the breakage of aromatic rings
followed by the release of phloroglucinol, hydroxylated forms of phenylpropionate
and phenylacetate, short-chain fatty acids, lactate, succinate, oxaloacetate,
ethanol, CO, and H, (375) (Figure 9). It is noteworthy that the best absorbed
polyphenols are, in descending order, gallic acid, isoflavones, -catechins,
flavanones and quercetin glucosides. Moreover, while gallic acid, quercetin
glucosides, catechins, free hydroxycinnamic acids and anthocyanins are mostly
absorbed in the stomach and small intestine, flavanones are highly dependent on
the release of aglycones by the gut microbiota prior to absorption. After absorption,
polyphenols undergo extensive biotransformation by enterocytes and hepatocytes,
a necessary step to increase hydrophilicity and favour urinary excretion. Sulfation,
glucuronidation, methylation and glycine-conjugation are the most common

biotransformation reactions (375).
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Figure 9: Body distribution of dietary polyphenols.

A small fraction of dietary polyphenols are directly absorbed through the stomach and small
intestine (1,2). Gut microbes in the small intestine are not represented in this figure. The majority of
dietary polyphenols reach the large intestine, thereafter undergoing intensive gut microbial
metabolization prior to absorption (3). Polyphenols coming from microbial transformation and direct
absorption through the stomach and intestinal mucosa reach the liver through the enterohepatic
circulation (4), where they undergo phase | and Il biotransformation (5). Polyphenol metabolites
derived from liver metabolization reach the blood stream (6) to be thereafter distributed through
peripheral tissues, where they may exert relevant biological effects (7). The thorough investigation
of polyphenolic metabolites present in the peripheral blood and in the tissues (i.e. that integrates the
metabolome) is crucial in order to clarify the relevance of phenolic phytonutrients to human health
(8). Because a considerable amount of dietary polyphenols exhibit limited bioavailability, it is likely

that intestinal- and gut microbial-related effects mediate the health benefits of polyphenols.

From Anhé FF et al. (376). Polyphenols and type 2 diabetes: A prospective review. PharmaNutrition
2013;1:105-114.

6.3 How do polyphenols improve features of the metabolic syndrome?

The health benefits of polyphenols are generally attributed to both non-

specific mechanisms, dependent upon a broad anti-oxidant activity, and specific
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mechanisms, which involves the interaction of polyphenols with key signaling
proteins (377). Interestingly, non-specific mechanisms are apparently fomented by
the induction of cellular antioxidant defenses, as suggested by the stimulation of
glutathione synthesis and activation of antioxidation enzymes, such as glutathione-
S-transferase, thioreductases and peroxidases after the consumption of
polyphenol-rich foods (378-380). More specific mechanisms by which polyphenols
improve metabolic health involve a great number of physiological processes. For
instance, polyphenols have been suggested to ameliorate fasting and postprandial
hyperglycemia by inhibiting disaccharidases (i.e. a-amylase and a-glucosidase)
and competing with glucose for SGLT1 in the intestinal lumen (381), which limits
post-prandial hyperglycemia, and by stimulating hepatic glucokinase activity,
therefore reducing hepatic glucose output (381). In addition to effects on glycemic
control, polyphenols are thought to protect pancreatic B-cells from glucotoxicity
while exerting marked anti-inflammatory effect (382-397). Interestingly, some
phenolic phytochemicals are thought to exert anti-obesity effects by augmenting
energy expenditure. Catechins, abundantly present in green tea, are thought to
inhibit catechol-o-methyl transferase (COMT), an enzyme that degrades
norepinephrine (NE), therefore increasing the presence of NE within the synaptic
cleft and leading to prolongation of NE-induced thermogenesis and fat oxidation in
BAT. In fact, ingestion of green tea catechins is related to increased energy
expenditure, a shift from carbohydrate to fat oxidation and increased urinary
excretion of NE (40, 398-401). Moreover, while resveratrol administration induced
brown-like adipocyte formation in white fat depots in mice through activation of
AMPK (52) and enhanced mitochondrial activity in primary cultured brown
adipocytes (402), genistein (a soybean isoflavone) (403-405) and a mix of
apigenin/naringenin (41) have both been shown to increase BAT activity in vivo

and ex vivo respectively.

Polyphenols may alter cellular pathways through modulation of Sirtuinl
(SIRT1), a type Il protein deacetylase implicated in anti-aging and anti-
inflammatory effects (406). Over the last decade, resveratrol, a non-flavonoid

polyphenol abundant in grapes and red wine, has been shown to directly activate
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SIRT1 in vivo to exert calorie restriction-like benefits (407-409). On the other hand,
recent data suggest that resveratrol is not a direct activator of SIRT1, but rather a
positive regulator of AMPK, a master regulator of glucose and lipid metabolism. It
is noteworthy that a SIRT1-dependent PPARy deacetylation has been proposed to
selectively modulate PPARYy, leading to induction of BAT activity and repression of
visceral WAT genes associated with insulin resistance (410). Other polyphenols,
such as quercetin, catechin, butein, piceatannol and myricetin have also been
shown to activate SIRT1 (406, 411-413), possibly as a result of AMPK regulation.
In sum, polyphenols may potentially alter cell biology via AMPK, SIRT1 and PPARy

to promote a great number of metabolic benefits.

7. Problem statement

While the epidemiological evidence for the benefit of consuming polyphenol-
rich foods is very strong, the bioavailability of dietary phenolic phytochemicals is
paradoxically generally low (369). Moreover, our understanding of the mode of
action of polyphenols is highly based on experiments performed in vitro or in
animal models by using concentrations much higher than the usual dietary intake,
therefore providing putative mechanistic explanation that often lacks relevance
when translated to human physiology. Another issue relies on the fact that several
in vitro mechanistic studies tested the effect of polyphenol aglycones or its sugar
conjugated rather than their metabolites that actually reaches target cells in vivo.

The pieces of evidence discussed throughout the introduction of this thesis
stress (i) the clear impact of the gut and its colonizing bacteria on several features
of the metabolic syndrome, (ii) the major role of diet in modelling gut microbial
community structure, (iii) the unequivocal health benefits of dietary polyphenols
and (iv) the low bioavailability of phenolic phytochemicals. The observation of
these major points leads to the working hypothesis that the gut and its colonizing
microbes are mechanistically involved in the metabolic health benefits of dietary

polyphenols.
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8. Objectives

The principal aim of this thesis was to investigate, using a mouse model of
high fat-high sucrose- (HFHS) induced obesity, the metabolic impact of daily oral
treatment with polyphenol-rich berry extracts at a nutrionally relevant dose (200 mg
of extract/kg of body weight). The studies presented herein focus on how the
metabolic outcomes linked to the administration of polyphenol-rich extracts are
related to changes in intestinal homeostasis, with a particular attention to the gut
microbiota. The secondary objective of this work was to unveil polyphenolic
subclasses and bacterial groups with potential therapeutic application against

obesity and its related comorbidities.

In chapter |, the objective was to investigate the preventive effects of a
polyphenol-rich cranberry extract on features of the metabolic syndrome in order to
test the hypothesis that cranberry polyphenols protect against obesity in
association with important changes in gut bacterial communities. The same
cranberry extract and mouse model was used in chapter Il in order to investigate
whether cranberry polyphenols are able to reverse diet-induced obesity and
associated diseases. The main hypothesis in this chapter was that cranberry
polyphenols reverse diet-induced dysbiosis, intestinal and liver inflammation and

insulin resistance without affecting body weight gain.

In chapter Ill we aimed to analyze the effects of polyphenolic extracts from
five Arctic berries in a model of diet-induced obesity. In this chapter we tested the
hypothesis that extracts with particular polyphenolic signatures are more effective
in preventing features of metabolic syndrome, and that dietary polyphenols
primarily act on the gut-liver axis to alleviate gut inflammation, metabolic

endotoxemia, insulin sensitivity and chronic hyperinsulinemia.

In chapter IV we aimed to assess the effect of a crude extract of camu camu
(Myrciaria dubia) on obesity and associated immunometabolic disorders in high
fat/high sucrose (HFHS)-fed mice. We tested the hypothesis that this raw extract
prevents diet-induced obesity by enhancing brown adipose tissue activation, which
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is mechanistically linked to changes in gut microbial community structure and in the

circulating bile acid profile.

51



CHAPTER |

A polyphenol-rich cranberry extract protects from diet-induced obesity,
insulin resistance and intestinal inflammation in association with increased

Akkermansia spp. population in the gut microbiota of mice.
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Résumé

Objectif: L’augmentation croissante de la prévalence de I'obésité et du diabete de
type 2 (DT2) démontre I'échec des traitements conventionnels a contrer ces
désordres métaboliques.D’autre part, le microbiote intestinal est présenté comme
un acteur clé dans la pathophysiologie du (DT2), et la diéte représente un facteur
majeur dans la modulation de ces populations microbiennes intestinales. Puisque
la consommation de la canneberge (Vaccinium macrocarpon Aiton) est associée a
plusieurs effets bénéfiques sur la santé, nous avons étudié l'impact métabolique
d'un extrait de canneberge (CE) chez des souris nourries a une diete riche en gras
et en sucrose (HFHS). Nous avons aussi déterminé si les effets positifs du CE
chez ces souris étaient lies a des modulations du microbiote intestinal. Méthodes:
Des souris C57BL/6J ont été nourries soit avec une diéte standard (Chow) ou une
diete HFHS et traitées quotidiennement avec le véhicule (eau) ou le CE (200
mg/kg) pendant 8 semaines. La composition du microbiota intestinal a été évaluée
en analysant les séquences de genes 16S ARNr par 454 pyrosequencage.
Résultats: Le traitement au CE a prévenu le gain de poids et I'obésité viscérale
induits par la diete HFHS. Le traitement a également diminué le poids du foie,
'accumulation de triglycérides, les niveaux de stress oxydatif etd’inflammation
hépatique. L'administration de CE a aussi amélioré la sensibilité a linsuline,
révélée par une meilleure tolérance a l'insuline, une réduction de l'indice HOMA-IR
et une diminution de I'hyperinsulinémie lors d'un test oral de tolérance au glucose.
Le traitement avec le CE a réduit de manniere importante la teneur en triglycérides
intestinaux, tout en atténuant l'inflammation intestinale et le stress oxydatif. Fait
intéressant, le traitement avec le CE a occasionné une augmentation marquée de
la proportion de la bactérie Akkermansia muciniphila dans le microbiote fécal des
souris.Conclusions: Le CE exerce des effets métaboliques bénéfiques en
améliorant des caractéristiques typiques du syndrome métabolique en association
a une augmentation proportionnelle d’ Akkermansia muciniphila dans le microbiote

intestinal.
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Abstract

Objective: The increasing prevalence of obesity and type 2 diabetes (T2D)
demonstrates the failure of conventional treatments to curb these diseases. The
gut microbiota has been put forward as a key player in the pathophysiology of diet-
induced T2D. Importantly, cranberry (Vaccinium macrocarpon Aiton) is associated
with a number of beneficial health effects. We aimed to investigate the metabolic
impact of a cranberry extract (CE) on high fat/high sucrose (HFHS)-fed mice and to
determine whether its consequent antidiabetic effects are related to modulations in
the gut microbiota. Design: C57BL/6J mice were fed either a Chow or a HFHS diet.
HFHS-fed mice were gavaged daily either with vehicle (water) or CE (200 mg/kg)
for 8 weeks. The composition of the gut microbiota was assessed by analyzing 16S
rRNA gene sequences with 454 pyrosequencing. Results: CE treatment was found
to reduce HFHS-induced weight gain and visceral obesity. CE treatment also
decreased liver weight and triglyceride accumulation in association with blunted
hepatic oxidative stress and inflammation. CE administration improved insulin
sensitivity, as revealed by improved insulin tolerance, lower HOMA-IR and
decreased glucose-induced hyperinsulinemia during an oral glucose tolerance test.
CE treatment was found to lower intestinal triglyceride content and to alleviate
intestinal inflammation and oxidative stress. Interestingly, CE treatment markedly
increased the proportion of the mucin-degrading bacterium Akkermansia in our
metagenomic samples. Conclusions: CE exerts beneficial metabolic effects
through improving HFHS diet-induced features of the metabolic syndrome, which is
associated with a proportional increase in Akkermansia spp. population.
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Introduction

Type 2 diabetes (T2D) and cardiovascular diseases (CVD) are well known
consequences of a combination of pathological conditions defined as the metabolic
syndrome, which comprises obesity, hyperglycemia, glucose intolerance,
dyslipidemia, insulin resistance and hypertension (414). T2D is characterized by a
complex interplay between genetic background and environmental influences, such
as dietary habits, which leads to an insulin-resistant state (2-4). The molecular
mechanisms underlying insulin resistance and the onset of associated metabolic
alterations are related to a low-grade subclinical inflammation, triggered by an
increased release and action of proinflammatory cytokines, which can impede
insulin receptor signaling in skeletal muscle, liver, intestine and adipose tissue (5-
10). Moreover, the intestinal epithelium, along with its colonizing bacteria,
represents a first site of interactions between diet and the host immune system.
Such an interaction can impact on the composition of the gut microbiota (11),
which in turn directly affects the gut-immune homeostasis and intestinal
permeability (12). The intestine and its microbial flora are therefore a potential
source of proinflammatory molecules that can affect whole-body metabolism,
possibly representing an early event that precedes and predisposes to obesity and

insulin resistance (13).

Growing evidence supports that the gut microbiota plays a decisive role in
energy homeostasis through modulating energy balance (14; 15), glucose
metabolism (16-18) and the chronic inflammatory state associated with obesity (16;
19-21). The gut microbiota-derived lipopolysaccharide (LPS), a potent inducer of
inflammation, plays an important role in the onset and progression of inflammation
and related metabolic diseases (17). For instance, high-fat diet intake has been
shown to be associated with elevated portal and systemic circulating levels of LPS
(i.e. metabolic endotoxemia) (17; 22). These findings suggest a link between the
gut microbiota-derived endotoxin and the pathogenesis of non-alcoholic fatty liver
disease (NAFLD), thereby evidencing a key role for the intestinal microbiota as an

orchestrator of the gut-liver axis. Metabolic endotoxemia is driven by increased
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intestinal permeability to LPS because of the disruption of the gut barrier function
(16; 17; 23) and/or enhanced LPS transport via chylomicrons particles in response
to fat feeding (24; 25).

High fat diet has been reported to reshape the gut microbiota, particularly by
increasing the proportion of Firmicutes in relation to Bacteroidetes (22; 26), which
is thought to play a key role in the pathogenesis of obesity-induced metabolic
diseases (16; 19; 27). Furthermore, growing evidence indicates that increased
intestinal abundance of Akkermansia spp. can protect against obesity-linked
metabolic syndrome (28) and contributes to the beneficial metabolic effects of
gastric bypass surgery and of the anti-diabetic drug metformin (29; 30).
Akkermansia is a Gram-negative, strict anaerobe and mucin-degrading bacterium
that lives in the mucus layer of the intestine and represents 1-3% of the total gut
microbiota (31). Despite steady advances in understanding the complex
pathophysiology of metabolic disorders, obesity and T2D have grown to worrisome
pandemic proportions, therefore urging the search for new therapeutic approaches.

American cranberry (Vaccinium macrocarpon Aiton) is an important source of
phytochemicals, especially polyphenols (32), and is widely consumed in North
America. Its high polyphenol content is related to an important antioxidant activity
(33; 34), which is particularly relevant in the context of the gastro-intestinal
physiology (35). Interestingly, cranberry proanthocyanidins (PAC) have been
recently shown to improve the gut mucus layer morphology in mice (36). Moreover,
cranberries are also related to anticarcinogenic (37; 38), anti-inflammatory (39-41)
and antimicrobial effects, the latter being mainly due to changes in the surface
hydrophobicity and biofilm formation of P-fimbriated Escherichia coli, a species
related to wurinary tract infection (UTI) (42; 43). Interestingly, cranberry
administration has been reported to ameliorate dyslipidemia, hyperglycemia and
oxidative stress in individuals with the metabolic syndrome (44-46). However, the
underlying mechanisms of the beneficial effects of cranberry consumption remain

largely unknown. The main goal of the present study was to define the metabolic
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influence of a cranberry extract (CE) on high fat/high sucrose (HFHS)-fed mice and
to determine whether its potential health effects are related to the modulation of the

gut microbiota.
Material and methods

Animals. Eight-week-old C57BI/6J male mice (n=36, Jackson, USA) were bred,
two animals per cage in the animal facility of the Quebec Heart and Lung Institute.
Animals were housed in a controlled environment (12 hours daylight cycle, lights
off at 18:00) with food and water ad libitum. After two weeks of acclimation (week O
and week 1) on a normal-chow diet (Teklad 2018, Harlan), mice were fed either a
chow or a high-fat high-sucrose (HFHS) diet containing 65% lipids, 15% proteins
and 20% carbohydrates. Animals were randomly divided in three groups of 12
mice, and one group (assigned as CE) received daily doses (200 mg/kg) of
cranberry extract (CE) by gavage, whereas the other two groups (assigned as
Chow and HFHS) received the vehicle (water). Feces were collected by the end of
weeks 0, 1, 5 and 9 for subsequent metagenomic analysis (Figure S1). Body
weight gain and food intake were assessed twice a week. After 8 weeks of HFHS
feeding, animals were anesthetized in chambers saturated with isoflurane and then
sacrificed by cardiac puncture. Blood was drawn in EDTA-treated tubes and
immediately centrifuged in order to separate plasma from cells. Subcutaneous and
visceral fat pads were carefully collected along with gastrocnemius muscle, liver
and intestine. All procedures were previously approved by the Laval University

Animal Ethics Committee.

Cranberry extract. Cranberry powdered extract was obtained from Nutra
Canada (Quebec, Canada). Its phenolic characterization is shown in Table 1.
Cranberry extract (CE) was diluted in water at a concentration of 40 mg of CE
powder per mL. The detailed methodology used to perform the phenolic
characterization of the cranberry extract is described in the online supplementary
methods.
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Glucose homeostasis. At week 7, animals were 6 hours fasted and an insulin
tolerance test (ITT) was performed after an intraperitoneal injection of insulin (0.75
Ul/kg body weight). Blood glucose concentrations were measured with an Accu-
Check glucometer (Bayer) before (0 min) and after (5, 10, 15, 20, 25, 30 and 60
min) insulin injection. At the end of the week 8, mice were fasted overnight and an
oral glucose tolerance test (OGTT) was performed after gavage with glucose (1
o/kg body weight). Blood was collected before (0O min) and after (15, 30, 60, 90 and
120 min) glucose challenge for glycemia determination. Additionally, blood
samples (~30uL) were collected at each time point during OGTT for insulinemia

and C-peptide determination.

Analytical methods. Plasma insulin and C-Peptide concentrations were
measured using an ultra-sensitive ELISA kit (Alpco, Salem, USA). The
homeostasis model assessment of insulin resistance (HOMA-IR) index was
calculated based on the following formula: fasting insulinemia (pUI/mL) x fasting
glycemia (mM)/22.5. Liver and jejunal triglyceride (TG) as well as cholesterol
content was assessed after chloroform-methanol extraction and enzymatic
reactions with commercial kits (Randox Laboratories, Crumlin, UK). Phospholipids
were measured by the Bartlett technique as described previously (47). Lipid
peroxidation was estimated by measuring the production of free malondialdehyde
(415) in jejunal and hepatic tissues using HPLC with fluorescence detection as
described previously (10; 48). Briefly, proteins were first precipitated with a 10%
sodium tungstate solution (Sigma). The protein-free supernatants was then reacted
with an equivalent volume of 0.5% (wt/v) thiobarbituric acid solution (Sigma) at
95°C for 60 min. After cooling to room temperature, the pink chromogene
thiobarbituric acid 2-MDA was extracted with 1-butanol and dried over a stream of
nitrogen at 37°C. The dry extract was then resuspended in a potassium dihydrogen
phosphate-methanol mobile phase (70:30, pH 7.0) before MDA determination. For
the assessment of the endogenous antioxidant defense, tissue samples were
homogenized in a buffer (50 mM Tris-HCI and 0.1 mM EDTA-Na, pH 7.8),
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centrifuged at 10,000 x g for 5 min at 4°C and the supernatants were collected.
The activities of superoxide dismutase (262) and glutathione peroxidase (GPx)
were determined as described previously (10). Total SOD activity was determined
as described by McCord et al (49) while SOD2 activity was examined in the
presence of sodium diethyldithiocarbamate (1 mM) that allows defining the
contribution of MnSOD activity. For GPx activity, hepatic or jejunal tissue
homogenates were added to a PBS buffer (pH 7.0) containing 10 mM GSH, 0.1 U
of G-Red, and 2 mM NADPH with 1.5% H»O; to initiate the reaction. Absorbance
was monitored every 30 s at 340 nm for 5 min. Plasma LPS concentration was
determined using a kit based on a Limulus amebocyte extract (LAL kit endpoint-
QCL1000, Lonza, Switzerland).

Metagenomic analysis. The methods used to analyze the bacterial taxonomic
profiles of the murine gut microbiome are described in the online supplementary

methods.

Statistical Analyses. Data are expressed as mean = SEM. Statistical analysis
was performed using one-way ANOVA with a post-hoc Bonferroni multiple
comparison test (GraphPad, USA). Body weight gain and energy intake curves
were statistically compared using two-way repeated measures ANOVA with a
Student-Newman-Keuls posthoc-test (Sigmaplot, USA). All results were considered

statistically significant at P < 0.05.

Results

Effects of cranberry extract on body weight gain, plasma lipid profile and liver
homeostasis. As depicted in Figure 1A-B, CE administration to HFHS-fed animals
prevented weight gain and this effect was seen as early as 7 days post-CE
treatment. Although this was associated with a small reduction in total energy
intake, this effect became significant only from the 24" day onwards (Figures 1C,
1D). Additionally, CE administration to HFHS-fed mice significantly reduced the

ratio of weight gain/energy intake in comparison with untreated HFHS animals

59



(Figure 1G), suggesting that the preventive effect of CE on weight gain is mostly
related to a decrease in energy efficiency. Interestingly, the CE-induced effect on
weight gain was particularly evident in visceral adipose tissue (Figure 1E), whereas
no significant difference in subcutaneous fat mass was found between HFHS-fed
control mice and CE-treated animals (Figure 1F). Moreover, CE administration
reduced liver weight (Figure 2C) while concomitantly lowering hepatic triglyceride
accumulation (Figure 2D) and ameliorating HFHS-induced hypertriglyceridemia
(Figure 2A) and hypercholesterolemia (Figure 2B) in these animals. CE also
decreased liver oxidative stress as indicated by a complete prevention of HFHS-
mediated malondialdehyde (MDA, Figure 2E) and by improvements of antioxidant
defense mechanisms, as revealed by restoration of superoxide dismutase 2
(SOD2, Figure 2G) along with a tendency to improve glutathione peroxidase (GPx,
Figure 2H) and superoxide dismutase (SOD, Figure 2F) activity in the liver of
HFHS-fed mice. Inflammation was also decreased in the liver of CE-treated HFHS-
fed mice, as revealed by normalization of the transcription factor NFkB/IkB ratio
(Figure 2K). This was not explained by reduced TNF-a levels in the liver (Figure
2J), whereas COX2 protein synthesis was neither affected by the dietary or CE

treatments (Figures 2I).

Impact of cranberry extract on diet-induced insulin resistance. We next
determined the impact of CE treatment on glucose homeostasis and insulin
sensitivity. Although CE-treated HFHS-fed mice did not display improved fasting
glycemia, these animals showed significant lower fasting insulinemia when
compared to untreated HFHS-fed animals (Figures 3A-3B), suggesting that CE
improved insulin sensitivity in these animals. We next performed insulin and oral
glucose tolerance tests in order to further examine the effect of CE on insulin
sensitivity and glucose homeostasis. CE-treated HFHS mice displayed improved
insulin sensitivity in comparison to HFHS controls as revealed by insulin tolerance
tests (Figures 3C, 3D). Although CE administration did not improve HFHS-induced
glucose intolerance (Figures 3E, 3F), the lower plasma insulin and c-peptide levels

measured during the oral glucose tolerance tests further confirmed that CE
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treatment improves insulin sensitivity (Figures 3G-3J). This conclusion is also
supported by the lower HOMA-IR index values of the CE-treated HFHS-fed mice
as compared to their vehicle-treated HFHS controls (Figure 3K).

Influence of cranberry extract administration on diet-induced intestinal
inflammation and metabolic endotoxemia. Diet-induced obesity has been
previously reported to cause metabolic endotoxemia, oxidative stress and low-
grade inflammation that is associated with increased intestinal permeability, as
revealed by elevated circulating LPS levels (16; 17). In accordance with previous
studies, eight weeks of HFHS feeding produced a 2-fold increase in circulating LPS
which was fully prevented by CE administration. (Figure 4A). This finding was
associated with a CE-induced reduction in jejunal triglycerides (Figure 4B). To
further assess the impact of CE administration on intestinal oxidative stress and
inflammation, we investigated lipid peroxidation and the expression of key
inflammatory modulators in the jejunum of Chow, HFHS and CE-treated HFHS
animals. No significant changes were noted in MDA and SOD among groups
(Figures 4C and 4D). However, CE treatment was found to prevent the decrease in
SOD2 activity by HFHS (Figures 4E) without any effects on GPx (Figures 4F).
Importantly, CE administration fully prevented HFHS diet-induced intestinal
inflammation, as evidenced by the reduced COX2 and TNFa protein expression as

well as by the normalization of NFkB/IkB ratio (Figures 4G-4E).

Effects of cranberry extract administration on the gut microbiota. The overall
composition of the bacterial community in the different groups was assessed by
analyzing the degree of bacterial taxonomic similarity between metagenomic
samples at the genus level. Bacterial communities were clustered using principal
component analysis (PCA), which distinguished microbial communities based both
on diet/treatment and time of fecal sampling (weeks 0, 1, 5 and 9). As shown in
Figure 5A, PCA disclosed that distinct diets promoted the main alterations in the
gut microbiota of mice. From week 5 onwards, chow-fed mice metagenomes

clustered very distinctly from those of HFHS-fed animals. On the other hand, after
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5 and 9 weeks of CE administration, samples from CE-treated HFHS-fed mice
formed a cluster that was different from metagenomes derived from untreated
HFHS-fed animals. These results indicate that CE administration had a substantial
effect on the gut microbial composition of HFHS-fed mice. Further analysis at the
phylum level revealed that the proportion of sequences assigned to Firmicutes was
significantly increased in metagenomes of HFHS-fed animals, whereas reads
assigned to Bacteroidetes were reduced in these samples. A similar trend
observed for the Bacteroidetes phylum in metagenomes from untreated HFHS-fed
animals was found in samples from CE-treated HFHS-fed mice. Furthermore, the
relative abundance of Verrucomicrobia was significantly higher at week 9
compared to week 1 in metagenomes of CE-treated mice (Figure 5B and S2).
Finally, pre-treatment with CE (i.e. one week before day 0 of HFHS feeding, see
Figure S1) was not associated with specific changes in the baseline metagenome

(week 1) of CE mice when compared with untreated groups (Figure S4).

The HFHS diet-induced rise in the relative abundance of Firmicutes was mostly
explained by an increase of reads assigned to species from the genus Oscillibacter
(Figure 5C), whereas the decreased proportion of Bacteroidetes found at week 9
was associated with a reduction in sequences assigned to the Barnesiella genus
and other unclassified members of the Porphyromonadaceae family. Importantly,
CE administration was associated with a striking 30% increase in the relative
abundance of Akkermansia in the CE-treated mice metagenome at week 9 (Figure
5C).

Discussion

There is growing evidence that the consumption of fruits and plant-derived
foods is inversely correlated with several features of the metabolic syndrome, thus
reducing the risk of T2D and CVD (50-53). Despite the positive health effects
possibly arising from the presence of vitamins, minerals and dietary fibers in fruits,
there is a growing body of literature now supporting a key role for polyphenols in

the protection against obesity-related diseases (54; 55). Given that cranberry is
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one of the fruits with the highest phenolic content (56), which includes a
remarkable amount of proanthocyanidins (PAC) (32; 57), we have elected to
explore its impact on several components of the metabolic syndrome. We found
that CE administration prevents HFHS-induced weight gain and reduced visceral
adiposity. Moreover, the effect on weight gain was observed before any difference
in caloric intake was noticed, and was mostly linked to reduced energy efficiency.
CE gavage fully prevented the development of fatty liver disease, as revealed by
reduced triglyceride accumulation and blunted hepatic inflammation, which was
associated with restoration of antioxidant defense mechanisms. These preventive
effects on visceral obesity and liver steatosis were associated with improved insulin
sensitivity, as revealed by lower fasting and post-glucose insulinemia, improved
insulin tolerance and a lower HOMA-IR index in CE-treated HFHS-fed mice.
Glucose tolerance per se was not improved by CE treatment, but this may be
explained by the high glucose challenge during the OGTT, which is quite important
as compared to the glucose load generated by a complex meal, thus possibly
overwhelming the tissues’ ability to uptake more glucose, even in the context of an

improved insulin sensitivity.

Phenolic phytochemicals are generally poorly absorbed, and this has been put
forward to suggest that these compounds are possibly acting primarily at the level
of intestinal absorption (58; 59). Furthermore, several reports have demonstrated
that the gut microbiota has a causal role in the pathogenesis of obesity and T2D
(12; 28; 30; 60;). This prompted us to investigate the impact of CE administration
on the gut microbiota in the present study. Our results show that HFHS feeding
induced a dramatic shift in the gut microbiota of mice by increasing the proportion
of Firmicutes and decreasing the proportion of Bacteroidetes. This diet-induced
reshape in the microbial community of HFHS-fed mice is a typical characteristic of
obesity-driven dysbiosis, and is in agreement with previous publications (11; 60;
61; 62), as was the finding of an increased presence of the genus Oscillibacter in

obese mice (63).
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The beneficial effects of CE treatment on metabolic phenotypes were
associated with a robust modulation in the relative abundance of Akkermansia
spp., as suggested by the higher representation (30%) of reads assigned to this
genus in CE metagenome at week 9 in comparison with week 1. To the best of our
knowledge, this is the first report of a fruit extract exerting such a major effect on
the presence of Akkermansia in the intestinal microbiota of an animal model of
diet-induced obesity. Interestingly, administration of green tea polyphenols to high
fat-fed mice has also been recently associated with an increase in the proportion of
Akkermansia (64), whereas Kemperman et al. showed that complex polyphenols
from black tea and from a grape juice/red wine mixture, in the context of a
simulator of the human intestinal microbial ecosystem (i.e. SHIME), increased the
relative proportion of Akkermansia (65). Moreover, the metabolic benefits of gastric
bypass surgery and of the antidiabetic drug metformin have been also linked to an
increased intestinal abundance of this bacterium (29; 30). We found that the CE-
mediated increase in the relative abundance of Akkermansia was associated with
the prevention of the HFHS-induced rise in circulating LPS and abrogation of
intestinal inflammation in these animals. Although we have not directly established
the causal relationship between CE-induced increase in the relative proportion of
Akkermansia population and the improved features of the metabolic syndrome in
CE-treated HFHS-fed mice, it has been already reported that oral administration of
Akkermansia (i.e. as a probiotic) reverses high fat diet-induced metabolic disorders
(28) and could also mimic the antidiabetic effects of metformin in diabetic mice
(30). Importantly, our results further suggest that the CE-related increase in
Akkermansia population might be sufficient to prevent the negative metabolic
phenotype associated with obesity-driven dysbiosis without major modifications in

the proportions of Firmicutes and Bacteroidetes.

Hepatic triglyceride accumulation is a measure of steatosis, which in
combination with oxidative stress and inflammation may lead to NAFLD, the most
important cause of liver disease in western countries that usually develops in the

setting of insulin resistance and obesity (66). LPS derived from the gut microbiota
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reaches the portal circulation and thus can access the liver to affect host metabolic
physiology in critical ways (67). Elevated levels of circulating LPS in obese
individuals have been shown to be a consequence of nutrient overload and high-
fat-induced changes in the gut microbiota (17). Furthermore, metabolic
endotoxemia (i.e. increased circulating LPS after an obesogenic diet) is explained
by the transport of LPS from the gut lumen by newly synthesized chylomicrons
from enterocytes in response to fat feeding (24; 25) and by a gut microbiota-
dependent disruption of the gut barrier, thus favoring LPS leakage (16; 17; 23).
Interestingly, besides the fact that Akkermansia utilizes mucins as a food supply, it
seems to be crucial for the mucus layer integrity (28; 68). Akkermansia
administration as a probiotic was reported to reduce systemic LPS levels in high-fat
fed mice, which is possibly associated with the ability of Akkermansia to preserve
the mucus layer thickness, therefore reducing gut permeability and LPS leakage
(28). Taken together, these observations suggest that CE, by increasing the
presence of Akkermansia, may reduce intestinal permeability and LPS leakage,
therefore ameliorating insulin resistance in diet-induced obese mice. Accordingly,
the ability of CE to blunt circulating LPS levels may be accounted for the reduced
hepatic triglyceride accumulation and protection from hepatic oxidative stress and

inflammation in HFHS-fed mice.

Intestinal inflammation is growingly recognized to play a major role in the early
deterioration of glucose and lipid metabolism in models of obesity and insulin
resistance (13). Remarkably, CE administration was found to completely suppress
NFkB activation in the intestine of HFHS-fed mice. NFkB is a central regulator of
metabolic inflammation and controls the production of several pro-inflammatory
cytokines, including TNFa. CE treatment reduced the amount of TNFa in the
intestine and also decreased COX2 protein expression, an enzyme crucial for the
synthesis of several pro-inflammatory molecules. Additionally, CE administration
was found to increase the activity of SOD2, suggesting that it could exert some of
its effects through promoting oxidant defense mechanisms in the intestine. It has

been suggested that interactions between diet and enteric bacteria are necessary
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for inducing inflammatory changes in the intestine and to impact on diet-induced
obesity and insulin resistance (13). Therefore, our observations suggest that CE
treatment, acting as a prebiotic, may be a novel strategy against intestinal
inflammation and the prevention of the metabolic syndrome.

The mechanisms by which phenolic phytochemicals may exert prebiotic effects
and reshape the gut microbiota with benefits to the host are still unclear. It has
been suggested that Akkermansia can display a rapid growth rate in order to
monopolize the resources when competition is low following an important
ecological disruption (e.g. gastric bypass surgery, caloric restriction, antibiotic
therapy) (69). CE is very rich in polyphenols, particularly phenolic acids, flavan-3-
ols (e.g. catechin, epicatechin) and PAC (Table 1). These molecules have been
shown to possess remarkable antibacterial activity (43; 70; 71), and can potentially
reshape the gut microbiota ecology of obese mice. One explanation is that this
latter effect could be associated with a reduction in the abundance of species
capable of holding Akkermansia in check, thus favoring a rise in its proportion. In
fact, a polyphenol extract of wine and grapes stimulated the growth of Akkermansia
while exerting profound antimicrobial activity in the transversal colon of a gut
biofermentor model (65). Moreover, this hypothesis is supported by the fact that
broad-spectrum antibiotic treatment increases the proportion of Akkermansia in
humans (72). Another explanation is that CE, through their high PAC content,
influences the production of mucin and thereby provides ample trophic resources
for Akkermansia to thrive. Indeed, cranberry PAC have been shown to increase the
differentiation of goblet cells and to preserve the production of luminal Mucin 2
(Muc2) in mice fed through elemental enteral nutrition, a treatment known to
decrease the mucosal barrier (36). Conversely, we found that CE administration is
associated with increased Kruppel-like factor 4 (KIf4) — a marker of goblet cells —
and Muc2 mRNA expression in the proximal colon (Figure S3), which supports the
hypothesis that these condensed tannins are able to stimulate mucus production
and therefore create an ecological niche for the mucus-eating bacterium
Akkermansia. Importantly, since it has been reported that Akkermansia

administration, per se, can reestablish the mucus layer integrity in diet-induced
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obese mice (28), it is possible that a direct trophic effect of CE on Akkermansia
precedes the positive effects found on the mucus layer integrity. Finally,
Akkermansia contributes to the restoration of antimicrobial peptides such as
Regenerating islet-derived protein 3 gamma (Regllly) (28). Although our results did
not show a statistically significant modulation of Reg3g by CE treatment, we did
observe a trend for modulation of this antimicrobial marker that would suggest that
CE stimulates the induction of antimicrobial defenses, which is possibly linked with
higher A. muciniphila abundance in these animals. Further investigations are
definitely warranted in order to better understand the prebiotic effects of CE on

Akkermansia.

The use of Akkermansia as a probiotic in humans, although a promising
strategy, may find some barriers. Its in vitro culture is technically complex and time-
consuming, suggesting that the production of Akkermansia as a commercial-scale
probiotic may be costly. Therefore, finding alternative methods to increase the
presence of Akkermansia spp. in the gut microbiota seems a valid, safe and likely
more cost-effective approach. In addition, given the fact that cranberries are
already highly consumed (especially in North America), using CE as a prebiotic
might be an interesting strategy to ease adherence to the treatment when
compared to the introduction of a novel probiotic strain. Moreover, the dose used in
this study in mice may represent a feasible dose in humans. By applying the US
Food and Drug Administration’s guidelines to establish the human equivalent dose
based on body surface area (73), we found that a 16 mg/kg dose would be the
human equivalent of a 200 mg/kg dose in mice. This is perfectly achievable by
supplementation or by incorporating CE in other food products.

While our study provides evidence for the beneficial metabolic effects of CE
treatment, some limitations must be acknowledged. First, while we have found that
the CE treatment improves insulin sensitivity, based on ITT analysis, HOMA-IR and
fasting and post-glucose insulin levels, future studies that uses the euglycemic
clamp technique together with isotopic tracers could be performed to further

confirm this effect of CE and to determine the contribution of the liver and
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peripheral tissues to this phenotype. Moreover, we acknowledge that the pooling of
samples used to analyse the metagenomic bacterial diversity of the mice
constitutes another limitation of this study, but allowed us to focus on the shifts
occurring within the dominant phylotypes due to the different treatments.

In summary, we found that CE treatment protects from diet-induced obesity,
liver steatosis and insulin resistance in HFHS-fed mice. This effect was associated
with alleviation of metabolic endotoxemia and intestinal inflammation. Our study
further suggests that the ability of CE administration to raise the relative proportion
of Akkermansia is playing a key role in this protective effect, leading us to propose
that fruit polyphenols may prevent obesity and the metabolic syndrome through a
prebiotic effect on the gut microbiota.
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Tables

Table 1: Chemical characterization of CE

Extract content Relative polyphenol Dailt intake (mg/kg
(9/100g dry weight) content * (%) body weight)

Total polyphenols 37.4 £0.2 74.8 £0.5

Phenolic acids 3.1+0.0 12.0+0.1 6.2 0.0

Flavonols 9.4 +0.1 36.5 +0.6 18.8 £+0.2

Total anthocyanins 3.3+0.0 12.6 £0.0 6.6 £0.0

Total proanthocyanidins 10.0 £0.2 38.9 0.7 20.0+04

DP 1-3 6.1 £0.2 12.2 £0.2

DP >3 3.9+0.2 78104

Sugars 6.2 0.2 12.4+04

Glucose 49 +0.1 9.8 +0.1

Fructose 1.2 +0.2 2404
Fibers 2.5 5

* The relative polyphenol content has been calculated on the basis of the individually measured

polyphenol content. Extract of cranberry (CE). Degree of polymerization (DP). The results are

expressed as mean * SD.
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Figure legends

Figure 1. Effects of CE administration on body composition. Mice were fed
either a chow or a high-fat/high sucrose (HFHS) diet for 8 weeks. HFHS-fed
animals were treated with daily oral doses of CE (200 mg/kg). Chow- and HFHS-
fed control mice were gavaged with vehicle (water). (A) Weight gain curves; (B)
Total weight gain; (C) Energy intake curves; (D) Total energy intake; (E) Visceral
and (F) Subcutaneous fat mass; (G) Energy efficiency (i.e. ratio between body
weight gain and energy intake). n=11-12 (A, B, E and F); n=6-7 (D and E). Data
are expressed as the mean +SEM. *p<0.05 vs. Chow controls; “p<0.05 vs. HFHS

controls.

Figure 2. Effect of CE administration on plasma and liver lipid profiles,
hepatic inflammation and oxidative stress. CE administration to HFHS-fed mice
prevented diet-induced increase in plasma triglycerides (A) and total cholesterol
(B), whereas liver weight (C) and hepatic triglyceride accumulation (D) were
reduced after CE treatment. Moreover, CE decreased liver oxidative stress as
indicated by a complete prevention of HFHS-mediated malondialdehyde levels (E)
and by improvements of antioxidant defense mechanisms, as revealed by
restoration of superoxide dismutase 2 (G) and a tendency to improve glutathione
peroxidase (H) and superoxide dismutase (F) activity in the liver of HFHS-fed mice.
A trend towards lessening cyclooxygenase-2 protein expression (I) and a
significant reduction in the NFkB/IkB ratio (K) were found after CE treatment. CE
administration did not affect TNFa protein synthesis (J) in the liver. n=11-12 (A-D);
n=6-7 (E-K). Data are expressed as the mean +SEM. *p<0.05 vs. Chow controls;
#n<0.05 vs. HFHS controls.

Figure 3. CE administration increases insulin sensitivity, alleviates diet-
induced hyperinsulinemia and improves insulin resistance in HFHS-fed mice.
Mice were 12 hours fasted for fasting glycemia (A) and fasting insulinemia (B)
determination. Mice were 6 hours fasted and an insulin tolerance test (C) was
performed after an intraperitoneal injection of insulin (0.75 Ul/kg body weight). (D)

Area under the curve for insulin tolerance tests. Animals were fasted overnight (12
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h) and an oral glucose tolerance test (E) was performed after gavage with glucose
(1 g/kg body weight). (F) Area under the curve for oral glucose tolerance tests.
Blood samples were collected at each time point during OGTT for insulinemia (G,
H) and C-peptide (I, J) determination. (K) Homeostasis model assessment of
insulin resistance (HOMA-IR) index. n=11-12 (A, E and F); n=7-8 (B-D, G-K). Data
are expressed as the mean +SEM. *p<0.05 vs. Chow controls; “p<0.05 vs. HFHS

controls.

Figure 4. CE administration reduced circulating LPS and ameliorated
oxidative stress and inflammation in the jejunum. CE-treated mice displayed
reduced circulating LPS levels in comparison with untreated HFHS-fed mice (A).
Jejunal triglyceride accumulation (B) were lessened in CE-treated mice, however
no changes were detected in malondialdehyde levels (C). CE administration
increased superoxide dismutase 2 activity (E), whereas superoxide dismutase (D)
and glutathione peroxidase (F) activities were unchanged after CE treatment.
Cylooxygenase-2 (G) and TNFa (H) protein expression, as well as the NFkB/IkB
ratio (1), were significantly reduced in CE-treated mice as compared to HFHS
controls. n=6-7 (A-1). Data are expressed as the mean +SEM. *p<0.05 vs. Chow

controls; *p<0.05 vs. HFHS controls.

Figure 5. Metagenomic analysis. Feces were harvested at the end of the two first
weeks of adaptation (week 0 and week 1), when all groups were pre-fed a Chow
diet. Feces were also collected at the end of week 5 and week 9, representing
respectively 4 and 8 weeks of HFHS feeding for HFHS and CE mice. Chow
animals were fed a normal-chow diet throughout the study (see supplementary
Figure S1 for further details). (A) Principal component analysis of gut
microbiota metagenomes. The PCA analysis focus on grouping sampled fecal
communities with respect to diet/treatment (Chow, HFHS, CE) and time of stool
sampling (week 0, 1, 5, or 9) using principal components. This plot shows the
degree of bacterial taxonomic similarity between metagenomic samples at the
genus level; the closer the spatial distance between samples, the more similar they

are with respect to both axes (PC1 and PC2). Chow: green dots; HFHS: yellow
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triangles; CE: red squares. Samples with the highest taxonomic similarity are
clustered together and illustrated in the plot by a grey circle. Samples representing
the most dissimilar bacterial communities in comparison with the cluster of
metagenomes included in the grey circle are identified by a yellow (HFHS) or red
(CE) circle. (B) Relative abundance distribution of OTU sequences (97% level).
Percentages of total OTU sequences taxonomically assigned to bacterial phyla
from fecal metagenomes of Chow, HFHS or CE mice at weeks 0, 1, 5, and 9. (C)
Statistical comparisons of gut metagenomic profiles at the genus level. Plots
showing significant differences in abundance of reads assigned to a given bacterial
genus between week 1 and week 9 for Chow, HFHS and CE diets. The bar graphs
on the left side display the mean proportion of sequences assigned to each genus.
The dot plots on the right side display the difference in mean proportions between
week 1 and week 9 with associated g-value. Error bars on both sides of dots
represent the 95% confidence intervals. Only features (genus) with a g-value of

>0.05 and a difference between proportions value >1 were considered.
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Figure 2: Effects of CE administration on plasma and liver lipid profiles,
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Figure 3: CE administration increases insulin sensitivity, alleviates diet-
induced hyperinsulinemia and improves insulin resistance in HFHS-fed mice.
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Figure 5: Metagenomic analysis.
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Supplemental material

Supplemental Figure S1. Experimental Design. Eight-week-old C57BI/6J male
mice (n=36, Jackson, USA) were bred two animals per cage in a controlled
environment with food and water ad libitum. After two weeks of acclimation (week 0O
and week 1) on a normal-chow diet (Teklad 2018, Harlan), mice were fed either a
chow or a high-fat high-sucrose (HFHS) diet containing 65% lipids, 15% proteins
and 20% carbohydrates. Animals were randomly divided in three groups of 12
mice, and one group (assigned as CE) started to receive daily doses (200 mg/kg)
of cranberry extract (CE) by gavage, whereas the other two groups (assigned as
Chow and HFHS) received the vehicle (water). Feces were collected by the end of
weeks 0, 1, 5 and 9 for subsequent metagenomic analysis. Body weight gain and
food intake were assessed twice a week. After 8 weeks of HFHS feeding, animals
were anesthetized in chambers saturated with isoflurane and then sacrificed by

cardiac puncture. Tissues and blood were collected for subsequent analysis.

Supplemental Figure S2. Statistical comparisons of gut metagenomic profiles
at the phylum level. Plots showing significant differences in abundance of reads
assigned to a given bacterial phylum between week 1 and week 9 for Chow, HFHS
and CE mice. The bar graphs on the left side display the mean proportion of
sequences assigned to each phylum. The dot plots on the right side display the
difference in mean proportions between the week 1 and week 9 with associated g-
value. Error bars on both sides of dots represent the 95% confidence intervals.
Only features (genus) with a g-value of >0.05 and a difference between proportions

value >1 were considered.

Supplemental Figure S3. Muc2, KIf4 and Reg3g mRNA expression in the
jejunum and proximal colon. Mucin 2 (Muc2), Kruppel-like factor 4 (KlIf4) and
Regenerating islet-derived 3 gamma (Reg3g) mRNA expressions were analysed
by gPCR. Total RNA was extracted from jejunum and proximal colon and used for
cDNA synthesis. Hprt (hypoxanthine guanine phosphoribosyl transferase) was

used as the housekeeping gene. Data were calculated according to the 244
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method. Primer sequences for targeted mouse gene are available in Table S3.
n=6-8. Data are expressed as the mean *SEM. *p<0.05 vs. Chow controls;
#p<0.05 vs. HFHS controls.

Supplemental Figure S4. Statistical comparisons of gut metagenomic profiles
during adaptation period (week 0 and week 1). Plots showing significant
differences in abundance of reads assigned to a given bacterial genus between
week 0 and week 1 for Chow, HFHS and CE groups. The bar graphs on the left
side display the mean proportion of sequences assigned to each genus. The dot
plots on the right side display the difference in mean proportions between week 0
and week 1 with associated g-value. Error bars on both sides of dots represent the
95% confidence intervals. Only features (genus) with a g-value of >0.05 and a

difference between proportions value >1 were considered.
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Supplemental figures

Supplemental Figure S1: Experimental Design
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Supplemental Figure S2: Statistical comparisons of gut metagenomic
profiles at the phylum level.
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Supplemental Figure S3: Muc2, Klf4 and Reg3g mRNA expression in the
jejunum and proximal colon.
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Supplemental Figure S4: Statistical comparisons of gut metagenomic
profiles during adaptation period (week 0 and week 1).
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Supplemental tables

Table S1: Relative abundance of genera in CHOW, HFHS and CE groups.

Relative abundance (%)

Treatment CHOW HFHS CE
Taxon Week 0 1 5 9 0 1 5 9 0 1 5 9
Phylum Genus*
Actinobac  Propionibacteriu 0,00 0,00 0,08 000 000 o000 o000 0,04 o000 0,00 0,00 o0,04
teria m
Actinobac  Adlercreutzia 0,04 0,12 0,26 008 039 019 0,22 051 0,9 0,16 0,23 0,23
teria
Bacteroid Phocaeicola 0,08 0,00 o000 000 o000 o000 o000 0,00 000 0,04 0,00 0,00
etes
Bacteroid  Barnesiella 170 982 200 132 105 134 144 136 143 112 144 0,70
etes 7 3 1 2 5 0 2
Bacteroid  unclassified 43,2 33,0 229 272 27,0 249 464 128 346 266 553 8,85
etes 2 9 2 8 1 0 2 5 6
Bacteroid  unclassified 031 019 0,00 0,04 016 004 000 004 016 0,08 0,00 0,16
etes
Bacteroid  unclassified 0,19 0,23 0,00 0,00 004 004 004 000 000 0,04 0,04 0,00
etes
Firmicute  Bacillus 0,00 0,00 0,00 0,00 o000 000 000 000 000 0,00 0,00 0,08
S
Firmicute  Staphylococcus 0,00 0,00 0,00 0,00 o000 000 000 0,00 000 0,00 0,04 0,00
S
Firmicute  Melissococcus 0,00 0,00 0,04 000 o000 000 000 000 000 0,00 0,00 0,00
s
Firmicute  Lactobacillus 1,717 230 249 29 846 6,12 105 031 265 1,79 1,33 0,12
s
Firmicute  unclassified 0,00 0,00 0,04 000 000 000 000 000 000 0,08 0,00 0,00
s
Firmicute  Turicibacter 366 234 094 355 101 429 0,31 0,04 483 456 0,00 0,00
S 7
Firmicute  unclassified 0,04 0,00 000 000 000 000 000 000 000 0,00 0,00 0,00
s
Firmicute  unclassified 0,00 0,26 047 074 039 012 0,12 0,12 058 051 058 0,9
s
Firmicute  Clostridium 0,00 0,00 004 004 012 035 1,75 019 0,22 0,00 0,00 0,00
s
Firmicute  Acidaminobacter 0,00 0,00 0,00 000 000 000 000 000 000 0,00 0,00 0,00
s
Firmicute  Anaerovorax 0,00 0,00 0,00 000 000 000 000 000 000 0,00 0,00 0,00
s
Firmicute Eubacterium 082 238 129 105 214 0,23 019 035 0,08 581 0,19 0,27
s
Firmicute  Dehalobacterum 0,00 0,00 0,16 0,12 0,12 0,00 000 0,12 0,19 0,00 0,08 0,16
s
Firmicute  Eubacterium 0,16 0,19 004 0,12 0,27 019 0,16 249 0,12 0,00 0,39 1,17
s
Firmicute  Anaerostipes 0,00 0,00 0,26 0,12 000 0,6 004 0,00 0,12 0,00 0,00 0,00
s
Firmicute  Bacteroides 0,08 0,08 019 008 000 000 000 000 004 0,08 0,00 0,00
s
Firmicute  Blautia 0,04 0,16 0,16 008 000 0,12 0,00 0,08 0,00 0,00 0,04 0,00

S
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Table S2: Proportion of sequences assigned to bacterial taxa.

Treatment Genus’ Proportion (%)
Week 1 Week 9
Unclassified Porphyromonadaceae’ 43,2 27,2
Unclassified Lachnospiraceae” 12,3 16,8
Clostridium 8,7 12,9
% Barnesiella 17,1 13,3
5 Oscillibacter 3,1 6,8
Acetivibrio 0,5 1,9
Lactobacillus 1,7 3,0
Pseudoflavonifractor 0,2 1,2
Oscillibacter 2,5 25,4
Unclassified Porphyromonadaceae’ 27,0 12,9
Turicibacter 10,0 0,04
Barnesiella 10,4 1,3
" Lactobacillus 8,5 0,3
E Akkermansia ) 3,3 7,8
T Unclassified Clostridiales 0,5 4.8
Allobaculum 0,0 3,5
Ruminococcus 0,4 3,7
Clostridium 10,1 13,3
Unclassified Firmicutes 2,6 0,1
Akkermansia 3,1 30,2
Unclassified Porphyromonadaceae” 34,6 8,9
Oscillibacter 3,9 18,0
Barnesiella 14,3 0,7
Turicibacter 4,7 0
" Ruminococcus 0,5 3,5
O Lactobacillus 2,7 0,1
Acetivibrio 2,1 0,1
Unclassified RF39 (Mollicutes)’ 1,5 0,04
Eubacterium 0,2 1,4
Unclassified Firmicutes 1,3 0,1
Oscillospira 0,8 2,0

"Taxa marked with asterisk could not be assigned to any of the genera and are
shown at the lowest common taxon
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Table S3: Primer sequences

Gene Forward sequence Reverse sequence

Hprt CCCCAAAATGGTTAAGGTTGC AACAAAGTCTGGCCTGTATCC
Muc?2 ACGTGTCATATTTGCACCTCT TCAACATTGAGAGTGCCAACT
Klf4 GTAGTGCCTGGTCAGTTCATC AACCTATACCAAGAGTTCTCATCTC
Reg3g TTCCTGTCCTCCATGATCAAA CATCCACCTCTGTTGGGTTC
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Supplemental methods
Metagenomic analysis

Bacterial DNA extraction. DNA is extracted as described in (414) using a
combination of physical cell-disruption (Bead-beater) and silica column purification
using QlAamp DNA Stool Mini Kit (QIAGEN, Missisauga, ON, Canada) (414).
Briefly, approximately 100 mg of feces are manually crushed in ASL buffer
(QIAGEN) and mixed with 0.4 g of 0.1 mm zirconium beads. Homogenisation is
carried out in a MiniBeadBeater (Biospec Products, Bartlesville, OK, USA) to break
bacterial cells. After centrifugation (1 min, 20 000 g), supernatant is treated with an
InhibitEx reagent (QIAGEN) in order to remove PCR inhibitors present in large
qguantities in the feces. RNA and proteins are degraded using RNAse (Roche
Diagnostics, Indianapolis, IN, USA) and proteinase K (QIAGEN). DNA Purification
is then carried out using QlAamp DNA Stool Mini Kit (QIAGEN) according to
supplier’'s recommendations. Total extracted DNA is quantified with a ND-1000
Nanodrop (Nanodrop Technologies, Wilmington, DE, USA). All extracted DNA
samples were pooled according to dietary/treatment conditions (Chow, HFHS, and
CE) and time of sampling (weeks 0, 1, 5 and 9) which resulted in a total of 12 DNA
samples.

16S rRNA gene amplification and purification. For each pooled DNA sample, a
fragment of the V6-V8 hypervariable region of the bacterial 16S rRNA gene was
amplified by PCR with bar-coded primers adapted from existing rRNA primers as
described in Comeau et al. (2). The PCR reaction mixture contained 1 pL of
template DNA, 200 pM of each dNTP (Feldan Bio), 1X HF polymerase buffer
(NEB), 0.2 uM of each 454 primer (Invitrogen), 0.4 mg/mL BSA (Fermentas), 1 U of
Phusion High-Fidelity DNA polymerase (NEB). The PCR program was as follows:
an initial cycle at 98°C during 30 s, followed by 30 cycles of denaturation at 98°C
for 10 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, with a final
extension of 72°C during 5 min. PCR products were purified using the QIAquick

PCR purification kit (QIAGEN). The concentration of the samples was evaluated
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spectrophotometrically using a NanoDrop ND-1000 (Thermo scientific). Final

amplicon mean length varied between 497-507 bp for all samples.

454 pyrosequencing. Sequencing of the 12 bar-coded amplicons was conducted
using 1/8" plate on a single run of Roche 454 GS-FLX Titanium platform at the
IBIS (Institut de Biologie Intégrative et des Systémes - Université Laval). The
pyrosequencing run yielded 132611 sequences with numbers of reads varying

between 4560 and 8745 per sample.

Raw sequence pre-processing quality control and re-sampling. After de-
multiplexing of the raw 454 reads by the Roche MID (multiplex identifier) script, a
series of sequence processing was carried out with Mothur (3) to remove low
quality. Briefly, reads were filtered using the following restrictions: presence of one
or more uncertain bases (N); too short (<150 bp after adaptor and bar-code
removal) or too long reads (greater than expected amplicon size); sequences that
begin with low quality (incorrect F primer) or containing homopolymers longer than
8 nucleotides. All bases beyond the R primer were trimmed. According to Huse et
al., those quality control steps have shown to reduce reads 454 sequencing error
rates <0.2% (4). Mothur was used to identify and eliminate chimeric reads and
sequences considered as contaminants (with mitochondrial or chloroplastidial
origin). Reads that passed the above quality filter were then aligned against SILVA
reference alignments using the k size= 9 parameter. Then, aligned reads were
manually screened to remove all misaligned sequences. All aligned reads were
randomly re-sampled according to their respective bar-code to equalize the
number of reads between all samples. After re-sampling, each of the 12 samples
contained 2566 reads which was equal to the smallest amount of sequences

originally found in the bar-coded samples.

OTU detection. Sequences that successfully passed pre-processing and filtering
steps were used in Mothur to generate a pair wise distance matrix from which
reads were then clustered into OTUs (Operational Taxonomic Units) using the
furthest-neighbor algorithm and specifying a distance cutoff value of 0.03. The

sequence identity threshold of 97% allows reasonable discrimination of sequences
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at the species- or at least genus-level (5-7). The choice of a clustering distance of
0.03 is also judicious considering that the intragenomic distance between 16S
rRNA gene copies is typically less than 0.03, and thereby avoiding classifying
replicate 16S rRNA gene sequences from the same genome into different OTUs
(8). Singletons (OTUs with a unique sequence occurring only once among all

reads) were discarded at this step.

OTU identification. Taxonomical classification of OTUs was carried out in Mothur
with the Wang method (9) and a 50% bootstrap cut-off value. This strategy has
been shown to be 295% accurate at the genus level on real and simulated
pyrosequencing reads (4; 10; 11), even for much shorter sequences (around 80
pb) than those produced in this study (10). As described in Comeau et al.,
representative sequences of each OTU were taxonomically assigned comparing
them to a customized collection of reference sequences based on the Greengenes
(2; 12) and the RDP databases (13), and trimmed to the V6-V8 region.

Statistical comparisons of metagenomic samples. We employed the Statistical
Analysis of Metagenomic Profiles (STAMP; version 2.0.0) statistical probability
model to identify biologically relevant differences between metagenomic
communities (14). This model allows choosing appropriate statistical methods to
evaluate differences in the proportions of sequences assigned to different
taxonomic groups between metagenomes, while considering effect sizes and
confidence intervals in assessing biologically relevant differences. Statistically
significant differences between taxonomic profiles (at the genus-level) of multiple
metagenomic samples obtained after different dietary and temporal conditions
were calculated from Principal Component Analysis (PCA), using ANOVA model
combined with the Tukey-Kramer method as Post-hoc test, and the Storey's false-
discovery-rate (FDR) or Benjamini-Hochberg FDR method as a multiple-hypothesis
test correction. Two-way comparisons of taxonomic distributions (at the genus-
level) between metagenomic samples (e.g. HFHSO vs HFHS9) were tested within
STAMP, using the Fisher's exact test associated with the Newcombe-Wilson

method for calculating confidence intervals (hominal coverage of 95%). To indicate
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the percentages of false positives (reported by q values) that should be expected
among all significant taxonomic units illustrated on extended error bar plots, a
Storey or Benjamini-Hochberg FDR approach was employed. Two filters were
applied to all analyses performed with STAMP to remove features with a g value of

>0.05 or an effect size <1.
Cranberry extract and phenolic characterization

Plant material and chemicals. Standardized cranberry (Vaccinium macrocarpon L.)
extract was provided by Nutra Canada (Quebec, Canada). The phenolic standards
were obtained from Sigma-Aldrich (MO, USA) except for cyanidin 3-glucoside,
which was purchased from Extrasynthése (France).

Total phenolic content determination. The total phenolic content of cranberry
extract was determined using Folin-Ciocalteu method, using gallic acid as
standard. In a 96-well plate, 100 pl of a water-diluted Folin-Ciocalteu reagent (1/10)
and 80 pul of sodium carbonate solution (75 g/l) were added to 20 ul of a 20%
MeOH 0.1% TFA solution of the extract. After incubation for 1h at room
temperature, the absorbance was measured at 765 nm using a BMG Labtech

Fluostar Omega microplate reader.

Characterization of anthocyanins and procyanidins. Anthocyanins were
characterized by reverse-phase analytical HPLC using an Agilent 1100 series
system equipped with a diode array detector. The separation was performed on a
Phenomenex Develosil C18 reverse-phase column (250 mm x 4 mm, 5 ym particle
size), protected with an Ultrasep C18 guard column, using a previously described
methodology (15). Anthocyanins were quantified using cyanidin 3-glucoside as
standard. Procyanidins were characterized by normal-phase analytical HPLC using
an Agilent 1260/1290 infinity system equipped with a fluorescence detector. The
separation was performed at 35°C on a Phenomenex Develosil Diol column (250
mm x 4.6 mm, 5 ym particle size), protected with a Cyano SecurityGuard column,
using a published methodology (16). The fluorescence was monitored at excitation

and emission wavelengths of 230 and 321 nm. Procyanidins with degrees of
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polymerization (DP) from 1 to >10 were quantified using external calibration curve
of epicatechin, taking into account their relative response factors in fluorescence
7).

Characterization of phenolic acids and flavonoids. Phenolic acids and flavonoids
were analyzed using a Waters Acquity UHPLC-MS/MS equipped with an H-Class
guaternary pump system, a flow through needle (FTN) sample manager system, a
column manager and a TQD mass spectrometer equipped with a Z-spray
electrospray interface. The separation was achieved at 40°C on an Agilent Plus
C18 column (2.1 mm x 100 mm, 1.8 um) with a flow rate of 0.4 ml/min. The mobile
phase consisted of 0.1% formic acid in ultrapure water and acetonitrile (solvent A
and B respectively) was used with following gradient conditions: 0-4.5 min, 5-20%
B; 4.5-6.45 min, 20% B, 6.45-13.5 min, 20-45% B; 13.5-16.5 min, 45-100% B;
16.5-19.5 min, 100% B; 19.5-19.52 min, 100-5% B; 19.52-22.5 min, 5% B. The
MS/MS analyses were carried out in negative mode using following electrospray
source parameters: electrospray capillary voltage: 2.5 kV, source temperature:
140°C, desolvation temperature: 350°C, cone and desolvation gas flows: 80 I/h
and 900 I/h respectively. Data were acquired through multiple reaction monitoring
(MRM) using Waters Masslynx V4.1 software. Phenolic standards were analyzed

using the same parameters and used for the quantification.

Characterization of simple sugars and fibers. Sugars were extracted from
cranberry extract using 80% ethanol. After heating at 70°C for 10 minutes, the
solution was centrifuged (5 minutes, 3000 rpm, 4°C), evaporated and resuspended
in ultrapure water. The characterization was achieved by HPLC using a Waters
600 system equipped with a LKB Bromma 2142 refractometer. The separation was
performed on a Waters Sugar Pak column (300 mm x 6.5 mm, 10 um particle size)
with an isocratic elution with EDTA 5 mg/l at a flow rate of 0.5 ml/min. Total dietary
fibers were determined using the AOAC 985.29 procedure.
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Data analysis. All phenolic characterizations were carried out in triplicate and

results were expressed as mean + standard deviation (SD).

Immunoblot Analysis. Tissues were frozen with liquid nitrogen and then crushed in
order to obtain homogeneous powdered samples. Proteins were denatured in a
buffer containing SDS and 3-mercaptoethanol, separated on a 7.5% SDS-PAGE
and electroblotted onto Hybond nitrocellulose membranes (Amersham, Canada).
Bradford assay (Bio-Rad, Ontario, Canada) was used to determine the protein
concentration of each sample. Signals were detected with an enhanced
chemiluminescence system for antigen-antibody complexes. Unspecific binding
sites in the membranes were blocked by defatted milk proteins. Membranes were
then incubated with the following primary antibodies: 1:1000 polyclonal anti-COX-2
(70 kDa; Novus, Canada); 1:10000 polyclonal anti-NF-kB (65 kDa; Santa Cruz
Biotechnology, USA); 1:5000 polyclonal anti-IkB (39 kDa; Cell Signaling, USA);
1/5000 polyclonal anti-tumor necrosis factor (TNF)-a (26 kDa; R&D, Canada) and
1:40000 monoclonal anti-p-actin (42 kDa; Sigma, USA). The relative amount of
primary antibody was detected with specie-specific horseradish peroxidase-
conjugated secondary antibody (Jackson, USA). Blots were developed and the
protein mass was quantitated by densitometry using an HP Scanjet scanner

equipped with a transparency adapter and the UN-SCAN-IT gel 6.1 software.
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Résumé

Les canneberges sont de riches sources de polyphénols et nous avons démontré
I'effet préventif d'un extrait de canneberge enrichi en polyphénols (CE) sur
l'inflammation intestinale, 'hnoméostasie hépatique et la résistance a l'insuline chez
des sourissur régime obésogeéne. Dans la présente étude, nous avons étudié le
potentiel du CE pour renverser I'obésité chez des souris ainsi que son interaction
avec différents régimes alimentaires. Les souris ont d’abord été nourries soit a une
diete saine (Chow) ou a un régime de haute teneur en gras et en sucrose (HFHS)
pendant 13 semaines. Par la suite, les souris ont été traitées avec le CE (200
mg/kg, Chow+CE, HFHS+CE) ou le véhicule (Chow, HFHS) pendant 8 semaines
supplémentaires. Le traitement avec le CE n'a pas renversé le gain de poids ou
l'accumulation de masse grasse chez des souris nourries avec une diete Chow ou
HFHS. Cependant, nous avons constaté une nette amélioration de la stéatose
hépatique, une meilleure tolérance a l'insuline et au glucose et une amélioration de
la résistance a linsuline chez des souris HFHS+CE versus des souris HFHS
traitées au véhicule. Des souris nourries avec un régime chow et traitées avec CE
ont démontré un métabolisme de glucose similaire par rapport aux souris témoins
chow traitées au véhicule. Le microbiote intestinal des souris HFHS+CE a été
caractérisé par une diminution du rapport Firmicutes/Bacteroidetes, une expansion
drastique d’Akkermansia muciniphila et, dans une moindre mesure, une
augmentation de I'abondance relative du genre Barnesiella. Chez les souris
Chow+CE, nous avons constaté une altération moins prononcée de la
communauté intestinale associée principalement a une expansion de certaines
Clostridiales et Lachnospiraceae non classées. L'expansion d’A. muciniphila et
Barnesiella a également été trouvée dans le microbiota intestinal de souris
chow+CE, mais dans une moindre mesure par rapport a ce qui fut observeé dans le
microbiote des souris HFHS+CE. L’ensemble de nos résultats soulignent l'axe
intestin-foie comme étant une cible principale du CE qui,en association avec
'augmentation d’A. muciniphila dans le microbiota intestinal, est suffisant pour

ameliorer I'hnoméostasie glycémique et la résistance a l'insuline.

103



Abstract

Objective: Previous studies have reported that polyphenol-rich extracts from
various sources can prevent obesity and associated gastro-hepatic and metabolic
disorders in diet-induced obese (DIO) mice. However, whether such extracts can
reverse obesity-linked metabolic alterations remains unknown. In the present
study, we aimed to investigate the potential of a polyphenol-rich extract from
cranberry (CE) to reverse obesity and associated metabolic disorders in DIO-mice.
Methods: Mice were pre-fed either a Chow or a High Fat-High Sucrose (HFHS)
diet for 13 weeks to induce obesity and then treated either with CE (200 mg/kg,
Chow+CE, HFHS+CE) or vehicle (Chow, HFHS) for 8 additional weeks. Results:
CE did not reverse weight gain or fat mass accretion in Chow- or HFHS-fed mice.
However, HFHS+CE fully reversed hepatic steatosis and this was linked to
upregulation of genes involved in lipid catabolism (eg, PPARa) and downregulation
of several pro-inflammatory genes (eg, COX2, TNFa) in the liver. These findings
were associated with improved glucose tolerance and normalization of insulin
sensitivity in HFHS+CE mice. The gut microbiota of HFHS+CE mice was
characterized by lower Firmicutes to Bacteroidetes ratio and a drastic expansion of
A. muciniphila and, to a lesser extent, of Barnesiella spp, as compared to HFHS
controls. Conclusions: Taken together, our findings demonstrate that CE, without
impacting on body weight or adiposity, can fully reverse HFHS diet-induced insulin
resistance and hepatic steatosis while triggering A. muciniphila blooming in the gut
microbiota, thus underscoring the gut-liver axis as a primary target of cranberry
polyphenols.
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Introduction

Obesity has reached pandemic proportions worldwide, significantly
contributing to reduce life quality and lifespan [1]. This condition is characterized by
abnormal and excessive fat accumulation and is influenced by both genetic and
environmental determinants. While several genetic loci have been associated with
obesity, they explain only a fraction of the total variance within populations;
moreover, genes deemed obesity-predisposing interact with environmental factors
to regulate, for instance, satiety and energy expenditure [2]. Among the
environmental determinants of obesity and its associated dysmetabolic conditions,
dietary habits play a central role. Diet also strongly influences our “other genome”
(i.e., the metagenome), modelling gut microbial community structure [3] and
impacting host metabolism and energy partitioning [4]. Research conducted
throughout the last decade has revealed a clear association between obesity and
gut microbial dysbiosis, which is generally characterized by a reduction in bacterial

richness and by major taxonomic and functional changes [5].

The consumption of fiberless diets rich in simple sugars and saturated fat
(often referred to as Western diets) generates well-known detrimental metabolic
consequences, leading to insulin resistance and glucose intolerance in the early-
term, which later evolves to overt obesity, type 2 diabetes and cardiovascular
complications. NAFLD and NASH are highly prevalent diseases often occurring in
the setting of obesity and type 2 diabetes; they may eventually progress to
hepatocellular carcinoma and importantly contribute to dysregulate glucose and
lipid homeostasis [6]. The gut exerts major influences on liver physiology, first as
both organs are anatomically and functionally connected by means of the portal
circulation, but also since bacteria and bacteria-derived molecules can translocate
from the gut to the liver and contribute to diet-induced insulin resistance and liver
disease [7, 8].

Plant-rich diets are abundant in fruits and vegetables and strongly linked to
lean and healthy phenotypes [9], which prompts the search for bioactive

phytonutrients to treat or prevent obesity and its related dysmetabolic conditions.
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The use of polyphenol-rich fruit extracts or isolated polyphenols as strategies to
alleviate obesity-linked diseases have been demonstrated in humans [10, 11] and
in animal models [12, 13], but the mechanisms of action are not yet fully
elucidated. Several dietary polyphenols are generally poorly bioavailable and build
up in the colon, where they are modified by gut microbial enzymes and, in turn,
reshape gut microbial communities [14]. We have previously demonstrated that a
polyphenol-rich cranberry extract prevents diet-induced obesity in high fat high
sucrose-fed mice, and these findings were linked to improved gut-liver
homeostasis and expansion of Akkermansia muciniphila population in the gut
microbiota [12]. Similar effects were reported by others using a polyphenol-rich
extract of concord grape [15] and apple proanthocyanidins [16], but no studies
have yet tested whether polyphenols can reverse an already established obesity
and more severe metabolic alterations, including hepatic steatosis and
inflammation. In the present study, we investigated the potential of a polyphenol-
rich cranberry extract to reverse an already established obesity, insulin resistance
and NAFLD, and whether such effects may be linked to the reshaping of the gut
microbiota and blooming of Akkermansia muciniphila, a well-known target of food

polyphenols.

Material and methods

Animals. All animal experiments reported in this manuscript comply with the
Animal Research: Reporting of In Vivo experiments (ARRIVE) guidelines. Eight
week-old C57BI/6J male mice (Jackson, USA) were housed 2-3 animals per cage,
kept on Sani-chips bedding and in controlled environment (12 hours daylight cycle,
lights off at 18:00) with food and water ad libitum in the animal facility of the
Québec Heart and Lung Institute (Québec, Canada). After two weeks of
acclimatization, mice were pre-fed either a healthy Chow (Teklad 2018, Harlan) or
a High-Fat/High-Sucrose (HFHS) diet for 21 weeks. Diet composition was
previously published [12] and, although the abbreviation HFHS particularly refers to

the enriched presence of saturated fat and simple sugars, it is important to stress
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that the lack of soluble fibers is a major obesogenic component of this diet [17].
During the last 8 weeks of the study (ie, from the beginning of week 13 to the
beginning of week 21), control groups (Chow, n=8 and HFHS, n=8) were orally
administered the animal facility’s drinking water whereas the treated groups
(Chow+CE, n=11 and HFHS+CE, n=10) received a cranberry extract (CE, 200
mg/kg, Nutra Canada, Québec, Canada). The polyphenolic profile of CE was
published elsewhere [12, 18]. Body weight gain and food intake were assessed
twice weekly. At week 21, animals were anesthetized in chambers saturated with
isoflurane and then sacrificed by cardiac puncture. Organs and tissues were
carefully collected and blood was drawn in tubes containing 2 IU of heparin and
immediately centrifuged in order to separate plasma from cells. All interventions
were carried out during the animals’ light cycle. All procedures strictly followed the
National Institutes of Health (NIH)'s Guide for the Care and Use of Laboratory
Animals and were previously approved by the Laval University Animal Ethics

Committee.

Glucose homeostasis. At week 17, mice were fasted for 6 hours and insulin
tolerance tests (ITT) were performed after intraperitoneal injections of insulin (0.75
Ul/kg body weight). Glycemia was measured with an Accu-Check glucometer
(Bayer) before (0 min) and after (10, 20, 30, 60 and 90 min) insulin injection. At the
end of week 19, mice were fasted overnight (12 h) and oral glucose tolerance tests
were carried out (OGTT, 1 g of glucose/kg body weight). Blood was collected
before (0 min) and after (15, 30, 60, 90 and 120 min) glucose challenge for
glycemia determination. Blood samples (~30uL) were collected at each time point
during OGTT and insulinemia was determined using an ultra-sensitive ELISA kit
(Alpco, USA). The homeostasis model assessment of insulin resistance (HOMA-
IR) index was calculated based on the following formula: fasting insulinemia

(MUI/mL) x fasting glycemia (mM)/22.5.

Oil red O staining. During necropsies, mouse livers were embedded in
Tissue-Tek® OCT, immediately snap-frozen in liquid nitrogen and stored at -80 °C.

Staining of neutral lipids was based on the methods described by Mehlem et al.
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with some adaptations [19]. Briefly, 12 um liver sections were allowed to equilibrate
at room temperature for 5 minutes and then post-fixed with a Formalin
(10%)/Calcium (2%) solution for 15 minutes. The sections were then incubated
with oil red O (ORO) working solution at room temperature for 5 minutes, followed
by a 5- minute clearing in 60% isopropyl alcohol and a counterstaining of 15

seconds with Mayer's hematoxylin.

Q-PCR and antioxidant enzymes. Gene mRNA expression analysis by g-
PCR and quantification of antioxidant enzymes were carried out as previously
described [12]. Primer sequences used were: (5— 3) PPARa F-
CGACCTGAAAGATTCGGAAA, R- GGCCTTGACCTTGTTCATGT; PPARy F-
CAGGCCTCATGAAGAACCTT, R- GCATCCTTCACAAGCATGAA; SREBP1c F-
GACCCTACGAAGTGCACACA, R- TCATGCCCTCCATAGACACA; SREBP2 F-
CGACCAGCTTTCAAGTCCTG, R- CCTGTACCGTCTGCACCTG; LXRa F-
GGAGTGTCGACTTCGCAAAT, R- CTTGCCGCTTCAGTTTCTTC; LXRB F-
AAACGATCTTTCTCCGACCA, R- ATGGCTAGCTCGGTGAAGTG; COX2 F-
GCTGTACAAGCAGTGGCAAA, R- CCCCAAAGATAGCATCTGGA; TNFa F-
GAACTGGCAGAAGAGGCACT, R- AGGGTCTGGGCCATAGAACT; NFkB F-
AGCTTCACTCGGAGACTGGA, R- ACGATTTTCAGGTTGGATGC; IkB F-
TGGCCAGTGTAGCAGTCTTG, R- GACACGTGTGGCCATTGTAG.

Cecal mucin determination. Cecal contents were collected at week 21,
snap-frozen in liquid nitrogen and stored at -80 °C. Cecal feces were freeze-
powdered and the presence of mucins was determined using a fluorometric assay
kit (Cosmo Bio, Japan) that discriminates O-linked glycoproteins (mucins) from N-

linked glycoproteins.

Fecal samples. Fecal samples were freshly collected at baseline (week 13)
and week 21 and immediately stored at -80 °C. Bacterial genomic DNA was
extracted from approximately 50 mg of fecal material collected from each cage.
Samples were resuspended in lysis buffer containing 20 mg/ml lysozyme and
incubated for 30 minutes at 37°C. Further lysis was performed by adding 10% SDS

and proteinase K to 350 pg/ml followed by incubation for 30 minutes at 60°C.
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Samples were homogenized using a bead beater and 0.1mm zirconium beads and
then processed using a DNA extraction kit (DNeasy, Qiagen). DNA vyield was
assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).
Extracted DNA was stored at -20 °C until use. Each DNA sample was
subsequently used for 16S amplification of the V3-V4 region using the primers
341F (5'-CCTACGGGNGGCWGCAG-3) and 805R (5'-
GACTACHVGGGTATCTAATCC-3') adapted to incorporate the transposon-based
lllumina Nextera adapters (lllumina, USA) and a sample barcode sequence
allowing multiplexed paired-end sequencing. Constructed 16S metagenomic
libraries were purified using 35 pL of magnetic beads (AxyPrep Mag PCR Clean up
kit; Axygen Biosciences, USA) per 50 pL PCR reaction. Library quality control was
performed with a Bioanalyzer 2100 using DNA 7500 chips (Agilent Technologies,
USA). An equimolar pool was obtained and checked for quality prior to further
processing. The pool was quantified using picogreen (Life Technologies, USA) and
loaded on a MiSeq platform using 2 x 300 bp paired-end sequencing (lllumina,
USA). High-throughput sequencing was performed at the IBIS (Institut de Biologie

Intégrative et des Systemes - Université Laval).

16S rRNA gene-based gut microbial analysis. Generated and
demultiplexed sequences were analyzed using the QIIME software package
(version 1.9.1). Paired-end sequences were merged with at least a 50-bp overlap
using fastg-join . Resulting sequences containing ambiguous or low quality reads
(Phred score < 25) were removed from the dataset. Forward and reverse primers
were trimmed from the filtered sequences; reads with at least one reverse primer
mismatch or where the reverse primer was not found were discarded. Chimera
checking and filtering was performed using UCHIME (4). OTU (Operational
Taxonomic Units)-picking from post-filtering reads was performed using USEARCH
61 version 6.1.544 [20] with an open-reference methodology, which consisted of
clustering sequences de novo at 97% identity threshold if they did not hit the
reference sequence collection. Representative OTU sequences were assigned
taxonomy against the Greengenes reference database (August 2013 release) [21]
using the RDP-classifier [22]. Singleton OTUs and OTUs with a number of
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sequences < 0.005% of total number of sequences were discarded at this step
[23]. Unclassified OTUs at the genus level against Greengenes were further
investigated with the RDP classifier against the RDP database (version September
30, 2016) [24] using a minimum bootstrap cutoff of 50% [25].

Statistical analysis. Two-way ANOVA with a Student-Newman-Keuls was
used to assign significance to the comparisons between groups (Sigmaplot, USA).
The significance of the differences between time points was calculated using two-
way repeated measures ANOVA with a Student-Newman-Keuls post hoc test
(Sigmaplot, USA). Data are expressed as mean += SEM. All results were
considered statistically significant at P< 0.05.

In order to illustrate B-diversity of metagenomic samples, weighted UniFrac
distance matrix was calculated at the genus level based on taxa having at least 1%
of total relative abundance. PCoA (Principal Coordinates Analysis) was performed
on the resulting distance matrix using the 'phyloseq' R package (version 1.16.2).
The statistical significance of differentially abundant and biologically relevant
taxonomical biomarkers between two distinct biological conditions was measured
using a linear discriminant analysis (LDA) effect size (LEfSe) [26]. Only taxa
meeting an LDA significant threshold of 2.5 were considered. A P-value < 0.05 was
considered to indicate statistical significance for the factorial Kruskal-Wallis rank-

sum test.
Results

CE administration throughout 8 weeks did not reverse body weight gain in
both Chow- and HFHS-fed mice (Figures 1A). Accordingly, we found similar energy
intake and fat mass accumulation when comparing Chow versus Chow+CE and
HFHS versus HFHS+CE (Figures 1B, C). The livers of CE-treated HFHS-fed mice
tended to be lighter than those of untreated HFHS-fed mice (Figure 2A) and, during
necropsies, we noted that the livers of untreated HFHS-fed mice were pale and
clearly steatotic whereas those of HFHS+CE mice displayed a reddish healthy

aspect (Figure 2C, top panel). Accordingly, quantification of liver triglycerides and
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ORO staining revealed massive triglyceride accumulation in the livers of HFHS
mice, which was fully reversed in HFHS+CE mice (Figures 2B-D). CE
administration did not reduce triglyceride levels in the liver of healthy Chow-fed
mice (Figures 2B-D) and fasting plasma triglycerides were not affected by diet or

treatment (Figure 2E).

Liver MDA levels were reduced in HFHS+CE mice when compared with
vehicle-treated HFHS mice (Figure 2F), suggesting lower lipid peroxidation.
Conversely, levels of superoxide dismutase (SOD, SOD2), glutathione peroxidase
(GPx) and catalase, all important constituents of the cell’s anti-oxidant defense,
were not affected by diet, treatment or the interaction of both (Figures 2F).
Interestingly, CE administration reversed the HFHS-induced mRNA overexpression
of cyclooxygenase-2 (COX2), tumor necrosis factor-a (TNFa), nuclear factor k-
light-chain-enhancer of activated B cells (NFkB) and NFkB inhibitor (IkB),
suggesting a broad resolution of diet-induced hepatic inflammation in HFHS-fed
CE-treated mice (Figures 2G). Consistent with improved hepatic steatosis we
found higher mRNA levels of peroxisome proliferator-activated receptor a (PPARa)
and lower levels of both sterol regulatory element-binding protein 1 and 2
(SREBP1/2) transcripts in the livers of HFHS+CE mice versus HFHS mice (Figures
2H). Unexpectedly, the mRNA expression of PPARy and liver X receptor a and 8
(LXRa/B), all nuclear factors linked to lipid anabolism, was upregulated in

HFHS+CE in comparison with vehicle-treated HFHS-fed mice (Figures 2H).

We then sought to investigate whether glucose homeostasis and insulin
sensitivity were affected by CE administration in diet-induced obese mice. We
found lower glycemia 10 and 15 minutes after insulin injection (Figure 3A) and
lower area under the ipITT curves (Figure 3B) in CE-treated versus vehicle-treated
HFHS-fed mice. Despite lower glycemia 5 minutes after insulin injection in
Chow+CE as compared with Chow mice (Figure 3A), the overall insulin response
was not different between these two groups as suggested by similar area under the
ipITT curves (Figure 3B). We found lower glucose excursions 30, 90 and 120

minutes after oral glucose challenge (Figure 3C) and reduced area under the
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OGTT curves (Figure 3D) in HFHS+CE versus HFHS mice. Importantly,
determination of insulinemia during OGTT revealed that improved glucose
tolerance in HFHS+CE mice was achieved despite lower basal and 15 minutes
insulin levels post-glucose challenge (Figure 3E), which is in agreement with
improved insulin sensitivity in these animals. Glucose tolerance and insulinemia
during OGTT were not different between CE-treated and vehicle treated mice on
the Chow diet (Figure 3C-E).

Fecal DNA was extracted and 16S rRNA-based microbial profiling was
performed in order to investigate whether the phenotypic traits of Chow, Chow+CE,
HFHS and HFHS+CE were associated with changes in gut microbial community
structure. B-diversity was generally assessed by means of principal component
analysis (PCoA) on weighted unifrac distances and revealed a clear diet-induced
separation in the microbial composition of Chow- and HFHS-fed mice (PCol,
57,1%) (Figure 4A). Treatment also importantly influenced the gut microbiota
(PCo2, 21,3%) and separated vehicle- and CE-treated microbial communities of
both Chow- and HFHS-fed mice (Figure 4A). B-diversity changes between HFHS
and HFHS+CE were accompanied by a drop in the Firmicutes to Bacteroidetes
ratio in HFHS+CE mice versus vehicle-treated HFHS-fed mice (Figure 4B). LEfSe
analysis disclosed that obesity-driven dysbiosis was mostly explained by a
reduction in the populations of Barnesiella, Bifidobacterium, Turicibacter,
Anaerostipes and Clostridium and an expansion of Peptostreptococcaceae,
Clostridiales, Oscillospira, Oscillibacter, Clostridiaceae and Anaerotruncus (Figure
4C). Administration of CE to Chow-fed mice was associated with an increase of
Clostridiales, Lachnospiraceae and Akkermansia muciniphila (Figure 4D and
Supplemental figure 1), whereas in HFHS-fed mice CE-treatment was related to
expansion of A. muciniphila, Coprobacillus and Barnesiella (Figure 4E and

Supplemental figure 1).

Because the presence of A. muciniphila in the gut microbiota has been
linked to improved intestinal barrier and mucus layer integrity [27, 28], we

assessed fecal mucin as a readout of mucus layer thickness. We found a reduction
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in fecal mucin in HFHS-fed mice as compared to Chow-fed mice, which tended to
be reversed in HFHS+CE (P=0.06, HFHS vs HFHS+CE; two-way ANOVA with

Student-Newman-Keuls post hoc test) (Figure 5).
Discussion

We and others have previously shown that treatment with polyphenol-rich
extracts for 8 weeks significantly protected against diet-induced obesity and also
resulted in reduced hepatic steatosis and intestinal inflammation, traits linked to a
drastic expansion of A. muciniphila in the gut microbiota [12, 15]. In these studies,
however, it was not possible to determine to what extent the preventive effects of
such extracts were secondary to lower body weight gain and reduced fat mass
accretion. In the present study, we now document that CE can protect against two
major metabolic complications of obesity, insulin resistance and NAFLD,

independently from changes in body weight or adiposity.

The marked reduction of fat deposition in the livers of CE-treated mice was
accompanied by reduced hepatic inflammation, as suggested by downregulation of
COX2, TNFa, NFkB and IkB mRNA expression. Conversely, enzymatic
components of the cellular antioxidant machinery (i.e. SOD1, SOD2, GPx,
catalase) were unaltered in the liver of HFHS+CE mice, and similar results were
found in db/db mice supplemented with a cranberry powder [29]. Importantly, lower
hepatic levels of MDA indicate that lipid peroxidation is decreased in HFHS+CE
mice. This is possibly explained by the lower availability of triglycerides in the liver
of HFHS+CE. In addition, CE may counter ROS-induced lipid peroxidation by
alleviating inflammation, which may contribute to tone down ROS formation.
Moreover, since CE did not alter the amount of antioxidant enzymes in the liver, it
is also plausible that CE polyphenols directly neutralize ROS, which would further

contribute to reduce lipid peroxidation.

Consistent with augmented lipid catabolism in the liver, we found higher
mRNA levels of PPARa and lower amount of mRNA transcripts of SREBP1 and
SREBP2 in HFHS+CE mice when compared with untreated HFHS-fed mice.
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However, in apparent contradiction with lower hepatic steatosis, CE treatment was
associated with higher mRNA expression of PPARy and upregulation of LXRa and
LXRB mRNA in HFHS-fed mice. PPARa is a key nuclear receptor to steatogenesis,
being highly expressed in the liver and the principal activator of PPAR-responsive
elements (PPRES) in this organ [30, 31, 32]. It is conceivable that PPARa-related
activation of B-oxidation genes likely overcomes PPARy-driven stimulation of
lipogenesis in the liver of HFHS-fed CE treated mice. Moreover, PPARy and LXR
are both highly expressed in Kupffer cells (liver resident macrophages), where their
activation is linked to anti-inflammatory effects [33, 34]. Macrophage PPARy and
LXRa/B may account for the increased hepatic expression of these nuclear
receptors in HFHS+CE mice versus HFHS mice, and may also contributed to
alleviate hepatic inflammation in HFHS-fed CE treated mice. Interestingly, since
activation of hepatic PPARy and LXR are both linked to reduced hepatic glucose
output [30, 35, 36], our results also point to a role of these two nuclear receptors in
the CE-related benefits to glucose homeostasis. Taken together, our findings
suggest that CE alleviates steatogenesis by targeting PPARa, which, in parallel to
PPARy and LXRa/f upregulation, enhances hepatic immune-metabolic status
while sustaining increased lipid catabolism in the liver. It is noteworthy that the
massive lipid deposition observed in the liver of HFHS-fed mice did not result in
dyslipidemia in our model, as suggested by similar levels of fasting plasma
triglycerides found among groups. While this is presumably linked to the fact that,
as opposed to humans, mice have a low LDL/high HDL cholesterol profile, which
might favor hepatic lipid storage and limit dyslipidemia in diet-induced obese mice
[37], this observation indicates that the marked effect of CE on hepatic triglyceride
accretion is not a consequence of increased lipid mobilization to the plasma, which
is in accordance with enhanced lipid oxidation being the main mechanism of

reduced liver fat accumulation in HFHS+CE mice.

Because gut microbial factors are increasingly recognized as key drivers of
hepatic metabolism [7, 8, 38], and CE has been previously linked to major gut
microbial changes [12], we sought to investigate intestinal bacterial profiles in CE-

and vehicle-treated mice. Similarly to our previous report using a preventive
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approach [12], we found that CE administration to already obese mice triggered a
remarkable bloom of A. muciniphila in the gut microbiota of HFHS-fed mice. This
effect of CE treatment was also observed in Chow-fed mice, albeit to a lesser
extent. A. muciniphila is a Gram-negative mucin degrading bacterium strongly
correlated with healthy and lean phenotypes [5, 39], and its administration as a
probiotic was shown to reverse diet-induced obesity in mice [27, 40]. Previous
studies have demonstrated a particular association between higher A. muciniphila
and better glycemic control, which was independent of reduced visceral fat mass
deposition [41, 42]. These findings suggest that the interaction between A.
muciniphila and host metabolism is context-specific, being likely dependent on
factors such as gut community structure, the severity of the dysmetabolic condition
and the host’s genetic background. Indeed, Shin et al showed that the metformin-
like effects of A. muciniphila on glucose tolerance were only achieved with doses
higher than 4x10” CFU in diet-induced obese mice [28]. Our results revealed that,
upon a 21-week long HFHS regimen, the CE-related increase in A. muciniphila
population was not linked to lower fat accumulation, but it was rather associated

with improved glucose metabolism and alleviated hepatic steatosis.

Despite the fact that LEfSe analysis did not classify A. muciniphila as a key-
phylotype of Chow+CE mice, we found a small, yet significant, increase in this
taxon in Chow-fed CE-treated mice versus vehicle-treated Chow-fed mice by
applying a distinct statistical approach. Because Chow-fed mice are metabolically
healthy, this finding was not associated with major changes in glucose
homeostasis or weight gain. However, this result is of great relevance as it
suggests that CE may still favor an expansion of A. muciniphila in healthy
individuals, which might be protective in the long-term. Moreover, Lachnospiraceae
and Clostridiales were both ranked as important discriminative taxa between
Chow+CE and vehicle-treated Chow-fed mice. This may be related to the capacity
of certain species within the family Lachnospiraceae and the order Clostridiales to
resist to the antimicrobial effect of CE and/or utilize CE-polyphenols as substrates.
More studies are warranted to further explore the gut microbial-related protective

role of CE polyphenols in healthy mice.
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Cranberry polyphenols have been shown to improve mucus layer and villi
morphology in mice receiving elemental enteral nutrition [43]. Moreover, dietary
polyphenols increased the amount of mucin in the feces of high fat-fed mice [44].
We therefore hypothesized that CE may create a favorable environment for A.
muciniphila to thrive by boosting mucus secretion [12, 45]. In accordance with this
hypothesis, we found a strong trend (P = 0.06) towards higher mucin concentration
in the cecum of CE-treated HFHS-fed mice. Consistently, enhanced mucus layer
thickness was previously observed in DIO-mice treated with live A. muciniphila
[27]. Our data suggest that the benefits of CE to gut barrier and hepatic
homeostasis are tightly linked to expansion of A. muciniphila in the gut microbiota.

Polyphenols possess antimicrobial activity [46] and, because Gram-negative
bacteria are generally more resistant to this effect [47], A. muciniphila may find a
competitive advantage in the gut environment of CE-treated mice. Similar
mechanism might favor the presence of Barnesiella spp in the gut microbiota of
HFHS+CE mice. While little is known about the relevance of Barnesiella spp to the
host, our data stress its beneficial impact on host metabolism as they classified this
taxon as the main discriminative feature of Chow mice when compared with HFHS
mice. Moreover, it has been suggested that Barnesiella spp. confer resistance to
intestinal growth and bloodstream infection with vancomycin-resistant
Enterococcus [48], which supports a beneficial interaction between host and
Barnesiella. Coprobacillus was ranked a key-feature of HFHS+CE mice, however
its abundance is much lower than 1% and its relevance to host metabolism might

be minor in this study.

Lower Firmicutes to Bacteroidetes ratio is often considered as a key feature
of the “obese gut microbiota” [49, 50]. In our model, however, we found lower
Firmicutes to Bacteroidetes ratio in association with improved glucose and insulin
tolerance in HFHS+CE mice, traits that were unrelated with changes in body
weight and fat mass accumulation. While suggesting that CE-driven gut microbial
remodeling is primarily linked to hepatic homeostasis and the regulation of glucose

metabolism/insulin sensitivity, our findings also indicate that lower Firmicutes to
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Bacteroidetes ratio seems to influence host glucose homeostasis prior to affect
host fat mass accretion. Indeed, lower Firmicutes to Bacteroidetes ratio has been
particularly associated with better glycemic control in humans [41], and
reconstitution of germ-free mice with the fecal slurry of mice fed on a high-fat diet
for 10 weeks rendered them glucose intolerant but not obese [51]. Future studies
are warranted to determine whether CE administration for a longer period of time,
therefore more chronically exposing the host to lower Firmicutes to Bacteroidetes

ratio and higher A. muciniphila, would affect host fat mass storage.

The dose of CE used in this study (200 mg of extract/kg, 75 mg of
polyphenols/kg) is equivalent to the consumption of approximately 120 g of fresh
cranberries/day by a 60 kg individual [18]. The translation of this dose to humans,
however, is probably not straightforward. Considering the US Food and Drug
Administration’s guidelines to calculate the human equivalent dose based on body
surface area [52] we found that a 16 mg of extract/kg (6 mg of polyphenols/kg)
dose would be the human equivalent of a 200 mg/kg dose in mice. Based on this,
we estimated that obtaining 360 mg of polyphenols/60 kg from a cranberry juice
cocktail (a very popular form of consuming cranberries) would require the daily
consumption of 206.8 mL of this product (considering a cocktail containing 54% of
cranberry juice and 1.74 mg of polyphenols/mL [53]) . It is, however, important to
stress that while the polyphenolic composition of cranberry juices or cranberry juice
cocktails may be different from that of the extract, these preparations often contain
added sugars and/or artificial sweeteners [53], which may contribute to metabolic
disease. We believe that other sources of cranberry polyphenols, such as capsuled
cranberry extract or unsweetened dried cranberries, are likely better options in

order to target metabolic diseases.

As a prospect, changes in the bile acid profile may be investigated as a
mechanism behind the metabolic benefits of CE. Bile acids can regulate their own
synthesis and ileal re-uptake via binding to the nuclear receptor farnesoid-X-
receptor (FXR). Furthermore, the role of bile acids goes beyond aiding lipid

digestion and extends to regulation of glucose/lipid homeostasis and energy
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metabolism [54]. Interestingly, while changes in bile acid profile have been
associated with NASH in clinical studies [55], pre-clinical analyses using mouse
models of obesity have revealed that FXR agonism is protective against liver
steatosis and insulin resistance [56, 57]. Since dietary polyphenols have been
shown to bind to bile acids and alter their re-uptake (and possibly their ability to
signal through FXR) [58, 59], it is possible that CE treatment changes the bile acid
profile, which may in turn contribute to improve liver steatosis and insulin
resistance. Bile acids are modified by the gut microbiota, yielding secondary bile
acids. Since CE importantly affects gut microbial populations, it may also affect the
microbial capacity to transform bile acids, which would further contribute to modify
the bile acid profile and potentially modulate metabolic status. It is noteworthy that
the ability of A. muciniphila and Barnesiella, the two best representative taxa of

HFHS+CE, to modify or resist to bile acids is currently unknown.

Conclusion

Our findings shed light on novel mechanisms by which CE improves
metabolic health. Using a reversal experimental design allowed us to demonstrate
that CE polyphenols strongly target the liver, where it modulates key hepatic
nuclear factors and genes involved in the modulation of steatogenesis and
inflammation, thus markedly improving liver homeostasis. This was associated with
improvements in glucose tolerance and full restoration of insulin sensitivity despite
the maintenance of obesity in these animals. Our data also put forward A.
muciniphila and Barnesiella spp. as potential microbial contributors to the effect of
CE and that the abundance of these bacteria in the gut microbiota is not
phenotypically linked to changes in obesity. Finally, while supporting the regular
consumption of cranberries to help counteracting obesity-related diseases, our
data provide the fundamental bases for future human trials with CE or CE-related
products as a strategy against diet-induced NAFLD/NASH and metabolic

syndrome.
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Legend to figures

Figure 1: Impact of CE on body features of Chow- and HFHS-fed mice. Mice
were pre-fed a standard Chow diet or a high fat/high sucrose diet throughout 13
weeks and treated either with a cranberry extract (CE) or the vehicle for 8
additional weeks. (A) Weight gain and final body weight; (B) energy intake; (C)
weight of visceral and subcutaneous fat pads. Two-way repeated measures RM-
ANOVA with a Student-Newman-Keuls post hoc test was used to assign
significance to the differences between time points within different groups. Two-
way ANOVA with a Student-Newman-Keuls post hoc test was applied to calculate
the significance of the differences between groups. Data are expressed as the
mean +SEM; n = 8-11; *P< 0.05, **P< 0.01 and ***P< 0.001.

Figure 2: CE reverses hepatic steatosis and alleviated liver inflammation. (A)
Liver weight, (B) hepatic triglyceride accumulation, (C) representative images of
hepatic lipid accumulation by oil red O (ORO) staining, (D) quantification of ORO-
positive area and (E) plasma triglycerides. (F) Hepatic quantification of [MDA]
malondialdehyde, [SOD] superoxide dismutase, [GPx] glutathione peroxidase and
catalase. (G) Liver mRNA expression of [COX2] cyclooxygenase 2, [TNFa] tumor
necrosis factor a, [NFkB], nuclear factor k-light-chain-enhancer of activated B cells,
[IkB] NFkB inhibitor. (H) Liver mRNA expression of [PPARa/y] peroxisome
proliferator-activated receptor a and vy, [SREBP1c¢/2] sterol regulatory element-
binding protein 1c and 2 and [LXRa/pB] liver X receptor a and . Two-way ANOVA

with a Student-Newman-Keuls post hoc test was applied to calculate the
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significance of the differences between groups. Data are expressed as the mean
+SEM; n = 8-11; *P<0.05, *P< 0.01 and **P< 0.001.

Figure 3: CE improves glucose homeostasis and insulin sensitivity in diet-
induced obese mice. At week 17, mice were fasted for 6 hours and (A,B) insulin
tolerance tests (ipITT) were carried out after intraperitoneal insulin injections (ipITT,
0.65 IU/kg). At week 19, mice were fasted overnight (12 hours) and submitted to
(C,D) oral glucose tolerance tests (OGTT). (E) Blood was collected during OGTT
and used to assess insulinemia after glucose challenge. (A,C,E) Two-way repeated
measures ANOVA with a Student-Newman-Keuls post hoc test was used to assign
significance to the differences between time points within groups. *P< 0.05, **P<
0.01 and **P< 0.001 for Chow vs HFHS; *P< 0.05, #P< 0.01;, **P< 0.001 for
HFHS vs HFHS+CE; “P< 0.05 for Chow vs Chow+CE. (B,D,F) Two-way ANOVA
with a Student-Newman-Keuls post hoc test was applied to calculate the
significance of the differences between groups. *P< 0.05, *P< 0.01 and **P<

0.001; n = 8-11; Data are expressed as the mean +SEM.

Figure 4: CE administration alters the taxonomic profile of Chow- and HFHS-
fed mice. Genomic DNA was extracted from feces collected at week 21 and
subsequent 16S rRNA-based gut microbial profiling was performed. Feces from
mice housed in the same cage were pooled and considered as one biological
sample (Chow n=3; Chow+CE n=4; HFHS n=3 and HFHS+CE n=4). (A) B-diversity
among groups was initially observed by means of principal component analysis
(PCoA) on weighted unifrac distances and the (B) Firmicutes to Bacteroidetes ratio
was calculated as a general index of obesity-driven dysbiosis. Linear discriminant
analysis (LDA) effect size (LEfSe) was calculated in order to explore the taxa that
more strongly discriminate between the gut microbiota of (C) Chow vs. HFHS, (D)
Chow vs Chow+CE and (E) HFHS vs HFHS+CE. (B) Two-way ANOVA with a
Student-Newman-Keuls post hoc test was applied to calculate the significance of
the differences between groups. *P< 0.05, **P< 0.01 and **P< 0.001.

Figure 5: Fecal mucin quantification. Cecal contents were collected at week 21,

snap-frozen in liquid nitrogen and stored at -80 °C. Cecal feces were freeze-

125



powdered and the presence of mucins was determined using a fluorometric assay
kit that discriminates O-linked glycoproteins (mucins) from N-linked glycoproteins.
Two-way ANOVA with a Student-Newman-Keuls post hoc test was applied to
calculate the significance of the differences between groups; n = 8-11; *P< 0.05,

**P< 0.01 and **P< 0.001.
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Figures

Figure 1: Impact of CE on body features of Chow- and HFHS-fed mice.
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Figure 2: CE reverses hepatic steatosis and alleviates liver inflammation.
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Figure 3:
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Figure 4: CE administration alters the taxonomic profile of Chow- and HFHS-
fed mice.
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Figure 5: Fecal mucin quantification.
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Supplemental material

Supplemental Figure 1: Gut microbial profile at genus level. In order to
eliminate the putative influence of baseline (week 13) gut microbiota, the A (ejative
abundance week21- relative abundance week13 Was calculated. Chow n=3; Chow+CE n=4; HFHS
n=3 and HFHS+CE n=4. Significance was calculated using Mann-Whitney U test
with a Monte Carlo permutation test, *P< 0.05, **P< 0.01 and ***P< 0.001.

Supplemental Figure 1. Gut microbial profile genus level.
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Résumé

Objectif: De plus en plus d’évidences indiquent que les polyphénols de fruits
exercent des effets bénéfiques pour contrer le syndrome métabolique, mais les
mécanismes sous-jacents demeurent encore mal compris. Dans la présente étude,
nous avons analysé les effets d’ extraits riches en polyphénols de cing baies
Arctigues chez un modéle de souris sur diete obésogene. Méthodes: Des souris
males C57BI/6J ont été nourries avec un régime riche en gras et en sucrose
(HFHS) et traitées par voie orale avec des extraits de cinq différentes baies (200
mg / kg) pendant 8 semaines. Résultats: Les traitements avec des extraits de
cloudberry, alpine bearberry et lingonberry, mais pas de ceux de bog blueberry ni
de crowberry, ont amélioré la résistance a l'insuline et I'nyperinsulinémie post-
prandiale chez des souris sur diéte HFHS. Ces résultats ont été associés a une
réduction du dépdt de triglycérides hépatiques et une nette amélioration de la
clairance hépatique de l'insuline. Chez ces mémes souris, au hiveau intestinal,
nous avons constaté une réduction de linflammation et de I'endotoxémie
métabolique, soit une diminution des lipopolysaccharides circulants. Ces
caractéristiques bénéfiques ont été associées a des modifications importantes au
niveau taxonomique et fonctionnel du microbiote intestinal, favorisant
principalement une représentation plus importante d’A. muciniphila. Conclusions:
Nos résultats ont révélé de nouveaux mécanismes par lesquels les extraits riches
en polyphénols d’alpine bearberry, lingonberry et surtout de cloudberry ciblent I'axe
intestin-foie et protégent contre l'endotoxémie métabolique, la résistance a
l'insuline et la stéatose hépatique. Ces résultats appuient les avantages potentiels
de ces baies Arctiques et leur intégration dans des programmes de santé afin

d'atténuer l'inflammation chronique et les troubles métaboliques liés a I'obésité.
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Abstract

Aim/hypothesis: There is growing evidence that fruit polyphenols exert beneficial
effects on the metabolic syndrome but the underlying mechanisms remain poorly
understood. In the present study, we aimed to analyse the effects of polyphenolic
extracts from five Arctic berries in a model of diet-induced obesity. Methods:
C57BIl/6J male mice were fed a high fat/high sucrose diet and orally treated with
extracts of bog blueberry (BBE), cloudberry (CLE), crowberry (CRE), alpine
bearberry (ABE), lingonberry (LGE) or the vehicle (HFHS) for 8 weeks. An
additional group of chow-fed vehicle-treated mice was included as a reference
control for diet-induced obesity. Oral (OGTT) and insulin (ITT) tolerance tests were
conducted, and both plasma insulin and c-peptide were assessed throughout
OGTT. Q-PCR, western blot analysis and enzyme-linked immunosorbent assays
were used to assess enterohepatic immunometabolic features. Feecal DNA was
extracted and 16S rRNA gene-based analysis was used to profile the gut
microbiota. Results: Treatment with CLE, ABE and LGE, but not BBE or CRE,
prevented fasting (Chow 67.2 +12.3, HFHS 153.9 +19.3, BBE 114.4 +14.3, CLE
82.5 £13.0, CRE 152.3 +24.4, ABE 90.6 £18.0, LGE 95.4 £10.5; pmol/l) and post-
prandial (Chow 14.3 +1.4, HFHS 31.4 +3.1, BBE 27.2 +4.0, CLE 17.7 £2.2, CRE
32.6 6.3, ABE 22.7 +£18.0, LGE 23.9 £2.5; AUC pmol/l x min) hyperinsulineemia.
Neither of the treatments affected c-peptide levels or body weight gain. While
hepatic p-AKT serine was 2.6, 2.5 and 2.2 times higher in CLE, ABE and LGE
respectively, hepatic CEACAM-1 tyrosine phosphorylation was 1.6, 1.7 and 1.9
times increased in these mice when compared with vehicle-treated HFHS-fed
mice. These findings were associated with reduced liver triacylglycerol deposition,
lower circulating endotoxin, alleviated hepatic and intestinal inflammation and
major gut microbial alterations (eg, bloom of Akkermansia muciniphila, Turicibacter
and Oscillibacter) in CLE, ABE and LGE mice. Conclusions: Our findings reveal
novel mechanisms by which polyphenolic extracts from alpine bearberry,
lingonberry and especially cloudberry target the gut-liver axis to protect from
metabolic endotoxaemia, insulin resistance and hepatic steatosis, which importantly

improves hepatic insulin clearance. These results support the potential benefits of
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these Arctic berries and their integration into health programs to help attenuate

obesity-related chronic inflammation and metabolic disorders.
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Introduction

Obesity has reached pandemic proportions, increasing the rates of CVD and
type 2 diabetes [1]. Excessive accumulation of visceral fat promotes metabolic
alterations triggered and sustained by a low-grade chronic inflammatory state [2].
While features of the metabolic syndrome have been associated with major
taxonomic and functional changes in the gut microbiota [3, 4], DIO has been linked
to gut barrier disruption and the leakage of microbial-derived endotoxin to
circulation (ie, metabolic endotoxaemia) [5], which contributes to the onset and
progression of insulin resistance. Metabolic endotoxaemia also plays a role in the
development of NAFLD, which stems from the functional connection between gut
and liver through the enterohepatic circulation [6].

There is compelling epidemiological evidence that diets rich in fruits and
vegetables are strongly associated with better health and reduced all-cause
mortality [7, 8]. While several studies using animal models have confirmed the
positive impact of polyphenols on metabolic health [9], pharmacological doses with
little nutritional relevance are often tested. Here we analyse the effect of five
polyphenol-rich extracts of Arctic berries (i.e., Bog Blueberry, Cloudberry,
Crowberry, Alpine Bearberry and Lingonberry), at nutritionally relevant doses,
against intestinal inflammation, metabolic endotoxeemia and features of the
metabolic syndrome in a murine model of DIO.

Metagenome-wide association studies have revealed that the consumption
of fruits and other polyphenol-rich foods (e.g., dark chocolate, red wine, coffee, tea)
are amongst the strongest factors explaining alterations in gut microbial
communities in humans [10, 11]. Accordingly, we and others have previously
reported that berry polyphenols have a marked impact on the gut microbiota [12-
15]. We therefore applied 16S rRNA-based analysis in order to investigate the

potential role of the gut microbiota in the effects of Arctic berry extracts.
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Material and methods

Animals. Eight week-old C57BI/6J male mice (Jackson, USA) were bred in
the animal facility of the Institute of Nutrition and Functional Foods. Mice were
housed two per cage in a controlled environment (12 hours daylight cycle, lights off
at 18:00) with food and water ad libitum. Mice were randomly divided into 6 groups
(n=12) and fed a HFHS diet (ESM Table 1). Treatment started concomitantly with
the introduction of HFHS diet and consisted of daily oral doses (200 mg of
powdered extract/kg of body weight) of resuspended extracts of Bog Blueberry
(BBE, Vaccinium uliginosum L.), Cloudberry (CLE, Rubus chamaemorus L.),
Crowberry (CRE, Empetrum nigrum L.), Alpine Bearberry (ABE, Arctostaphylos
alpine L. Spreng.) or Lingonberry (LGE, Vaccinium vitis-idaea L.) or the vehicle
used to resuspend these extracts (i.e., animal facility's drinking water) throughout 8
weeks. An additional group (n=12) of chow-fed (Teklad 2018, Envigo, UK,
Cambridgeshire) vehicle-treated mice was included as a reference control for
HFHS-induced obesity. Body weight gain and food intake were assessed twice a
week. At week 8, animals were anesthetized in chambers saturated with isoflurane
and then sacrificed by cardiac puncture. Tissues were harvested and blood was
drawn in tubes containing 2 IU of heparin and immediately centrifuged in order to
separate plasma from cells. This study followed the guide for the care and use of
laboratory animals and all procedures were previously approved by the Laval

University Animal Ethics Committee.

Extract of Arctic berries. Bog blueberries, cloudberries, crowberries, alpine
bearberries and lingonberries (refer to Table 1 for a complete list of names) were
harvested in Nunavik (Northern Québec, Canada) and stored frozen (—20 °C). After
grinding, fresh frozen berries were extracted twice with 100% ethanol; the obtained
solution was then filtered, rotoevaporated and freeze-dried. The phenolic profile of
the extracts studied herein is described in Table 2. Harvest sites along with a more
detailed phenolic profile of the berries used in this study were published elsewhere
[16].
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Glucose homeostasis. Insulin (ipITT) and glucose (OGTT) tolerance tests
were performed as previously described [12]. Blood samples were collected at

each time point during OGTT for insulineemia and c-peptide determination.

Analytical methods. Plasma insulin and c-peptide concentrations were
measured using an ultra-sensitive ELISA kit (Alpco, USA, New Hampshire). Liver
triacylglycerol was assessed after chloroform-methanol extraction and enzymatic
reactions with a commercial kit (Randox Laboratories, Crumlin, UK). Plasma
endotoxin (LPS) concentration was determined using a kit based on a reaction with
Limulus amebocyte lysate (LAL kit endpoint-QCL1000, Lonza, USA, New Jersey)
as in [12]. Plasma BCAA (leucine, isoleucine and valine) were determined using a
colorimetric assay kit (BioVision, USA, California). Feecal SCFA and BCFA were
assessed by GC as previously described [17]. Feecal pellets collected at week 6
were dried and gross energy density was determined using adiabatic bomb
calorimetry (Parr Instruments, Moline, IL). Plasma bile acids were assessed as

previously described [18].

Western blot. Analysis of total CEACAM-1, total AKT, tyrosine-
phosphorylated CEACAM-1 and p-AKT (serine 473) were performed as previously
described [19, 20]. Immunoblotting was carried out using anti-CEACAM-1(#3759,
1:1000, Beauchemin Lab, McGill University, Montréal, Canada), a cocktail of
monoclonal anti-phosphotyrosine antibodies (rabbit #9411, 1:1000, Cell Signalling,
USA, MA and clone 4G10, 1:1000, Millipore, USA, IL), anti-AKT (rabbit #9272S,
1:1000, Cell Signalling, USA, MA) and anti-p-AKT serine 473 (rabbit #9271L,
1:1000 Cell Signalling, USA, MA). Anti-ACTIN was used as loading control (mouse
sc-8432, 1:5000, Santa Cruz Biotechnology, USA, CA).

Messenger RNA quantification by real time PCR. Sections of jejunum and
colon (approximately 0.5 cm) and freeze-powdered livers were homogenized in 1
ml of TRIzol reagent (Thermo Fisher Scientific, USA, MA) and total RNA was
purified using a RNeasy mini kit (Qiagen, Germany). After RNA reverse
transcription, real time PCR was performed using a SYBR Green Jump-Start Gene

Expression Kit (Sigma-Aldrich, USA, Missouri) or with commercially available
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Tagman primers and probe sets and Tagman Mastermix (Life Technologies, USA,
CA). Acaca, Adgrel, Cdllc, Cox2, Gcg, ll1b, Klf4, Marco, Nos2, Ocln, Ppara,
Reg3g, Tjpl, Tlr4 and Tnfa gene expression was assessed by the AAc: method
and Actb or Hprt were used as reference genes. Primer sequences are available

under request.

Bacterial genomic DNA extraction and 16S rRNA gene-based gut microbial
analysis. Feecal samples were freshly collected at week 8 and immediately stored
at -80 °C. Bacterial genomic DNA was extracted as in [12]. 16S rRNA gene-based
profiling of the faecal microbiota was carried out as previously described [21]. All
raw sequences were deposited in the public European Nucleotide Archive server
under accession number PRIJEB19783.

Functional prediction of gut bacterial communities. Prediction of the
functional genes was performed using PICRUSt (Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States) (11). Briefly, from 16S
rRNA sequencing data and from the Kyoto encyclopedia of genes and genomes
(KEGG) reference genomes, PICRUSt was used to estimate gene family
abundance based on an extended ancestral-state reconstruction algorithm and
then to produce a predicted metagenome functional content for each sample. This
software was also used to determine OTU contribution to a given KEGG pathway.

Statistical analysis. Data are expressed as mean + SEM. One-way ANOVA
with a post-hoc Student-Newman-Keuls test and unpaired student t-test were used
to assign significance to the comparisons between HFHS-fed controls versus Arctic
berry-treated groups and Chow- versus HFHS-fed controls respectively
(GraphPad, USA). Time points within different groups were compared using two-
way repeated measures ANOVA with a Student-Newman-Keuls post-test

(Sigmaplot, USA). All results were considered statistically significant at p< 0.05.

Weighted UniFrac distance matrix was calculated at the genus level based
on taxa having at least 1% of total relative abundance. PCoA (Principal

Coordinates Analysis) was performed on the resulting distance matrix using the
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‘phyloseq’ R package (version 1.16.2). The statistical significance of differentially
abundant and biologically relevant taxonomical and functional biomarkers between
groups was measured using a linear discriminant analysis (LDA) effect size
(LEfSe) with a threshold of 2 or 2.5. A p-value < 0.05 was considered to indicate

statistical significance for the factorial Kruskal-Wallis rank-sum test.
Results

Administration of the Arctic berry extracts had no impact on HFHS-induced
weight gain, fat mass accretion (table 3) or elevated fasting blood glucose (figure
1A). However, CLE, ABE and LGE mice had lower plasma insulin levels than
vehicle-treated HFHS-fed controls (figure 1B). The glucose-lowering effect of
insulin measured during insulin tolerance tests (ipITT) was improved at the 10 and
90 min time points in CLE and LGE mice as compared to vehicle-treated animals,
indicating an insulin sensitizing effect (figure 1D). C-peptide levels were increased
by HFHS feeding but not affected by any of the berry extracts (figure 1C),
suggesting that changes in insulin clearance, and not in insulin secretion, may

underlie the reduced fasting hyperinsulineemia in CLE, ABE and LGE mice.

We next sought to investigate the dynamic glycemic/insulinemic responses.
None of the extracts improved HFHS-induced glucose intolerance, and blood
glucose was slightly higher in ABE- (90 min time point) and LGE- (90 and 120 time
points) mice post-glucose challenge (figure 2A), although this was not enough to
promote glucose intolerance based on calculation of the areas under the glucose
curves (insert figure 2A). Plasma insulin during OGTT in CLE-treated mice was
lower than in vehicle-treated HFHS control mice, reaching the level of significance
at the 15 and 30 minutes time points and also when calculating the total area under
the insulin curve. ABE (30 and 90 min) and LGE (30 and 120 min) treatments also
lowered insulin levels at specific time points, albeit this was not enough to
significantly impact the overall areas under the insulin curves (figure 2B). Similarly
to fasting state, there were no differences in glucose-induced insulin secretion as
revealed by the c-peptide responses during OGTT (figure 2C), again suggesting

that these three berry extracts, especially CLE, reduced hyperinsulineemia through
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an effect on insulin clearance rather than on insulin secretion. Consistent with
improved hepatic insulin sensitivity, we found increased AKT phosphorylation at
serine 473 in the liver of CLE-, ABE- and LGE-treated mice as compared with

vehicle-treated controls (Figure 2D).

Tyrosine phosphorylation of CEACAM-1 is a key event involved in receptor-
mediated insulin endocytosis and degradation in the hepatocyte [22] and a major
pathway for hepatic insulin clearance in vivo [19, 20]. Despite no changes in total
CEACAM-1 content (figure 2E), CLE, ABE and LGE mice displayed higher tyrosine
phosphorylation of CEACAM-1 in comparison with HFHS-fed controls (figure 2F).
Taken together, our findings suggest that those three berry extracts prevented
DIO-induced hyperinsulineemia by protecting the liver from the detrimental
consequences of HFHS feeding, therefore improving the hepatic capacity to clear

insulin out of circulation.

Treatment with CLE, ABE and LGE significantly reduced HFHS-induced
hepatic triacylglycerol accumulation and triacylglycerolemia in comparison with
vehicle-treated HFHS-fed controls (figure 2G,H). These findings suggest increased
lipid oxidation in the liver, rather than decreased lipid uptake, as an important driver
of the benefits of CLE, ABE and LGE to liver homeostasis. Consistent with
increased lipid catabolism, the mRNA expression of Ppara and Acaca (Acetyl-CoA
carboxylase) was higher and lower, respectively, in the liver of CLE-, ABE- and

LGE-treated mice versus HFHS-fed controls (Figure 2I).

To investigate the inflammatory profile in the liver of CLE, ABE and LGE-
treated mice we measured the mRNA expression of several genes involved in
immune regulation. While the mRNA expression of Adgrel (encodes F4/80) and
Cdllc (both markers of macrophages) was unchanged, CLE, ABE and LGE
treatment markedly downregulated Marco and upregulated Klf4 mRNA expression
(Figure 21). Since Marco and Klf4 are markers of polarization towards M1 and M2
population [23, 24], respectively, these findings suggest that these three extracts
did not alter the number of macrophages but triggered their polarization towards a

less pro-inflammatory activity. Accordingly, CLE, ABE and LGE mice expressed
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lower levels of Il1b transcripts and non-significantly expressed less Tnfa than
vehicle-treated HFHS-fed mice (Figure 2I). Cox2 mRNA expression was not
altered in CLE-, ABE- and LGE-treated mice, but since HFHS-fed mice did not
show higher Cox2 mRNA expression than Chow-fed mice, it suggests that this
enzyme is not particularly regulated at the transcriptional level in our model. The
MRNA expression of TIr4 was lower in CLE, ABE and LGE-treated mice when
compared with vehicle-treated HFHS-fed mice (Figure 2I), suggesting that a
reduction in the activation of the hepatic innate immune response by microbial-
associated molecular patterns contributes to alleviate inflammation in the liver of
CLE, ABE and LGE mice.

Consistent with our previous observations, CLE, ABE and LGE
administration significantly blunted metabolic endotoxsemia (figure 3A), suggesting
improved intestinal barrier integrity. The mRNA expression of Nos2 (encodes
INOS), was decreased in the jejunum of CLE and LGE mice and was non-
significantly lower in ABE mice as compared to HFHS controls (figure 3B). In the
colon, the HFHS-induced increase in Nos2 expression was significantly prevented
by CLE, ABE and LGE treatment (figure 3J). The mRNA expression of Tnfa was
decreased in the jejunum of LGE mice (figure 3C) and in the colon of CLE, ABE
and LGE mice (figure 3K) versus vehicle-treated HFHS controls. We found lower
MRNA expression of Adgrel in the jejunum and a non-significant reduction in
Adgrel expression in the colon of CLE, ABE and LGE mice (figures 3D, L).
Similarly, the mRNA expression of Cdl1c (also present in macrophages) was non-
significantly reduced in the jejunum and was significantly lower in the colon of CLE-
, ABE- and LGE-treated mice (Figures 3E, M). No significant changes in the mRNA
expression of Tjpl and Ocln were found in the jejunum and in the colon, although a
non-significant increase in Tjpl gene expression was found in the colon of CLE,
ABE and LGE mice (figure 3F,G,N,O). Furthermore, while CLE, but not ABE and
LGE treatment, prevented the HFHS-induced decrease in the mRNA expression of
the antimicrobial peptide Reg3g (figure 3H,P), the mRNA expression of the

proglucagon gene Gcg was not altered by either of the extracts (figure 31,Q).
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We next explored the impact of CLE, ABE and LGE administration on the
gut-liver axis by applying 16S rRNA gene-based analysis of feecal DNA samples.
Principal component analysis (PCoA) on weighted UniFrac distances showed a
separation between the gut microbiota of Chow and HFHS-fed mice (figure 4A).
CLE, ABE and, to a lesser extent, LGE microbial communities clustered apart from
those of HFHS-fed controls (figure 4A), indicating altered B-diversity in CLE, ABE
and LGE mice versus vehicle-treated HFHS-fed mice. The Firmicutes to
Bacteroidetes (F/B) ratio was drastically increased in HFHS- versus Chow-fed
mice, whereas CLE, ABE and LGE administration attenuated this feature (ESM
Table 3). Gut microbial communities of CLE mice were discriminated from that of
HFHS-fed control mice by an increased presence of Peptostreptococcaceae, A.
muciniphila and Turicibacter and by a lower representation of taxa assigned to the
genera Lactobacillus and Bifidobacterium in the faecal microbiota (Figure 4C).
Overrepresentation of Oscillibacter and A. muciniphila were identified as the main
features discriminating ABE from vehicle-treated HFHS-fed mice metagenomes
(Figure 4D), whereas increased presence of Oscillibacter and Turicibacter were
characteristic gut microbial features of LGE mice versus vehicle-treated HFHS

mice (Figure 4E). Relative abundances are described in ESM Tables 2-6.

We applied the PICRUSt method to predict functional alterations in the gut
microbiome of HFHS mice treated with CLE, ABE and LGE. As previously reported
[14, 25], functions related to cell motility (i.e., bacterial motility, flagellar assembly,
bacterial chemotaxis) were more represented in the gut microbiota of HFHS-fed
mice than in Chow-fed mice (Figure 5A). Our analysis revealed an overall increase
in functional pathways related to cofactor and vitamin metabolism (e.g., folate,
riboflavin and biotin metabolism) and metabolism of terpenoids (e.g., limonene,
pinene and geraniol degradation) in CLE, ABE and LGE mice versus HFHS
controls (Figures 5B-D). Increased amino acid, fatty acid, carbohydrate (e.g., TCA
cycle) and energy metabolism were functions overrepresented in CLE, ABE and
LGE gut microbiota (Figures 5B-D). Microbial pathways assigned to valine,
isoleucine and leucine (BCAA) degradation were increased in CLE and ABE-
treated mice versus vehicle-treated HFHS-fed animals (Figures 5B-D). Altogether,
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PICRUSt analysis highlighted important adaptations in the intestinal microbiome in
response to phytochemicals and points to a general impact of CLE, ABE and LGE

administration on bacterial substrate utilisation.

We next assessed key metabolome components involved in the gut
microbiota-host interaction. Neither of the extracts significantly affected the profile
or the total amount of feecal SCFA (ESM Figure 1A) and plasma bile acids (ESM
Figure 2). Interestingly, feecal energy density was found to be lower in CLE-, ABE-
and LGE-treated mice versus HFHS-fed vehicle-treated controls (ESM Figure 1C).
Moreover, the concentration of branched-chain short chain fatty acids (BCFA),
which are by-products of microbial BCAA degradation, were non-significantly
higher in the feeces of CLE-treated mice (ESM Figure 1B), indicating lower BCAA
availability to the host. We therefore assessed the circulating levels of BCAA and
found a non-significant (P=0.06) decrease in circulating BCAA in CLE mice versus
vehicle-treated HFHS-fed mice (ESM Figure 1D).

Discussion

Our work shows that the daily administration of CLE, ABE and LGE alleviates
HFHS-induced intestinal inflammation and metabolic endotoxaemia, which was
found to be independent of an anti-obesity effect and associated with improved
liver function, ameliorated hepatic insulin sensitivity and attenuated
hyperinsulineemia in DIO mice. Our data also provide evidence for an adaptive
response of intestinal bacterial communities to the presence of CLE, ABE and

LGE, leading to altered taxonomic and functional profiles.

In line with our findings, the administration of lingonberry extracts to DIO
mice has been previously associated with attenuated hyperinsulineemia, reduced
liver steatosis [26, 27], alleviated circulating lipopolysaccharide binding protein
(LBP) and major taxonomic and functional alterations in the gut microbiota, such as
bloom of A. muciniphila and increased microbial pathways linked to substrate
utilisation [14]. While in this latter study treatment with a lingonberry extract has

been shown to prevent HF-induced obesity [14], in our model LGE did not affect
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fat mass accretion. This is possibly explained by three major factors: (i) differences
in the composition of the extracts, (ii) differences in the diet used and (iii) by the
mode of administration of the extracts (gavage versus mixing the extract to the
diet). Interestingly, the same group has shown that lingonberry extracts from
different batches exert distinct effects on body fat accumulation [14]; in agreement
with our results, the batch that did not affect obesity still improved hepatic
steatosis, liver inflammation and plasma LBP [14]. Importantly, our study further
demonstrates that the obesity-independent benefits of LGE involves better hepatic
insulin  sensitivity, improved insulin clearance and alleviated metabolic

endotoxaemia.

By assessing c-peptide secretion and hepatic CEACAM-1 activation our
study provides novel mechanistic insight to the metabolic benefits of LGE, CLE and
ABE, where improved hepatic insulin clearance is likely the key mechanism
underlying lower hyperinsulineemia in these mice. Since liver-specific CEACAM-1
overexpression in HFHS-fed mice was shown to prevent hyperinsulinsemia, insulin
resistance and hepatic lipid accumulation by increasing hepatic 3-oxidation [28], it
is possible that CLE, ABE and LGE target CEACAM-1 to improve both insulin
clearance and hepatic steatosis. It is also conceivable that alleviation of HFHS-
induced intestinal inflammation and LPS leakage in CLE, ABE and LGE mice
contributes to reduce the pro-inflammatory load reaching the liver to therefore
improve hepatic metabolism. While CLE, ABE and LGE administration were not
associated with improved glucose tolerance, as determined from an OGTT, the
glucose-induced insulinemic responses were reduced and accompanied by
increased hepatic insulin clearance whereas pancreatic insulin secretion remained
unchanged. It is possible that an 8-week long treatment with CLE, ABE and LGE
exert beneficial effects that are more restricted to the gut-liver axis, resulting in a
milder impact on the muscle’s ability to uptake glucose while predominantly
improving hepatic insulin resistance and limiting chronic hyperinsulineemia. This is
in line with the concept that hyperinsulinaemia is an early event leading to type 2
diabetes [29].
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Our results clearly indicate that the effectiveness of polyphenolic extracts
against features of the metabolic syndrome varies considerably. Ellagitannins
were present only in CLE (538.7 pg/kg) and ABE (523.1 pg/kg), while low amounts
of free ellagic acid were present in CLE (21.6 pg/kg), ABE (2.1 pg/kg) and LGE
(22.8 pg/kg). The bioactivity of ellagic acid and its hydrolysable polymeric form (i.e.,
ellagitannins) is dependent on gut microbial hydrolysis of ellagitannins (yielding
ellagic acid) and processing of ellagic acid into urolithins [30]. While urolithin A has
been implicated in mitophagy and prolonged lifespam in C. elegans [31], ellagic
acid administration has been shown to improve metabolic health in HFHS-fed rats
[32]. LGE is particularly rich in proanthocyanidins (PACs) with degree of
polymerization (DP) ranging from 2 to 10 and in polymeric PACs (DP >10). PACs
are poorly bioavailable and were linked to major gut microbial changes, blunted gut
inflammation and enhanced metabolism in obese mice [12, 33]. However, other
subclasses of polyphenols, non-flavonoid secondary metabolites, vitamins,
minerals and soluble fibres were also present in the Arctic berry extracts and may
potentially account for the effects seen.

A. muciniphila is a Gram-negative mucin-degrading bacterium highly
associated with better health status [11], causally implicated in the improvement of
diet-induced insulin resistance [34, 35] and closely associated with the intake of
polyphenol-rich fruit extracts [36]. A. muciniphila utilises ellagic acid as a substrate
[37], which may partially explain the higher presence of A. muciniphila in the gut
microbiota of CLE and ABE mice. The effect of PACs on A. muciniphila still
warrants further investigation, but it has been hypothesised to be a response to a
PAC-stimulated increase in mucus production, which creates a propitious
environment for A. muciniphila to thrive [36]. CLE-, but not ABE and LGE-treated
mice, showed a marked upregulation of Reg3g mRNA expression in both jejunum
and colon. REG3y is an antimicrobial peptide and an important component of the
intestinal barrier. In agreement with previous works showing a tight relationship
between A. muciniphila and the expression of Reg3g [34], CLE treated mice
displayed the highest abundance of this bacterium (ESM Table 6). However, since

A. muciniphila is not a major coloniser in the jejunum, CLE may enhance REG3y
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secretion in the proximal bowel likely by mechanisms independent of A.
muciniphila. It is noteworthy that as ABE- and LGE-treated mice showed improved
gut barrier, as suggested by lower endotoxaemia in these mice, it is plausible that
factors beyond REG3y play a part in the benefits of ABE and LGE to intestinal

homeostasis.

None of the extracts affected the profile or the total amount of feecal SCFA
and plasma bile acids. While our results suggest that the effects of CLE-, ABE- and
LGE- on the gut microbiota and on host physiology are independent of major
alterations in the synthesis of SCFA and in the BA profile, we cannot rule out the
relevance of these molecules to the phenotype of CLE-, ABE- and LGE-treated
mice. Further analysis of SCFA in plasma and tissues (e.g., liver) and a broader

profile of bile acids (feeces, gallbladder and plasma) are both warranted.

Lower energy density in the feeces of CLE, ABE and LGE mice coupled with
PICRUSt analysis suggested increased bacterial amino acid, fatty acid and
carbohydrate utilisation. However, gut transit was not taken into account in our
study and it is a key variable in the energy excretion equation. Importantly, since
neither of the treatments significantly affected weight gain and there were no
differences in energy intake between groups, it is reasonable to conclude that
bacterial utilisation of dietary substrates was not modified to an extent that

impacted energy availability to the host.

Microbial BCAA degradation was predicted to be overrepresented in CLE and ABE
mice and similar results were found in rats supplemented with lowbush blueberries
(Vaccinium angustifolium) [38]. Further analysis revealed a non-significant
reduction in BCAA availability to the host in CLE-treated mice. This is of particular
interest because increased circulating BCAA levels have been established as an
early biomarker of insulin resistance, type 2 diabetes and NAFLD [39-41]. While
our study does not bring definitive proof that reduced BCAA availability to the host
contributes to improved insulin sensitivity and hepatic homeostasis in CLE mice,
they call the attention for a promising line of investigation. For instance, our

analysis revealed that Akkermansia, Peptostreptococcaceae and Oscillospira
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altogether accounted for more than 50% of the predicted increase in microbial
BCAA degradation in CLE mice (ESM Figure 3), constituting promising targets for
future studies linking dietary polyphenols, BCAA bioavailability and insulin
resistance.
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Tables

Table 1: Arctic berries studied.

Scientific name Inuktitut Common names
name
Bog blueberry (BBE)#, Bog
Vaccinium uliginosum L. Kigutanginaq bbllll?slr)rgr’rsllé%%eglﬁ’eﬁleprlrr;/e
Northern blueberry
Cloudberry (CLE) @,
Rubus chamaemorus L. Arpik Bakeapple, Knotberry,
Lowbush salmonberry, Averin
Empetrum nigrum L Paurngaq Crowberry (CRE) ",
' Blackberry, Black crowberry
. Alpine bearberry (ABE) ?,
Arctostagh?/é?]s alpina L. Kallaq Bearberry, Mountain
preng. bearberry, Black bearberry
Lingonberry (LGE) ?,
Vaccinium vitis-idaea L. Kimminaqg Redberry, Cowberry, Mountain

cranberry, Partridgeberry, Red
whortleberry

& Common names and abbreviation used throughtout the study are highlighted in bold.
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Table 2: Phenolic profile of the extracts of Arctic berries.

Daily dose (ug/kg of body weight) 2

BBE CLE CRE ABE LGE
3035. 13937. 14172. 8478.

Total polyphenols 4061.7 2 8 8 6
Phenolic acids 118.0 239.7 3729 321.8 4484
15487. 3738.

Anthocyanins 1767.0 94.0 9 3589.4 6
Flavonols 1712.4 528.8 837.8 797.8 10.5
Proa_nthocyanldlns (condensed 708.8 1700 2162.0 2994.2 4242.

tannins) 5
Monomers 147.7 57.5 442.6 1860.8 690.1
Dimers 2662 1039 9062 7212 4%
Trimers 125.8 8.5 220.6 173.2  723.7
Tetramers 73.9 182.7 89.4 479.7
Pentamers 41.5 69.2 51.4 311.5
Hexamers 30.6 40.6 38.3 236.6
Heptamers 11.4 18.9 15.0 96.5
Octamers 5.5 12.2 8.8 61.7
Nonamers 3.0 114 7.4 45.3
Decamers 2.9 1.3 10.1
Polymers 3.1 254.7 27.6 92.4

Ellagitannins (hydrolysable tannins) 538.7 523.1

Free ellagic acid 21.6 2.1 22.8

# The daily dose is calculated based on the amount in 200 mg of

extract/kg of body weight)

155



Table 3: Body characteristics.

Chow HFHS BBE CLE CRE ABE
Total weight gain
5.083 +0.469  9.450 +0.430"" 9.217 +0.646  9.100 +1.055  8.258 +1.048 7.983 +0.745
9)
Total energy intake
399.4 #55.95  403.3 +33.05 408.9 +61.69  407.2 +71.98  364.3 +84.23 398.5 +76.86
(kcal)
Visceral fat pad (g) 0.962 +0.087  2.080 +0.221™"  2.075+0.200  1.730 +0.145  1.974 +0.142 1.674 +0.209
Subcutaneous fat
0.402 +0.038  0.755+0.076"" 0.825+0.081  0.846 +0.136  0.911 +0.111 0.722 +0.088
pad (9)
Interscapular
0.185+0.073  0.179 +0.055 0.111 +0.008  0.105+0.005  0.110 +0.007 0.105 +0.007
brown fat pad (g)
Gastrocnemius (g) 0.324 +0.01 0.325+0.008  0.320 +0.007 0.312 +0.008  0.304 +0.007 0.310 +0.007
Liver (g) 1.119 +0.043  1.037 +0.048  1.049 +0.045 0.994 +0.04 0.976 +0.048 0.973 +0.049

Data are expressed as the mean +SEM. BBE, bog bilberry extract - CLE, cloudberry extract - CRE, crowberry extract - ABE, al
extract - LGE, lingonberry extract. 't p<0.001 vs Chow-fed mice
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Legend to figures

Figure 1. Impact of Arctic berry extracts on fasting blood glucose,
insulineemia and plasma c-peptide and on insulin sensitivity in DIO mice. (A)
Fasting blood glucose (n=12), (B) insulineemia (n=12) and (C) c-peptide (n=9 for
Chow, BBE, CRE and ABE; n=10 for HFHS, CLE and LGE). (D) At week 6, mice
were 6 h fasted and insulin tolerance tests were carried out followed intraperitoneal
insulin injections (ipITT, 0.65 IU/kg, n=12). Data are expressed as the mean +tSEM.
In bar graphs, Chow-fed animals are represented by a reference line and the
significance between Chow and HFHS was calculated using unpaired two-tailed
Student’s t-test (tp < 0.05, t1 p < 0.01 and t11 p < 01). One-way ANOVA with a
Student-Newman-Keuls post hoc test was used to calculate the significance
between HFHS and the groups treated with the extracts of Arctic berries (*p < 0.05,
** p < 0.01 and ** p < 01). In line graphs, two-way repeated measures ANOVA
with a Student-Newman-Keuls post hoc test was used to calculate the significance
of the differences between time points (*p < 0.05, ** p < 0.01 and *** p < 01).

Figure 2: Impact of Arctic berry extracts on post-prandial blood glucose,
insulineemia and plasma c-peptide and on liver homeostasis in DIO mice. (A)
At week 7, mice were subjected to oral glucose tolerance tests (OGTT, n=12). After
overnight fasting (12h), animals were given a glucose load (1 g/kg) and blood
glucose was measured before (0 min) and after (15, 30, 60, 90 and 120 min)
glucose challenge. (B,C) Blood collected during OGTT was used to assess
insulineemia (n=12) and c-peptide (n=9 for Chow, BBE, CRE and ABE; n=10 for
HFHS, CLE and LGE) before and after glucose challenge. (D) Mice were injected
(i.v.) with saline or insulin (3.8 Ul/kg) 5 min before euthanasia by cardiac puncture;
aliquots of freeze-powdered livers were processed to yield total protein lysates and
immunoblotted (IB) against AKT (n=12), p-AKT serd73 (n=12) and (E)
carcinoembryonic antigen-related adhesion molecule-1 (CEACAM-1, n=12). (F)
CEACAM-1 was immunoprecipitated (IP) from total protein lysates and
immunoblotted against anti-phosphotyrosine (n=9 for Chow, n=11 for HFHS and
LGE; n=12 for CLE and ABE). (G) Liver triacylglycerols. (H) Plasma
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triacylglycerols. (I) Liver mRNA expression of Adhesion G protein-coupled receptor
E1 (Adgrel), Cluster of differentiation 11c (Cdl1lc), Macrophage receptor with
collagenous structure (Marco), Kruppel-like factor (KIf4), Tumor necrosis factor a
(Tnfa), Interleukin 1B (Il1b), Cyclooxygenase 2 (Cox2), Toll-like receptor 4 (TIr4),
Peroxisome proliferator-activated receptor a (Ppara) and Acetyl-CoA carboxylase
(Acaca). White - HFHS-fed control mice; black — CLE; grey — ABE; light grey —
LGE. Chow-fed animals are represented by a reference line and the significance
between Chow and HFHS was calculated using unpaired two-tailed Student’s t-test
(tp < 0.05, ¥t p < 0.01 and 1ttt p < 0.001). One-way ANOVA with a Student-
Newman-Keuls post hoc test was used to calculate the significance between HFHS
and the groups treated with the extracts of Arctic berries (*p < 0.05, ** p < 0.01 and
*** n < 0.001). In line graphs, two-way repeated measures ANOVA with a Student-
Newman-Keuls post hoc test was used to calculate the significance of the
differences between time points (*p < 0.05, ** p < 0.01 and ** p < 0.001).

Figure 3: CLE, ABE and LGE improve intestinal inflammation, gut
permeability and metabolic endotoxaemia in DIO mice. (A) A limulus
amebocyte lysate-based assay was used to assess circulating lipopolysaccharide
(LPS/endotoxin). Jejunal mRNA expression of (B) inducible nitric oxide synthase
(Nos2), (C) tumor necrosis factor a (Tnfa), (D) Adhesion G protein-coupled
receptor E1 (Adgrel), (E) Cluster of differentiation 11c (Cdllc), (F) Zonula
occludens 1 (Tjpl), (G) Occludin (Ocln), (H) Regenerating islet-derived protein 3 y
(Reg3g) and (I) Proglucagon (Gcg). Colonic mRNA expression of (J) Nos2, (K)
Tnfa, (L) Adgrel, (M) Cdl1lc, (N) Tjpl, (O) Ocln, (P) Reg3g and (Q) Gcg. Data are
expressed as the mean +SEM. Chow-fed animals are represented by a reference
line and the significance between Chow and HFHS was calculated using unpaired
two-tailed Student’s t-test (tp < 0.05, t1 p < 0.01 and 111 p < 0.001). One-way
ANOVA with a Student-Newman-Keuls post hoc test was used to calculate the
significance between HFHS and the groups treated with the extracts of Arctic
berries (*p < 0.05, ** p < 0.01 and ***p< 0.001).
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Figure 4. CLE, ABE and LGE administration is associated with changes in the
gut microbial profile of DIO mice. Faecal samples of Chow-fed (n=9) and HFHS-
fed (n=11) mice, as well as of HFHS-fed mice orally treated with CLE (n=6), ABE
(n=4) and LGE (n=7) were freshly harvested at week 8. Genomic DNA was
extracted from faeces and 16S rRNA-based analysis profiling was performed. (A) B-
diversity between groups was initially observed by means of principal component
analysis (PCoA) on weighted Unifrac distance. Linear discriminant analysis (LDA)
effect size (LEfSe) was calculated in order to explore the taxa within genus level
that more strongly discriminate between the gut microbiota of (B) Chow and HFHS,
(C) HFHS and CLE, (D) HFHS and ABE and (E) HFHS and LGE. Families followed
by the label '_g' indicate unidentified genera. Dark grey — Chow; white - HFHS-fed
control mice; black — CLE; grey — ABE; light grey — LGE.

Figure 5. CLE, ABE and LGE alter metabolic pathways in the gut microbiota
of DIO mice. Prediction of the functional genes in the sampled bacterial
community was performed using PICRUSt. 16S rRNA sequencing data and KEGG
reference genomes were used to estimate gene family abundance based on an
extended ancestral-state reconstruction algorithm and then to produce a
metagenome prediction for each sample. Linear discriminant analysis (LDA) effect
size (LEfSe) was calculated in order to explore the microbial functions that more
strongly discriminates between the gut microbiota of (A) Chow and HFHS, (B)
HFHS and CLE, (C) HFHS and ABE, (D) HFHS and LGE. Dark grey — Chow; white
- HFHS-fed control mice; black — CLE; grey — ABE; light grey — LGE.
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Figures

Figure 1: Impact of Arctic berry extracts on fasting glycemia, insulinemia and
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Figure 2: Impact of Arctic berry extracts on post-prandial glycemia,
insulinemia and plasma c-peptide and on liver homeostasis in DIO mice.
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Figure 3: CLE, ABE and LGE improve intestinal inflammation, gut

permeability and metabolic endotoxemia in DIO mice.
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Figure 4: CLE, ABE and LGE administration is associated with changes in the
gut microbial profile of DIO mice.
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of DIO mice.

Figure 5: CLE, ABE and LGE alter metabolic pathways in the gut microbiota
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Supplemental material

ESM Figure 1: Feecal short-chain fatty acids (SCFA), Feecal energy density
and Branched-chain amino acids (BCAA) availability. (A) Feeces were collected
at week 6 and the profile of SCFA (white — acetate; black — propionate; light grey —
butyrate; grey — valerate) and of (B) Branched-chain SCFA (grey — isobutyrate;
light grey — isovalerate) was assessed by gas chromatography in samples
collected from Chow (n=10), HFHS (n=9), BBE (n=12), CLE (n=12), CRE (n=12),
ABE (n=12) and LGE (n=10) mice. (C) Gross feecal energy was determined by
adiabatic bomb calorimetry in feecal pellets of Chow (n=6), HFHS (n=6), CLE (n=6),
ABE (n=4) and LGE (n=4) mice. (D) Circulating levels of BCAA valine, isoleucine
and leucine (Chow n=12; HFHS n=10; CLE n=12; ABE n=12; LGE n=12). Data are
expressed as the mean +SEM. The significance between Chow and HFHS was
calculated using unpaired two-tailed Student’s t-test (fp< 0.05, T'p< 0.01) and ™'p<
0.001). One-way ANOVA with a Student-Newman-Keuls post hoc test was used to
calculate the significance between HFHS and the groups treated with the extracts
of Arctic berries (*p< 0.05, **p< 0.01 and ***p< 0.001). (C,D) Chow-fed animals are
represented by a reference line.

ESM Figure 2: Plasma bile acid profile. Blood was collected in heparin-treated
tubes from cardiac puncture after 6h fasting and immediately centrifuged. Systemic
plasma was used in order to characterise the circulating bile acid profile (n=12). (A)
Total bile acids; (B) quantification of Cholic acid (CA), Chenodeoxycholic acid
(CDCA), Deoxycholic acid (DCA), Ursodeoxycholic acid (UDCA), Tauro-Cholic acid
(TCA), Tauro-Deoxycholic acid (TDCA), Tauro-ursodeoxycholic acid (TUDCA), a-
Murocholic acid (aMCA), B-Murocholic acid (BMCA), w-Murocholic acid (wWMCA),
Tauro-a-murocholic acid (TaMCA), Tauro-B-murocholic acid (TBMCA), Tauro-w-
murocholic acid (TwMCA). Data are expressed as the mean +SEM. The
significance between Chow and HFHS was calculated using unpaired two-tailed
Student’s t-test (Tp< 0.05, p< 0.01) and ™'p< 0.001). One-way ANOVA with a
Student-Newman-Keuls post hoc test was used to calculate the significance

between HFHS and the groups treated with the extracts of Arctic berries (*p< 0.05,
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**p< 0.01 and **p< 0.001). (A) Chow-fed animals are represented by a reference

line.
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ESM Figure 1: Fecal energy density and BCAA availability.
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ESM Figure 2: Plasma bile acid profile.
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Supplemental tables

ESM Table 1: Composition of the diets.

Chow diet (Teklad 2018, HFHS diet
HARLAN)
Ingredients (g/100g) Crude protein 19  Casein high nitrogen 20
Fat (Soybean oil) 6.2 L-cysteine 0.18
Carbohydrate 44  Sucrose FCC 26.9
Crude fiber 3.5 Alphacel non nutritive 5
bulk
Insoluble fiber 15  Mineral mix 6.7
Ash 5.3  Vitamin mix 14
Lard 19.8
Corn oil 19.8
Choline bitartrate 0.2
Tert-butylhydrytoluene 0.03
(BHT)
Composition (kcal%)
Protein 24 15
Carbohydrates 58 19.6
Lipids 18 65.4
Energy Density (kcal/g) 3.1 5.4

169



ESM Table 2: Abundance of taxa at phylum level.

CHOW HFHS CLE ABE LGE
Phylum Mean SEM  Mean SEM Mean SEM Mean SEM Mean SEM
Firmicutes 75.22 +3.63 82.98 +2.50 70.40 +6.38 76.46 +2.45 7536 +3.44
Bacteroidetes 1234 292 2.26™ +1.06 151  +0.72 373 046 341  #1.27
Actinobacteria 9.84  +3.65 4.44 +1.22 1.88 +0.74 137 053 262  +0.77
Proteobacteria  0.08  +0.02  0.16 +0.03 0.73* 021 029 +0.12 035 +0.11
™7 0.00  +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00  +0.00
Tenericutes 0.49 +0.21 0.017"  +0.01 0.01 +0.00 0.29 +0.29 0.00 +0.00
Verrucomicrobia 0.86  +0.58 3.11 +1.23 1526 471 12.05 +2.76 6.83  +2.69
F/B 2958 +21.87 221.81" +126.97 85.80 2125 21.36 +2.27 4627 =+12.51

TP<0.05; " P< 0.01; T""P<0.001 for HFHS vs. Chow (Mann-Whitney test). *P< 0.05; **P< 0.01; ***P<0.001

for HFHS vs. CLE, HFHS vs. ABE and HFHS vs. LGE (Kruskal-Wallis One-way ANOVA with Dunn's post-hoc
test). F/B - Firmicutes/Bacteroidetes ratio
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ESMTable 3: Abundance of taxa at class level.

CHOW HFHS CLE ABE LGE
Class Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Actinobacteria 7.08 +354 0.87'7 +0.83 0.00 +0.00 0.37 +0.22 0.90 +0.49
Coriobacteria 2.77 +0.66 3.57 +1.14 1.88 +0.74 1.00 +0.50 1.72 +0.41
Bacteroidia 1234 +2.92 226" +1.06 1.51 +0.72 3.73 +0.46 3.41 +1.27
Bacilli 37.38 17.81 26.15 +6.12 2.00* +0.72 9.05 +5.07 8.99 +3.59
Clostridia 38.62 +6.49 61.70'"" 16.77 76.07 411 7221 =+4.64 73.75 +7.28
Erysipelotrichi 0.38 +0.14 208" +0.55 2.54 +0.92 0.97 +0.64 4.03 +1.66
Alphaproteobacteria 0.02 0.01 0.00" +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
Betaproteobacteria 0.06 +0.02 0.16 +0.03 0.73* +0.21 0.29 +0.12 0.33 +0.11
Gammaproteobacteria  0.00  +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.02 +0.01
T™M7 0.00 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
Mollicutes 049 #0.21 0.02™ +0.01 0.01 +0.00 0.29 +0.29 0.00 +0.00
Verrucomicrobiae 0.86 058 3.11 +1.23 1526 +4.71 12.05 +2.76 6.83 +2.69

"P< 0.05; " P< 0.01; P<0.001 for HFHS vs. Chow (Mann-Whitney test). *P< 0.05; **P< 0.01;

***P<0.001 for HFHS vs. CLE, HFHS vs. ABE and HFHS vs. LGE (Kruskal-Wallis One-way

ANOVA with Dunn's post-hoc test).
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ESM Table 4: Abundance of taxa at order level.

CHOW HFHS CLE ABE LGE
Order Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Bifidobacteriales 7.08 354 087" +0.83 0.00 +0.00 0.37 022 090 +0.49
Coriobacteriales 277 066 3.57 +1.14 1.88 +0.74 1.00 050 1.72 +0.41
Bacteroidales 1234 +2.92 226 +1.06 151 +0.72 3.73 +0.46 3.41 +1.27
Bacillales 0.01 +0.00 0.00™ #0.00 0.02 +0.01 0.02 +0.00 0.03 +0.01
Lactobacillales 34.04 +8.03 26.05 +6.13 1.28* +0.65 8.82 507 8.18 +3.65
Turicibacterales 333 +1.01 010" +0.05 0.70* +0.13 0.22 +0.09 0.77* +0.24
Clostridiales 38.62 +6.49 61.70"" #6.77 76.07 +4.11 7221 +4.64 7375 +7.28
Erysipelotrichales ~ 0.38  +0.14 208" 055 254 +0.92 097 +0.64 4.03 +1.66
Rickettsiales 0.02 +0.01 0.00" +0.00 0.00 +0.00 0.00 +0.00 0.00 +*0.00
Burkholderiales 0.06 +0.02 0.16 +0.03 0.73° +0.21 0.29 0.12 033 +*0.11
Enterobacteriales 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 0.00 0.02 +0.01
Anaeroplasmatales 0.49  #0.21 0.02'  #0.01 0.01 +0.00 0.29 +0.29 0.00 +0.00
Verrucomicrobiales 0.86 +0.58 3.11 +1.23 15.26 +4.71 12.05 +2.76 6.83 +2.69

TP< 0.05; " P< 0.01; T""P<0.001 for HFHS vs. Chow (Mann-Whitney test). *P< 0.05; **P< 0.01;
***P<(0,001 for HFHS vs. CLE, HFHS vs. ABE and HFHS vs. LGE (Kruskal-Wallis One-way

ANOVA with Dunn's post-hoc test).
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ESM Table 5: Abundance of taxa at family level.

Family
Bifidobacteriaceae
Coriobacteriaceae
Porphyromonadaceae
S24-7
Staphylococcaceae
Enterococcaceae
Lactobacillaceae

Leuconostocaceae
Turicibacteraceae

Christensenellaceae
Clostridiaceae
Dehalobacteriaceae
Lachnospiraceae
Peptococcaceae
Peptostreptococcaceae

Ruminococcaceae
Mogibacteriaceae
Erysipelotrichaceae
Mitochondria
Comamonadaceae
Enterobacteriaceae

Anaeroplasmataceae
Verrucomicrobiaceae

CHOW

Mean SEM
7.07 +3.54
2.76 +0.66
12.28  +2.90
0.05 +0.04
0.00 +0.00
0.00 +0.00
34.04  +8.03
0.00 +0.00
3.33 +1.01
0.00 +0.00
2.32 +0.83
0.02 +0.01
8.43 +2.19
0.14 +0.07
0.04 +0.03
8.53 +2.00
0.06 +0.03
0.37 +0.14
0.02 +0.01
0.06 +0.02
0.00 +0.00
0.49 +0.21
0.86 +0.58

HFHS
Mean SEM
087" +0.83
3.57 +1.14
2057 +1.05
0.01 +0.01
0.00 +0.00
0.02" +0.00
26.03 +6.14
0.00 +0.00
0.10™" +0.05
0.06 +0.05
151 +0.42
007" 2001
8.84 +1.44
0.20 +0.06
55817 +2.48
2173 2351
0.03" +0.00
208" +0.55
0.00" +0.00
0.16 +0.03
0.00 +0.00
0.02"" +0.01
311 +1.23

CLE ABE
Mean SEM Mean SEM
0.00 +0.00 0.37 +0.22
1.88 +0.74 1.00 +0.50
1.50 +0.72 3.73 +0.46
0.01 +0.00 0.00 +0.00
0.02 +0.01 0.02 +0.00
0.02 +0.00 0.06 +0.04
1.26* +0.64 8.74 +5.03
0.00 +0.00 0.01 +0.00
0.69* +0.13 0.22 +0.09
0.46 +0.21 0.28 +0.07
1.54 +0.22 1.13 +0.22
0.03 +0.01 0.07 +0.04
7.95 +0.95 11.55 +2.14
0.61 +0.28 0.89 +0.46
19.43* +4.14 10.58 +4.20
2810 $4.35 2317 £3.22
029  £0.10 0.06  #0.01
2.54 +0.92 0.97 +0.64
0.00 +0.00 0.00 +0.00
0.73* +0.21 0.29 +0.12
0.00 +0.00 0.00 +0.00
0.01 +0.00 0.29 +0.29
15.26 +4.71 12.05 +2.76

LGE
Mean SEM
0.90 +0.49
1.72 +0.41
3.34 +1.23
0.06 +0.04
0.03 +0.01
0.23 +0.12
7.95 +3.71
0.00 +0.00
0.77* +0.24
0.62 +0.25
1.96 +0.38
0.08 +0.02
9.63 +1.11
1.12 +0.56
7.38 +2.27
33.18 #4.54
0.11 +0.03
4.03 +1.66
0.00 +0.00
0.33 +0.11
0.02 +0.01
0.00 +0.00
6.83 +2.69

TP< 0.05; " P< 0.01; T""P<0.001 for HFHS vs. Chow (Mann-Whitney test). *P< 0.05; **P< 0.01;
***P<(.001 for HFHS vs. CLE, HFHS vs. ABE and HFHS vs. LGE (Kruskal-Wallis One-way ANOVA

with Dunn's post-hoc test).
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ESM Table 6: Abundance of taxa at genus level.

CHOW HFHS CLE ABE LGE
Genus Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Bifidobacterium 7.07 +3.54 0.87" +0.83 0.00 +0.00 0.37 +0.22 0.89 +0.49
Adlercreutzia 0.79  0.26 1.35 +0.39 1.87 074 0.97 +049 170 +0.41
Barnesiella 12.28 #290 135" +0.53 150 +0.72 146  +0.52 272  +1.22
Parabacteroides 0.00 +0.00 0.9* +0.67 0.00 +0.00 2.26  +0.76 0.61 +0.52
Staphylococcus 0.00  +0.00 0.00 +0.00 0.01  +0.01 0.01  +0.00 0.03 #0.01
Enterococcus 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.20 +0.12
Lactobacillus 34.04 +8.03 26.02 +6.14 1.26"° +0.64 874 +5.03 7.95 +3.71
Turicibacter 333 101 010" 005 069" +0.13 0.22 #0.09 077" +0.24
Clostridium 0.30 +0.17 0.23 +0.09 0.08 +0.03 0.06 +0.05 0.08 +0.02
Dehalobacterium 0.02 +0.01 0.07" +0.01 0.03 +0.01 0.07 +0.04 0.08 +0.02
Anaerostipes 0.21 +0.10 0.00"" +0.00 0.00 +0.00 0.00 +0.00 0.02 +0.01
Coprococcus 0.40 +0.13 1.89 +0.67 0.97 +0.09 0.89 +0.2 0.81 +0.11
Dorea 0.99 046 0.71 +0.09 061 03 113 05 061 0.17
Roseburia 0.00 +0.00 0.02 +0.02 0.45 +0.32 0.00 +0.00 0.02 +0.01
Ruminococcus 2.57 +0.78 1.96 +0.25 1.90 +1.09 2.17 +0.32 1.68 +0.34
rc4-4 0.14  +0.07 0.20 +0.06 0.61 +0.28 0.89 +0.46 112  +0.56
Anaerotruncus 0.00  +0.00 0.06 +0.01 0.00° +0.00 0.00° +0.00 0.00° +0.00
Oscillibacter 0.50 +0.17 3.40 +0.72 494  +061 7.50 096 7.99 +1.28
Oscillospira 341 +0.94 933" 167 1059 159 810  #1.37 11.34 +1.45
Ruminococcus 254  +0.77 1.46 +0.2 179 046 118 +0.13 1.84  +0.36
Anaerovorax 0.00 +0.00 0.00 +0.00 0.11* +0.03 0.02 +0.01 0.03 +0.02
Allobaculum 021 014 196 +0.53 147 094 0.86 056 3.10  *1.59
Coprobacillus 0.02 +0.02 0.02 +0.01 0.01 +0.00 0.00 +0.00 0.01 +0.00
Delftia 0.06 +0.02 0.15 +0.03 0.73" +0.21 0.29 +0.12 0.33 +0.11
Anaeroplasma 048 021 0.01™ 001 000 +0.00 029 *0.29 0.00  +0.00
Akkermansia 0.85 +0.58 3.10 +1.23 1526 +4.71 12.05 +2.76 6.83  +2.69

"P< 0.05; " P< 0.01; "P<0.001 for HFHS vs. Chow (Mann-Whitney test). *P< 0.05; **P< 0.01;
***P<0.001 for HFHS vs. CLE, HFHS vs. ABE and HFHS vs. LGE (Kruskal-Wallis One-way ANOVA
with Dunn's post-hoc test).
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CHAPTER IV

Treatment with camu camu (Myrciaria dubia) prevents obesity by altering the
gut microbiota and increasing energy expenditure in diet-induced obese

mice.
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Stéphanie Dudonné?, Renato T. Nachbar®, Geneviéve Pilon'?, Olivier Barbier
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Résumé

La consommation de fruits est étroitement associée a une meilleure santé et a une
plus grande diversité bactérienne dans le microbiota intestinal (MI). La composition
du camu camu représentant parfaitement le potentiel des éléments
phytochimigues pouvant agire contre les maladies immunométaboliques liées a
'obésité, nous avons évalué leffet d'un extrait brut de ce fruit sur des
caractéristiques du syndrome métabolique et sur le MI de sourissur une diete
obésogene. Des souris méales C57BI/6J ont été nourries a une diete riche en gras
et en sucrose (HFHS) et traitées quotidiennement avec le CC (200 mg/kg) ou a
I'aide du véhicule (eau) pendant 8 semaines.Les souris traitées avec le CC ont vu
leur prise de poids, leur graisse viscérale et leur stéatose hépatique grandement
réduites par rapport a ce qui fut observé chez les souris HFHS témoins traitées a
'eau. Ces effets anti-obésité n'étaient pas liés a un dans l'apport énergétique, mais
plutét, a une augmentationde la dépense énergétique. Des analyses par qPCR du
tissu adipeux brun ont révélé une expression plus élevée de I'ARNm de la protéine
découplante (UCP1) chez les souris CC, des résultats fortement corrélés aux
niveaux d'/ARNm du récepteur d’acides biliaires (AB) TGR5. Ces résultats furent
aussi associés a des changements drastiques dans le Ml (i.e, de I'expansion de
Barnesiella et d’Akkermansia muciniphila accompagné d'une forte réduction de
Lactobacillus). Nous avons aussi démontré des niveaux réduits d'endotoxine
circulante chez les souris CC par rapport aux souris témoins HFHS traitées a I'eau.
Fait intéressant, des souris axéniques (germ-free, GF) dont le MI fut reconstitué
avec le microbiote fécal des souris traitées avec le CC ont gagné moins de poids
et ont eu une dépense énergétique plus élevée que les souris GF colonisées avec
le MF de souris témoins. Nos résultats démontrent que le CC empéche la
déposition de graisse viscérale en stimulant la dépense énergétique associé a la
prévention de la dysbiose intestinale, a une amélioration de la barriére intestinale

et a des changements majeurs dans le profil d’AB.
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Abstract

The consumption of fruits is strongly associated with better health and higher
bacterial diversity in the fecal microbiota (FM). Camu camu (Myrciaria dubia) is an
Amazonian fruit with a unique phytochemical profile, strong antioxidant potential
and purported anti-inflammatory potential. In the present study we have assessed
the effect of a crude extract of camu camu (CC) on obesity and associated
immunometabolic disorders in high fat/high sucrose (HFHS)-fed mice. Treatment of
HFHS-fed mice with CC prevented weight gain, lowered fat accumulation and
blunted metabolic inflammation and endotoxemia as compared to vehicle-treated
HFHS-fed animals. CC-treated mice displayed improved glucose tolerance and
insulin sensitivity and were also fully protected against hepatic steatosis. These
effects were linked to increased energy expenditure and upregulation of uncoupling
proteinl (UCP1) mRNA expression in the brown adipose tissue of CC-mice, which
strongly correlated with the mRNA expression of the bile acid (BA) receptor TGR5.
Moreover, CC-treated mice showed altered plasma BA pool and drastic changes in
the GM (e.g, bloom of Barnesiella and A. muciniphila and a strong reduction of
Lactobacillus). Germ-free (GF) mice reconstituted with the FM of CC-treated mice
gained less weight and displayed higher energy expenditure than GF-mice
colonized with the FM of HFHS controls. Our results show that CC prevents
visceral and liver fat deposition through BAT activation and increased energy
expenditure, a mechanism that is dependent on the GM and linked to major
changes in the BA acid pool.

177



Introduction

The prevalence of obesity and overweight is extremely high worldwide [1]
and worrisome predictions indicate that more than one billion people will be obese
by 2030 [2]. Visceral obesity is crucial for the development of metabolic
complications of chronic inflammatory etiology that considerably compromise life
quality and reduce lifespan, such as type 2 diabetes, hepatic steatosis and
cardiovascular diseases [3]. Deciphering the mechanisms leading to obesity and its
associated debilitating conditions is therefore of utmost importance in order to
guide the search for novel treatments and preventive strategies. Previous works by
several research groups have demonstrated the role of the gastro-intestinal tract
along with its colonizing bacteria in controlling host metabolism [4 5]. While diet is a
major factor influencing gut microbial community structure [6], metagenome-wide
association studies have revealed that the consumption of fruits and other
phytonutrient-rich foods are among the strongest factors explaining alterations in
the fecal microbiota of humans [7 8]. Accordingly, recent animal studies have
shown that fruit extracts enriched in polyphenols can reduce body weight gain and
alleviate the metabolic syndrome in association with the modulation of the gut
microbiota [9 10]. However, it remains unclear to what extent the changes in the
gut microbiota can contribute to the metabolic benefits. While a recent study has
shown that resveratrol can impact the microbiota and thereby contribute to the
metabolic benefits of this molecule [11], the dose used in these experiments far
exceeds the concentration found in foods and thus is not nutritionally relevant. It is
therefore still unknown whether modulation of the gut microbiota by complex
mixtures of phytonutrients, such as those found in fruits, can be causally related to
the prevention of body weight gain and improvement of obesity-related

immunometabolic disorders.

Camu camu (Myrciaria dubia) is an Amazonian fruit deemed a “superfruit”
for its unique phytochemical profile [12] and alleged potent antioxidant and anti-

inflammatory activity [13 14]. Vitamin C is very abundant in camu camu, while the
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concentration of flavonoids such as ellagic acid and ellagitannins is also elevated
in this fruit [13 14]. As camu camu is a prolific assembly of potentially healthy
phytochemicals, we sought to analyze the impact of the administration of a crude
extract of camu camu (which mimics well the totality of its phytonutrients at
physiologically relevant doses) on obesity and associated immunometabolic
disorders, such as adipose tissue inflammation, insulin resistance and hepatic
steatosis in diet-induced obese mice, and to thoroughly investigate the potential
role of the gut microbiota in mediating the potential effects of this fruit on host

metabolism.
Material and methods

Animals. Eight week-old C57BI/6J male mice (Jackson, USA) were
individually housed in a controlled environment (12 hours daylight cycle, lights off
at 18:00) with food and water ad libitum in the animal facility of the Institute of
Nutrition and Functional Foods. After two weeks of acclimatization on a normal-
chow diet (Teklad 2018, Harlan), mice were randomly divided into 3 groups (n=12)
and fed on a high-fat high-sucrose (HFHS) diet containing 65% lipids, 15% proteins
and 20% carbohydrates (Supplemental Table 1). Treatment started concomitantly
with the introduction of the HFHS diet and consisted of daily oral doses (200
mg/kg) of resuspended crude extract of camu camu (Myrciaria dubia, Sunfood,
San Diego, USA), vitamin C (6.6 mg/kg, which reproduces the dose of vitamin C
given within 200mg/kg of CC) or the vehicle used to resuspend the extract and
vitamin C (i.e., animal facility's drinking water) throughout 8 weeks. 200 mg/kg of
camu camu extract is equivalent to approximately 2 g/kg of the fresh fruit (or 140 g
of the fresh fruit for 70 kg individual), which consists of a nutritionally feasible dose.
An additional group (n=12) of chow-fed vehicle-treated mice was included as a
reference control for diet-induced obesity. The groups treated with the extract of
camu camu and vitamin C are referred to as CC and VitC respectively throughout
the manuscript, whereas the vehicle-treated groups are identified as Chow and
HFHS. The phytochemical profile of the camu camu extract is available in Table 1.

Body weight gain and food intake were assessed twice a week. At week 8, animals
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were anesthetized in chambers saturated with isoflurane and then sacrificed by
cardiac puncture. Blood was drawn in tubes containing 2 IU of heparin and
immediately centrifuged in order to separate plasma from cells. Brown,
subcutaneous and visceral fat pads were carefully collected along with
gastrocnemius muscle, liver, intestine, pancreas, heart and gallbladder. All
procedures were previously approved by the Laval University Animal Ethics

Committee.

Germ-free mice and fecal microbiota transplants. In an additional cohort,
fecal pellets of vehicle-treated and CC-treated conventional mice were harvested
at week 6 and transferred to anaerobic chambers for resuspension in phosphate-
buffered saline (110 mg of feces/350 uL of PBS). Fourteen 8-week old germ-free
C57BI/6J mice were purchased from Taconic, USA and, on the day of their arrival,
the sterile containers were opened under a germ-free laminar flow hood and mice
were immediately gavaged with freshly prepared fecal resuspensions (350 L)
made with the stool of either vehicle-treated or CC-treated HFHS-fed conventional
mice. Germ-free mice reconstituted with the fecal microbiota of vehicle-treated
HFHS-fed mice are referred to as HFHS-receivers (n=7) whereas those
reconstituted with the fecal slurry of CC-treated HFHS-fed mice are referred to as
CC-receivers (n=7) throughout the manuscript. Transplanted mice were initially
housed in metabolic cages for 4 days (Columbus instruments, Columbus, OH,
USA) and then transferred to ventilated sterile cages for 10 additional days and fed
a low-fat diet (Research diets, D12450H) throughout the study.

Metabolic cages. At week 5, mice were individually placed in metabolic
cages (Comprehensive Laboratory Animal Monitoring System, CLAMS™,
Columbus Instruments, Columbus, OH, USA) for automated, non-invasive and
simultaneous assessment of horizontal and vertical activity, feeding, oxygen
consumption and carbon dioxide production. Room temperature for all metabolic
studies was maintained at 28°C to keep mice at thermoneutrality [15 16] and with a
12-hour-light/dark cycle. The relationship between metabolic rate and body mass

was normalized by using the Kleiber's interspecific mass exponent (0.75) to
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calculate the metabolic body size (body weight®"

) [17 18]. Mice were monitored
over a 3-day period (1 day of acclimatization followed by 2 days of measurements).
Graphs display the average of the hourly measurements during two days of

monitoring.

The methods used to assess glucose homeostasis, plasma bile acids and

gut microbial profile are available as supplemental material.

Statistical analysis. Data are expressed as mean + SEM. One-way ANOVA
with a Student-Newman-Keuls post hoc test (Prim GraphPad, USA) was used to
compare HFHS, CC and VitC groups. In the set of experiments that did not include
the VitC group, Unpaired Student’s t-tests (Prim GraphPad, USA) were used to
assign significance to the comparisons between CC versus HFHS. Because Chow-
fed mice were exclusively a reference control for diet-induced obesity and the
interaction between CC and different diets was out of the scope of this study,
significance to the comparison Chow versus HFHS was also based on Unpaired
Student’s t-tests (Prim GraphPad, USA). Two-way repeated measures ANOVA
with a Student-Newman-Keuls post-test (Sigmaplot, USA) was used when time
was considered as a variable. All results were considered statistically significant at
P< 0.05.

The statistical significance of differentially abundant and biologically relevant
taxonomical and functional biomarkers between two distinct biological conditions
was measured using a linear discriminant analysis (LDA) effect size (LEfSe) [26].
This tool allows for ranking by effect size the differential biomarkers using LDA.
Only taxa meeting an LDA significant threshold of 2.5 were considered. A P-value
of < 0.05 was considered to indicate statistical significance for the factorial

Kruskal-Wallis rank-sum test.
Results

CC, but not vitamin C, prevents obesity and liver steatosis in DIO-mice.
Daily oral administration of CC significantly prevented diet-induced weight gain

from day 14 onwards (figures 1a,b), and these findings were not related to changes
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in energy intake (figure 1c). The effect of CC on weight gain was explained by a
significant prevention of fat accretion in all fat depots, including visceral (ie,
epididymal, retroperitoneal and mesenteric), subcutaneous (ie, inguinal) and
interscapular brown fat (figure 1d). The weight of gastrocnemius, pancreas, heart
and caecum content as well as the intestinal length was not affected by CC
administration (Supplemental figures la-f). Administration of vitamin C to doses
equivalent to that provided in the extract of camu camu did not prevent diet-
induced obesity (figures 1a-d), suggesting that other constituents in the extract are
responsible for the anti-obesity observed. Liver weight was slightly, yet not
significantly, reduced in CC-treated mice (figure 1e), whereas diet-induced hepatic
steatosis and dyslipidemia were fully prevented in these animals, as indicated by
prevention of triglyceride accumulation in both liver and circulation of CC-treated
mice as compared to HFHS control mice (figures 1f,g). We found no differences in
the daily energy output through the feces in CC mice versus vehicle-treated HFHS
mice, suggesting that the anti-obesity effect of CC was not related to altered food
digestion or intestinal absorption (figure 1h). Interestingly, CC administration was
associated with increased energy expenditure and that was unrelated with
augmented physical activity (figure 1i and supplemental figures 1g-l). This resulted
in a major shift in energy partitioning with less energy available for storage in CC-
treated HFHS mice in comparison with vehicle-treated HFHS control mice (figure
1j). Taken together, these results show that CC prevents diet-induced weight gain
and adiposity and that this anti-obesity effect is driven by increased energy

expenditure.

CC blunts adipose tissue inflammation, alleviates metabolic endotoxemia
and improves glucose homeostasis in DIO-mice. CC treatment blunted many
typical inflammatory markers of metabolic inflammation in the adipose tissue,
leading to a strong tendency (P = 0.06) towards reduced interleukin-13 (IL-1B) and
a significant reduction of vascular endothelial growth factor (VEGF) and monocyte
chemoattractant protein-1 (MCP-1) (figure 2a-f). In accordance with lower levels of
MCP-1, a key orchestrator of macrophage infiltration in the adipose tissue, we
found lower mRNA expression of Adgre (encodes for the macrophage marker
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F4/80) and lower crown-like structure (CLS) density in the epididymal adipose
tissue of CC mice versus HFHS control mice (figure 2g and supplemental figures
2a-c,f). Moreover, consistent with improved adipose tissue inflammation, CC mice
showed reduced adipocyte size (Supplemental figures 2a-e). CC treatment also a
prevented metabolic endotoxemia, as indicated by lower levels of LPS in the
plasma of CC mice versus vehicle-treated HFHS control mice (figure 2h). These
findings show a consistent resolution of adipose tissue inflammation in CC mice
linked to lower fat mass accretion and suggests that CC-driven alterations in
intestinal physiology may also contribute to alleviate diet-induced metabolic

inflammation in these animals.

While fasting glycemia was not different between CC-treated and HFHS
control mice (figure 2i), CC administration prevented fasting hyperinsulinemia
(figure 2j), resulting in improved fasting insulin resistance, as suggested by lower
HOMA-IR in CC mice as compared to HFHS control mice (figure 2k). We also
found improved glucose clearance (figures 2I,m) and reduced insulinemia post
glucose challenge (figure 2n,0) along with ameliorated insulin sensitivity 10 min
after insulin injection (figure 2p) in CC mice versus HFHS control mice. These
results indicate that the preventive effect of CC on HFHS-induced obesity and
visceral fat accumulation and inflammation resulted in improved glucose

homeostasis and insulin sensitivity in these mice.

CC administration prevents obesity-driven dysbiosis and alleviates
metabolic endotoxemia. Since intestinal bacterial communities play a role in host
metabolism and because diet is a major driver of changes in the gut microbiota, we
used 16S rRNA gene-based analysis of stool samples in order to assess the
taxonomic profile of Chow, HFHS and CC mice. CC treatment fully prevented the
diet-induced decrease in microbial richness (figure 3a) and the increase in the
Firmicutes/Bacteroidetes ratio (figure 3b,c), two hallmarks of obesity-driven
dysbiosis [19 20 21]. Fecal samples were harvested at the end of the study (ie,
week 8) and at the end of the acclimatization period on a Chow diet (baseline, bs)

in order to verify the uniformity of the microbial profile at the study beginning. CC-

183



treatment prevented the HFHS-driven reduction in the relative abundance of
Bifidobacterium and Barnesiella, the main representatives of the phyla
Actinobacteria and Bacteroidetes, respectively, affected by CC (figure 3d).
Interestingly, CC drastically reduced the relative abundance of Lactobacillus, and
this change explained most of the reduction in Firmicutes found in CC
metagenomes vs. HFHS (figure 3d). Similarly to Chow-fed mice, CC-treated mice

also showed an expansion of Turicibacter.

We then applied the LEfSe method in order to rank the most relevant
taxonomic changes while emphasizing both statistical significance and biological
representativeness of taxa. This approach ranked Barnesiella spp. and Turicibacter
spp. along with a major decrease in OTUs assigned to Lactobacillus spp. as the
main features discriminating the metagenomes of CC mice from those of HFHS
control mice (figure 3e). We found a tendency of higher Akkermansia muciniphila in
CC mice (P = 0.07, figure 3d). This bacterium deserves thorough attention since it
has been previously associated with lean phenotypes [20 22] and increased in the
gut microbiota of HFHS-fed mice treated with polyphenol-rich extracts [9 10]. We
therefore quantified A. muciniphila by gPCR and found an increase in this taxon in
CC-treated mice versus vehicle-treated HFHS-fed mice (figure 3g). OTUs assigned
to the genera Delftia, Roseburia, Anaerostipes, Anaerotruncus and
Parabacteroides, and to unclassified genera within the families
Christensenellaceae and Erysipelotrichaceae, were considerably low (below 1%).
We therefore decided to focus on the major CC-related effects, particularly on
Barnesiella, Turicibacter, Bifidobacterium, A. muciniphila and Lactobacillus.

CC administration alters the plasma bile acid pool and upregulates the
MRNA expression of markers of brown fat activation and browning of white
adipose tissue. Since bile acids (BA) have been shown to regulate energy
homeostasis and brown adipose tissue activity [23 24 25], we sought to evaluate
whether changes in the bile acid pool could be linked to the phenotypic changes
seen in CC-treated mice. CC administration normalized the total circulating levels

of BA in HFHS-fed mice to values similar to those of Chow-fed mice (figure 4a and
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supplemental figures 3a,c) and this was associated with smaller gallbladders found
in CC mice versus HFHS control mice (figure 4c). Moreover, CC administration
increased the proportion of secondary and of unconjugated bile acids in the plasma
(figure 4b and supplemental figures 3b,d) as compared with vehicle-treated HFHS
control mice. Relative to the total amount of BA, the taurine-conjugated form of the
primary BA TaMCA (tauro-a-murocholic acid) and TBMCA (tauro-B-murocholic
acid) were less abundant, while BMCA (B-murocholic acid) and wMCA (w-
murocholic acid) were increased in the plasma of CC mice when compared with
vehicle-treated HFHS mice (figure 4b). CDCA (chenodeoxycholic acid) along with
the secondary BA DCA (deoxycholic acid), HDCA (hyodeoxycholic acid) and
UDCA (ursodeoxycholic acid) were also increased in the plasma of CC mice
versus HFHS control mice (figure 4b). Eight weeks of HFHS feeding increased the
ileal mMRNA expression of the nuclear receptor small heterodimer partner (SHP,
NrOb2), a pivotal downstream effector of FXR (farnesoid-X-receptor) activation
(Figure 4d). As expected, this latter alteration was linked to reduced mRNA
expression of the rate-limiting enzyme controlling BA synthesis cholesterol-7-
hydroxylase (Cyp7al) in the liver of HFHS control mice versus Chow-fed mice
(figure 4e). Abcbll (bile salt export pump, Bsep), Gpbarl (G protein-coupled bile
acid receptor 1, TGR5) and Fgfr4 (fibroblast growth factor receptor 4) were also
decreased in the liver of HFHS-fed control mice when compared with Chow-fed
mice (figures 4e). Consistent with reduced BA pool size, the ileal mMRNA
expression of NrOb2 was downregulated in CC mice as compared with HFHS
control mice (figure 4d), however this was not sufficient to affect the mRNA
expression of Fgfl5 (fibroblast growth factor 15) and of other genes under FXR
control, such as the BA transporters organic solute transporter-a (Osta, Slc51a)
and Ostp (Slc51b), in the ileum of CC mice (figure 4d). Moreover, these latter
findings were not related to changes in the mRNA expression of Cyp7al in the liver
of CC mice in comparison with HFHS-fed control mice (figure 4e). Taken together
these results highlight drastic changes in the plasma BA pool size and

composition.
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As our findings pointed toward increased energy expenditure in CC-treated
mice, and because BA have been suggested to regulate thermogenesis, we next
evaluated markers of brown fat activity and of browning of white fat depots. Our
findings revealed a significant upregulation in the mRNA levels of uncoupling
protein 1 (Ucpl) and deiodinase 2 (Dio2) in both brown (BAT) and inguinal (IWAT)
adipose tissues of CC-treated HFHS mice as compared with vehicle-treated HFHS
mice (figures 4g,h). The MRNA expression of Pgcla (peroxisome proliferator-
activated receptor y coactivator 1a) was also increased in BAT of CC mice in
comparison with HFHS control mice (figure 4h). Interestingly, the mMRNA
expression of Fgfr4 was upregulated in the inguinal fat of CC mice (figure 4g), but
not in the epididymal fat or BAT of these mice (figures 4f,h). We found a strong
correlation between Ucpl and Dio2 mRNA expression in both iWAT and BAT, as
well as between the mRNA expression of TGR5 (Gpbarl) and Ucpl, Dio2 and
PGCla in BAT, all key genes involved in its thermogenic activation (figure 4i).
Moreover, our analysis revealed that the mRNA expression of Fgfr4 strongly
correlated (r = 0.86) with the mRNA expression of Dio2 in iIWAT (figure 4i). We did
not detect significant changes in the Ucpl and Fgfr4 mRNA expression in the
epididymal fat depot (eWAT) (figure 4f). Interestingly, the HFHS-induced increase
in the ileal MRNA expression of fasting-induced adipose factor (Fiaf), a gut
hormone controlling the clearance of triglycerides from plasma to tissues, was
inhibited in CC mice (figure 4d), suggesting an intestinal contribution to the
improved triglyceride clearance found in CC mice. Fiaf is also expressed in the
liver and in the adipose tissue and, albeit we found higher mRNA expression of
Fiaf in the eWAT of HFHS control mice than in Chow-fed mice, CC administration
did not affect the expression of this gene in this fat tissue or in the liver (figure 4e,f).
In summary, these data supports increased brown fat activation coupled with

browning of subcutaneous white adipose tissue.

CC reduces weight gain and increases energy expenditure through
modulation of the gut microbiota. To demonstrate the causal link between the gut
microbiota of CC mice and host phenotype, we next performed fecal microbiota

transplant (FMT) experiments using germ-free mice colonized with the fecal
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microbiota of CC-treated donor mice to test whether this could recapitulate the
effect of CC administration on weight gain and energy expenditure. Germ-free mice
were gavaged with fecal resuspensions from vehicle-treated HFHS-fed and from
CC-treated HFHS-fed donor mice to germ-free mice (referred to as HFHS
receivers and CC receivers). Throughout days 1, 2 and 3 post-colonization HFHS
receivers gained, respectively, 3%, 2% and 2.4% of their initial body weight (figure
5a). Conversely, CC receivers showed a rapid 5% body weight loss after only one
day post-colonization followed by a 3.7% and a 1.4% loss of their initial body
weight on days 2 and 3, respectively (figure 5a). This resulted in significant
differences in weight gain between CC receivers and HFHS receivers on days 1 (P
< 0.001) and 2 (P = 0.009) post-colonization and a tendency (P = 0.1) to be
maintained at day 3 (figure 5a). There were no differences in energy intake or in
fecal energy excretion between groups (figure 5b and supplemental figures 5a,b).
Indirect calorimetry measurements performed throughout the first four days post-
colonization revealed a marked increase in energy expenditure unrelated to
increased physical activity on days 1 and 2 post-colonization, an effect that was
markedly reduced on day 3 and completely lost on day 4 post-colonization (figure
5c¢ and supplemental figures 5c-h). We then used gPCR to assess the abundance
of key phylotypes harbored by CC-treated mice in fecal samples of HFHS-
receivers and CC-receivers. On day 1 post colonization, lower
Firmicutes/Bacteroidetes ratio and Lactobacillus spp. as well as higher abundance
of A. muciniphila were found in the feces of CC receivers when compared with
HFHS receivers (figures 5d-h). Interestingly, out of the eight key taxa explored,
only A. muciniphila remained significantly enriched in the feces of CC receivers in
comparison with HFHS receivers on day 2 post-colonization (figure 5h). The
presence of Bifidobacterium spp., Barnesiella spp., Allobaculum spp. and
Turicibacter spp. was not different between groups on days 1 and 2 post-
colonization (figure 5i and supplemental figures i-k). These results show that
colonization of germ-free mice with a single transplant of fecal microbiota from CC-

treated donor mice transiently and partially recapitulates the phenotype of CC
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mice, and point toward A. muciniphila as being an important driver of increased

energy expenditure and reduced weight gain upon CC administration.
Discussion

In this paper we present evidence that daily treatment of HFHS-fed mice
with a crude extract of camu camu containing a rich mixture of phytonutrients and
fibers is sufficient to completely prevent diet-induced obesity and ameliorate
several features of the metabolic syndrome in these animals. Our work further
elucidates some key mechanisms underlying the beneficial action of CC treatment.
First, we report that the anti-obesity effect of CC is unrelated to changes in energy
intake or excretion and rather attributed to increased energy expenditure. Our data
further unravel a putative role for an altered plasma BA pool size and composition
that is consistent with brown fat activation and browning of subcutaneous white fat.
We have also demonstrated through performing metagenomic analyses and FMT
studies that major changes in the gut microbiota are causally related to key
metabolic phenotypes of CC-treated mice, such as body weight gain and increased

energy expenditure.

Camu camu-based products are widely marketed for their high content of
vitamin C and their alleged strong anti-oxidant potential [14]. However, we showed
here that mice treated daily with the same dose of vitamin C found in 200 mg/kg of
CC (ie, 6.6 mg/kg) displayed fat mass gain comparable to vehicle-treated HFHS-
fed mice, strongly suggesting that vitamin C, alone, is not involved in the anti-

obesity effects of CC.

CC treatment prevented the HFHS-induced increase in BA pool size and
composition. Smaller gallbladders found in CC mice versus HFHS control mice
suggest that the effect of CC on BA pool size is linked to reduced bile acid
synthesis rather than increased bile acid excretion. BA bind to FXR which in turn
activates Shp to then inhibit their own synthesis in the liver and uptake in the ileum.
FXR activation in the ileum also triggers the secretion of Fgfl5, which contributes

to the downregulation of BA synthesis in the liver through binding to Fgfr4. Our
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results suggest that the reduced BA pool size found in CC-treated HFHS mice
likely contributes to downregulate FXR activity in the ileum of these animals. This
conclusion is based on the lower mRNA levels of Shp in the ileum of CC mice,
since the mMRNA expression of FXR poorly reflects its activity [26 27]. Surprisingly,
the mMRNA expression of the rate-limiting enzyme involved in BA synthesis,
Cyp7al, along with the mRNA levels of Shp were not affected by CC
administration in the liver. As we found a major decrease in the abundance of FXR
antagonists (eg, TaMCA, TBMCA) coupled with an increase in FXR agonists (eg,
CDCA, DCA, HDCA and UDCA) in the BA pool of CC mice, we hypothesized that
such a FXR-stimulatory BA profile might compensate for the inhibitory effect of a
reduced BA pool size, therefore disrupting the FXR-mediated negative feedback
loop controlling BA synthesis in CC mice and keeping the levels of circulating BA

lower than in vehicle-treated HFHS-fed mice.

Our results also suggest that the particular plasma BA profile of CC mice
may be relevant to the enhanced brown fat activation and browning of
subcutaneous fat in CC mice. Indeed, CDCA and especially the secondary BA
DCA, HDCA and UDCA have been shown to act through TGR5 to potentiate the
response of brown adipocytes to thyroid hormone and activate non-shivering
thermogenesis in this tissue [23]. In line with this previous report, we found higher
abundance of secondary BA in CC mice (particularly DCA, HDCA, UDCA and
wMCA) in parallel to increased mRNA expression of genes involved in
thermogenesis in both brown and subcutaneous fat depots. We also found a strong
correlation between Ucpl mRNA expression (a key marker of brown fat activity
and white fat browning) and TGR5 mRNA expression in the brown fat of CC mice.
Moreover, the gut hormone Fgfl5 has been shown to trigger thermogenesis and
browning of white fat depots by means of Fgfr4 activation [25]. Consistently with
these latter findings, we found a strong upregulation in the mRNA expression of
Fgfr4 in inguinal fat, suggesting that enhanced browning of subcutaneous white fat
in CC mice is associated with increased responsiveness to Fgfl5. Although the
direct contribution of the altered BA pool size and composition found in CC mice to

enhanced energy expenditure warrants further investigation, our study brings novel
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insights into the mechanistic role of BA in the anti-obesity effects of polyphenol-rich

extracts.

A direct effect of CC phytonutrients on brown and white adipocytes may also
contribute to the beneficial effects of camu camu. However, while phytochemicals
such as green tea polyphenols [28 29], capsaicin [29 30], naringenin [31] and
resveratrol [32 33] have all been shown to trigger thermogenesis in animal models,
these compounds were not detected to significant levels in CC, and they have
been mostly tested at pharmacological doses and not at physiologically relevant
concentrations found in foods. In the present study we tested a crude extract
containing a mix of key phytochemicals that are provided at realistic concentrations
and that corresponds to the consumption of feasible amounts by humans
(approximately 2 g of the fresh fruit/kg of body weight). This approach allows for
the discovery of mechanisms of action that more likely take place during the
consumption of fruits and vegetables and may therefore guide the tailoring of diets
in order to prevent or treat the metabolic syndrome. Hence, it is noteworthy that we
found considerable amounts of ellagic acid and its hydrolysable polymeric form (ie,
ellagitannins) in the camu camu extract. Hydrolysis of ellagitannins to yield ellagic
acid and the conversion of this latter molecule into urolithins takes place in the gut
lumen upon reaction with bacterial enzymes. Although there is strong evidence for
the health supporting properties of urolithins [34], its thermogenic effect remains to

be elucidated.

The microbial community structure was markedly reshaped in CC-treated
mice and may be related to alteration in the plasma BA profile. Indeed, BA acids
are antimicrobial molecules [35] and the altered bile acid pool observed upon high
saturated fat feeding, which favors the presence of taurine-conjugated BA in the
enterohepatic circulation, was found to be associated with the expansion of bile
acid resistant bacteria (eg, Bilophila wadsworthis and Lactobacillus spp.) in the gut
environment [26 36]. The reduction of BA pool size found in CC mice may
therefore remove the competitive advantage of Lactobacillus spp. and contribute to

mitigate their presence in the gut microbiota. The likely increment in the anti-
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oxidant potential in the lumen associated with the intake of CC phytochemicals
may restrain oxygen availability and further compromise the bloom of facultative
anaerobe species such as lactobacilli. This latter hypothesis is supported by a
major reduction in Lactobacillus spp. abundance observed in mice treated with the
antioxidant tempol [26]. BA can reshape the gut microbiota and, in turn, microbes
are able to deconjugate and dehydroxylate BA [35]. We found an expansion of
unconjugated and of secondary BA in the plasma of CC mice, indicating an
important influence of gut microbes on the BA profile in CC mice. Since our results
suggested a role for secondary BA in brown fat activation, an interplay between gut
bacteria and BA pool composition may contribute to the effect of CC on energy
expenditure and weight gain. In this regard, we and others have previously shown
the association between dietary polyphenols and a prebiotic-like effect on A.
muciniphila [9 10 37], whereas the tannase activity of this bacterium (ie, ability to
yield ellagic acid from the hydrolysis of ellagitannins) has been recently described
and may bring an additional competitive advantage for A. muciniphila to thrive [38].
While the interaction between BA and A. muciniphila is currently unknown,
polyphenols present in CC may thus contribute to the expansion of A. muciniphila

population observed in metagenomes of CC mice.

Fibers are complex polysaccharides that constitute a major dietary substrate
for bacterial fermentation in the gut. Bifidobacterium spp. possess a wide repertoire
of genes encoding enzymes for the degradation of complex polysaccharides [39]
and, indeed, this taxa were enriched in the gut microbiota of Chow-fed mice when
compared with vehicle-treated HFHS-fed mice. Turicibacter spp. are not classically
related to fibrolytic activity, however their identification as key phylotypes in Chow-
fed mice metagenomes suggest their colonic expansion in fiber-rich environments.
Bifidobacterium spp. and Turicibacter spp. were both overrepresented in CC-
treated HFHS mice in comparison with HFHS control mice and this could be partly

attributed to the fibers presentin CC.

To demonstrate the causal link between changes in gut microbiota and the

phenotype of CC mice we colonized germ-free mice with a single dose of the fecal
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slurry from vehicle-treated and CC-treated donors, which revealed a significant, but
transitory effect on of the transplanted microbiota from CC-treated mice on weight
gain and energy expenditure. Among the key metagenomic features that were
significantly different post-colonization, only A. muciniphila abundance was found
to remain significantly higher for two consecutive days in the fecal DNA of CC
receivers versus HFHS receivers. Our results thus demonstrate that the gut
microbiota is causally-related to the anti-obesity properties of CC and suggest that
an increased abundance of A. muciniphila as a major contributor to this effect. This
is supported by previous studies showing that the oral administration of A.
muciniphila to diet-induced obese mice counteracted obesity along with other
features of the metabolic syndrome [22 40 41]. Our work thus brings a novel
perspective whereby expansion of A. muciniphila in response to dietary
phytonutrients strongly collaborates with other gut microbes to trigger a
compensatory increase in energy expenditure that helps to curb fat accumulation in
DIO mice.

Conclusion

We found that daily administration of a crude extract of camu camu,
providing physiologically relevant doses of a unique mix of phytochemicals,
prevents obesity and metabolic syndrome by impacting the gut microbiota leading
to increased energy expenditure. Our findings also suggest an interplay between
the BA profile and the gut microbiota to activate BAT thermogenesis in CC mice.
To the best of our knowledge, this is the first demonstration of the causal role of
the gut microbiota in contributing to the metabolic benefits of a fruit extract. Our
data also promote the consumption of camu camu and other phytochemical-rich
fruits as a safe and easily implementable nutritional strategy to trigger the
expansion of A. muciniphila in the gut microbiota an thus alleviate several

detrimental features of the metabolic syndrome.
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Tables

Table 1: Chemical characterization of the camu camu extract.

Extract content (mg/100g dry Daily intake* (mg/kg

weight) body weight)
Total polyphenols 6550 +140 13.10000
Anthocyanins nd
Proanthocyanidins nd
Flavanols/Flavonols 110.8 10 0.22160
Quercetin 33.5+1.25 0.06700
Quercetin-glucoside 5.6 +0.51 0.01120
Quercetin-galactoside 2.0 +0.83 0.00400
Quercetion-3-xyloside 3.5 +0.96 0.00700
Quercetion-3-arabinoside 0.7 £0.39 0.00140
Myricetin 74.3 £1.96 0.14860
Myricetin-
glucoside/galactoside 8.4 £1.63 0.01680
Coumaroyl-glucosides 1.0 £0.26 0.00200
Phenolic acids 100.0 +0.001 0.20000
Ellagic acid 44.0 £0.001 0.08800
Gallic acid 26.1 +0.76 0.05220
4-Hydroxybenzoic acid 1.1+0.31 0.00220
p-Coumaric acid 4.6 £0.30 0.00920
Ferulic acid 0.3 +£0.03 0.00060
Protocatechuic acid 0.4 £0.12 0.00080
Gentisic acid 0.2 +0.12 0.00040
Ellagitannins 450.0 £110 0.90000
Saguiin H-10 11.0 £0.35 0.02200
Saguiin H6 7.0 £0.14 0.01400
Ellagitannin B 117.1 £6.70 0.23420
Sugars
Glucose 1110 +0.08 2.22000
Fructose 1790 +0.11 3.58000
Polysaccharides 7280 +5.04 14.56000
Fibers 34290 +685.8 68.58000
Insoluble 8092.44 £161.8 16.18488
Soluble 3669.03 £73.3 7.33806
Vitamin C 3330 +£90.8 6.66000

* Daily intake was calculated based on the 200 mg of camu camu extract/kg of body weight dose

orally given to mice during 8 weeks.
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Legend to figures

Figure 1: CC administration, but not vitamin C, prevents diet-induced obesity.
Mice were fed either a standard chow diet (Chow, n=12) or a high fat/high sucrose
(HFHS, n=12) diet and treated with daily doses of an extract of camu camu (CC,
n=12) or vitamin C (VitC, n=12) throughout 8 weeks. (a,b) Body weight gain; (c)
cumulative energy intake. (d) Epididymal (eWAT), retro-peritoneal (rpWAT),
mesenteric (MWAT) and inguinal (IWAT) white adipose tissues along with
interscapular brown adipose tissue (iBAT) were harvested and weighed during
necropsies. (e) Liver weight; (f) hepatic triglyceride content; (g) circulating
triglycerides (6-hour fasted mice). At week 5, mice were temporarily housed in
metabolic cages and (h) fecal energy output and (i) energy expenditure were
assessed. The relationship between metabolic rate and body mass was normalized

by using the metabolic body size (ie, body mass®’

). (j) Energy partitioning. Data
are expressed as the mean £SEM. (a, i) Two-way repeated measures ANOVA with
a Student-Newman-Keuls post hoc test. (b-e) One-way ANOVA with a Student-
Newman-Keuls post hoc test. (f-h) Unpaired two-tailed Student’s t-test. *P< 0.05,
*P< 0.01 and **P< 0.001 for Chow vs. HFHS; *P< 0.05, *¥P< 0.01 and "P<

0.001 for CC vs. HFHS.

Figure 2: CC blunts adipose tissue inflammation, alleviates metabolic
endotoxemia and improves glucose homeostasis in DIO-mice. Protein lysates
from epididymal fat pads (eWAT) of Chow (n=12), HFHS (n=12) and CC (n=12)
were used to quantify (a) interleukin-18 (IL-1B), (b) interleukin-6 (IL-6), (c)
interferon-y (INF-y), (d) regulated on activation normal T cell expressed and
secreted (RANTES), (e) vascular endothelial growth factor (VEGF) and (f)
monocyte chemoattractant protein-1 (MCP-1). (g) gPCR analysis of Adgre
(encodes for F4/80) mRNA expression in eWAT. (h) Circulating
lipopolysaccharides (6-hour fasted mice). At week 6, mice (n=12) were fasted
overnight (12 hours) and submitted to oral glucose tolerance tests (OGTT). CC

was orally given 2 hours prior to the test, and glycemia was assessed 15 minutes
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after CC administration (time point -105) to monitor possible changes in glycemia
associated with sugars present in CC. (i) Fasting glycemia; (j) fasting insulinemia;
(k) homeostatic model assessment for insulin resistance; (I, m) OGTT. (n, o) Blood
was collected during OGTT and used in order to assess insulinemia after glucose
challenge. At week 7, mice were fasted for 6 hours and (p) insulin tolerance tests
were carried out after intraperitoneal insulin injections (ipITT, 0.65 1U/kg). Data are
expressed as the mean +SEM. (I, n and p) Two-way repeated measures ANOVA
with a Student-Newman-Keuls post hoc test. (a-k, m and 0) Unpaired two-tailed
Student’s t-test. *P< 0.05, **P< 0.01 and ***P< 0.001 for Chow vs. HFHS; *P< 0.05,
#P<0.01 and **P< 0.001 for CC vs. HFHS.

Figure 3: CC prevents obesity-driven gut microbiota dysbiosis in HFHS-fed
mice. Fecal samples of Chow-fed (Chow, n=9), high fat/high sucrose-fed (HFHS,
n=11) and HFHS-fed CC-treated (CC, n=11) mice were harvested at week 8. Fecal
pellets were also collected during the last week of acclimatization on a Chow diet
(baseline, bs), prior to the introduction of the HFHS diet or CC treatment. Genomic
DNA was extracted from feces and subsequent 16S rRNA-based gut microbial
profiling was performed. (a) Chaol index of bacterial richness (at OTU level) was
calculated as a measure of a-diversity. (b) Firmicutes to Bacteroidetes (F/B) ratio.
Relative abundance of taxa at (c) phylum and (d) genus level. Linear discriminant
analysis (LDA) effect size (LEfSe) was calculated in order to explore the taxa within
genus level that more strongly discriminate between the gut microbiota of (e) Chow
vs. HFHS and (f) CC vs. HFHS. (g) gPCR quantification of fecal A. muciniphila
normalized by total bacteria (forward P891/reverse P1033). (a) Mann-Whitney U
test with a Monte Carlo permutation test. (b-d) Mann-Whitney U test. (g) Unpaired
two-tailed Student’s t-test.*P< 0.05, **P< 0.01 and ***P< 0.001 Chow vs. HFHS;
*P<0.05, #P< 0.01 and "*P< 0.001 for HFHS vs. CC.

Figure 4: CC administration alters bile acid pool size and composition and
upregulates the mRNA expression of genes involved in thermogenesis. (a,b)

Plasma bile acids; (c) gallbladder weight. Messenger RNA extracted from (d)
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ileum, (e) liver, (f) epididymal adipose tissue (eWAT), (g) inguinal adipose tissue
(IWAT) and (h) brown adipose tissue (BAT) was quantified by RT-PCR. Relative
expression was calculated using the AACt method with Chow mice as the group of
reference and actin as the reference gene. (i) Correlation matrix between BAT and
IWAT mRNA expression profiles (values outlined in bold represents statistically
significant correlations; P=0.05 if 0.404 > r > 0.404; P=0.01 if 0.515 > r > 0.515;
P=0.001 if 0.628 > r > 0.628). Data are expressed as the mean £SEM. Significance
was calculated between Chow vs. HFHS and HFHS vs. CC using unpaired two-
tailed Student’s t-test. *P< 0.05, **P< 0.01 and ***P< 0.001 for Chow vs. HFHS;
*P<0.05, #P< 0.01 and **P< 0.001 for CC vs. HFHS.

Figure 5: Reconstitution of germ-free mice with the fecal microbiota of CC-
treated mice recapitulates the effects of CC administration on weight gain
and energy expenditure. Germ-free mice were reconstituted either with the fecal
slurry of high fat/high sucrose (HFHS)-fed vehicle-treated mice (HFHS receivers,
n=7) or CC-treated mice (CC receivers, n=7) and kept on a low-fat diet in metabolic
cages during the initial days post-colonization. Mice were later transferred into
sterile cages and kept on a low-fat diet and under specific pathogen-free (SPF)
conditions. (a) Weight gain; (b) energy intake; (c) energy expenditure (the
relationship between metabolic rate and body mass was normalized by using the
metabolic body size, ie, body mass®’®). (d-i) gPCR-based quantification of taxa in
the fecal microbiota of HFHS and CC receivers. Data are expressed as the mean
+SEM. Two-way repeated measures ANOVA with a Student-Newman-Keuls post
hoc test was used to calculate the significance of the differences between time
points. *P< 0.05, *P< 0.01 and ***P< 0.001.
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Figures

Figure 1. CC administration, but not vitamin C, prevents diet-induced obesity.
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Figure 2: CC blunts adipose tissue inflammation, alleviates metabolic
endotoxemia and improves glucose homeostasis in DIO-mice.
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Figure 3: CC prevents obesity-driven gut microbiota dysbiosis in HFHS-fed
mice.
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Figure 4: CC administration alters bile acid pool size and composition and
upregulates the mRNA expression of genes involved in thermogenesis.
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Figure 5: Reconstitution of germ-free mice with the fecal microbiota of CC-
treated mice recapitulates the effects of CC administration on weight gain
and energy expenditure.
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Supplemental material

Supplemental Figure 1. Tissue weight and metabolic features. Weight of (a)
gastrocnemius, (b) pancreas, (c) heart and (d) caecum content. Length of the (e)
small intestine and (f) colon. (g) Oxygen consumption; (h) carbon dioxide
production. The relationship between metabolic rate and body mass was

normalized by using the metabolic body size (ie, body mass®"

). (i) Respiratory
exchange ratio (CO, exhaled/O, inhaled). (j) Grooming/scratching, (k) horizontal
locomotion and (l) rearing activity. Data are expressed as the mean +SEM. (a-f)
One-way ANOVA with a Student-Newman-Keuls post hoc test. (g-I) Two-way
repeated measures ANOVA with a Student-Newman-Keuls post hoc test was used
to calculate the significance of the differences between time points. *P< 0.05, **P<
0.01 and ***P< 0.001 for Chow vs HFHS; *P< 0.05, *P< 0.01 and **P< 0.001 for

HFHS vs CC.

Supplemental Figure 2: Improved morphology and alleviated inflammatory
features in the visceral adipose tissue of CC-treated mice. (a,b,c)
Representative images of epididymal white adipose tissue (eWAT) histological
sections from chow-fed (Chow, n=4), high fat/high sucrose-fed (HFHS, n=4) and
high fat/high sucrose-fed CC treated (CC, n=4) mice were prepared in order to
evaluate tissue morphology and immunostained against F4/80 to assess the profile
of macrophage infiltration. (d) Adipocyte distribution; (e) average adipocyte size, (f)
crown-like structure (CLS) density. Data are expressed as the mean *SEM.
Significance was calculated between Chow vs. HFHS and HFHS vs. CC using an
unpaired two-tailed Student’s t-test *P< 0.05, **P< 0.01 and ***P< 0.001 for Chow
vs HFHS; *P< 0.05, *P< 0.01 and **P< 0.001 for HFHS vs CC.

Supplemental figure 3: Plasma bile acid profile. (a) Concentration and (b)
relative proportion of primary and secondary bile acids in plasma. (c) Concentration
and (d) relative proportion of conjugated and unconjugated bile acids in plasma.
Data are expressed as the mean +SEM. Significance of the differences between

groups was calculated using unpaired two-tailed Student’s t-test. *P< 0.05, **P<
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0.01 and ***P< 0.001 for Chow vs HFHS: *P< 0.05, #P< 0.01 and "*P< 0.001 for
HFHS vs CC.

Supplemental Figure 4: Metabolic and gut microbial features of germ-free
mice reconstituted with the fecal microbiota of HFHS-fed vehicle-treated or
CC-treated mice. Germ-free mice were reconstituted either with the fecal slurry of
high fat/high sucrose (HFHS)-fed vehicle-treated mice (HFHS receivers, n=7) or
CC-treated mice (CC receivers, n=7) and kept on a low-fat diet in metabolic cages
during the initial days post-colonization. Mice were later transferred into sterile
cages and kept on a low-fat diet and under specific pathogen-free (SPF)
conditions. (a) Energy output through the feces (kcal/day); (b) fecal energy
excretion (% of energy consumed); (c) oxygen consumption; (d) carbon dioxide
production. The relationship between metabolic rate and body mass was

normalized by using the metabolic body size (ie, body mass®’

). (e) Respiratory
exchange ratio (ie, CO; exhaled/O; inhaled). (f) Grooming/scratching, (g) horizontal
locomotion and (h) rearing activity. (i-k) Quantification of taxa by gPCR in the fecal
microbiota of HFHS and CC receivers. Data are expressed as the mean +SEM.
Two-way repeated measures ANOVA with a Student-Newman-Keuls post hoc test
was used to calculate the significance of the differences between time points. *P<

0.05, *P< 0.01 and **P< 0.001.
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Supplemental Figure 1: Tissue weight and metabolic features.
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Supplemental Figure 2: Improved morphology and alleviated inflammatory

features in the visceral adipose tissue of CC-treated mice.
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Supplemental Figure 3: Plasma bile acid profile.
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Supplemental Figure 4: Metabolic and gut microbial features of germ-free
mice reconstituted with the fecal microbiota of HFHS-fed vehicle-treated or
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Supplemental tables

Supplemental Table 1: Composition of the diets.

Chow diet (Teklad 2018, HFHS diet
HARLAN)
Ingredients (g/100g) Crude protein 19 Casein high nitrogen 20
Fat (Soybean oil) 6.2 L-cysteine 0.18
Carbohydrate 44  Sucrose FCC 26.9
Crude fiber 3.5 Alphacel non nutritive 5
bulk
Insoluble fiber 15 Mineral mix 6.7
Ash 5.3 Vitamin mix 1.4
Lard 19.8
Corn oil 19.8
Choline bitartrate 0.2
Tert-butylhydrytoluene  0.03
(BHT)
Composition (kcal%)
Protein 24 15
Carbohydrates 58 19.6
Lipids 18 65.4
Energy Density (kcal/g) 3.1 5.4
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Supplemental Table 2: Primer sequences.

Gene/Taxa Forward Reverse
Syber Green
Actb CTCTAGACTTCGAGCAGGAG AGAGTACTTGCGCTCAGGAG
Nr1h4 CTGAGACTGGGTACCAGGG CCATTCGCGGCTTCTTTGTC
NrOb2 ACGATCCTCTTCAACCCAGA AGGGCTCCAAGACTTCACAC
Fabp6 GGTCTTCCAGGAGACGTGAT ACATTCTTTGCCAATGGTGA
Slc51a TGTTCCAGGTGCTTGTCATCC CCACTGTTAGCCAAGATGGAGAA
Slc51b GATGCGGCTCCTTGGAATTA GGAGGAACATGCTTGTCATGAC
Gpbarl CTGCTGGCTGCTTCTTCC CACTGCCATGTAGCGTTCC
Fgfrd GTACCCTCGGACCGCGGCACATAC GCCGAAGCTGCTGCCGTTGATG
Fgfl5 GAGGACCAAAACGAACGAAATT ACGTCCTTGATGGCAATCG
Abcb11 AAGCTACATCTGCCTTAGACACAGAA CAATACAGGTCCGACCCTCTCT
Cyp7al AGCAACTAAACAACCTGCCAGTACTA GTCCGGATATTCAAGGATGCA
Cyp7bl TGAGGTTCTGAGGCTGTGCTC TCCTGCACTTCTCGGATGATG
Fiaf CAATGCCAAATTGCTCCAATT TGGCCGTGGGCTCAGT
Pgcla CTGAGACCCTCGGGGAAC AAACGTCAGTTCACAGGGAAG
Ucpl ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG
Dio2 GTCCGCAAATGACCCCTTT CCCACCCACTCTCTGACTTTC
891F/1033R TGGAGCATGTGGTTTAATTCGA TGCGGGACTTAACCCAACA
Firmicutes CTGATGGAGCAACGCCGCGT ACACYTAGYACTCATCGTTT
Bacteroidetes CCGGAWTYATTGGGTTTAAAGGG GGTAAGGTTCCTCGCGTA
Lactobacillus TGGAAACAGRTGCTAATACCG GTCCATTGTGGAAGATTCCC
Bifidobacterium TCGCGTCYGGTGTGAAAG CCACATCCAGCRTCCAC
Barnesiella CCAAGTCGCGTGAAGGAAGA ACGGAGTTAGCCGATGCTTT
Turicibacter CCGCGGTAATACGTAGGTGG ACGCATTTCACCGCTACACA
Allobaculum TTATGGCCTGGGCTACACAC TTCTCGGATTGGCTTGCCTT
Akkermansia
muciniphila CAG CAC GTG AAG GTG GGG AC CCTTGC GGT TGG CTT CAG AT
TagMan
Actb MmO01205647_g1
Nos2 MmO00440483 m1l
Adgrel Mm00802529 ml
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Supplemental methods

Glucose homeostasis. At week 6, mice were fasted for 6 hours and insulin
tolerance tests (ITT) were performed after intraperitoneal injections of insulin
(0.75 Ul/kg body weight). Glycemia was measured with an Accu-Check
glucometer (Bayer) before (0 min) and after (10, 20, 30, 60 and 90 min) insulin
injection. At the end of week 7, mice were fasted overnight (12 h) and subjected
to oral glucose tolerance test (OGTT, 1 g of glucose/kg body weight). Blood was
collected before (0 min) and after (15, 30, 60, 90 and 120 min) glucose
challenge for glycemia determination. Blood samples (~30uL) were collected at
each time point during OGTT for insulinaemia determination. The homeostasis
model assessment of insulin resistance (HOMA-IR) index was calculated based
on the following formula: fasting insulinemia (pUI/mL) x fasting glycemia
(mM)/22.5.

Analytical methods. Plasma insulin was assessed using an ultra-sensitive ELISA
kit (Alpco, USA). Liver triglyceride (TG) was measured after chloroform-
methanol extraction and enzymatic reactions with a commercial kit (Randox
Laboratories, Crumlin, UK). Chemokines and cytokines were quantified in 25 pl
of adipose tissue lysates (50 ug of protein in PBS containing 1% NP-40) using a
Milliplex MAP kit (Millipore). Plasma endotoxin (LPS) concentration was
determined using a kit based on a Limulus amebocyte extract (LAL kit endpoint-
QCL1000, Lonza, USA). Samples were diluted in endotoxin-free water (Charles
River, USA) and incubated at 70 °C for 15 minutes to overcome assay inhibition.
Plasma bile acids were assessed as previously described (414).

RNA extraction and qPCR analysis. Sections of the ileum (approximately 0.5
cm) were homogenized in 1 ml of TRIzol reagent (Thermo Fisher Scientific)
using a power homogenizer (Polytron). Freeze-powdered liver, inguinal white
adipose tissue, epididymal white adipose tissue and interscapular brown
adipose tissue were homogenized in 1 ml of TRIzol reagent in a bead beater.
Total RNA purification was performed using a RNeasy mini kit (Qiagen). Total

RNA was used for cDNA synthesis with a reverse transcription PCR kit (Applied
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Biosystems). Real-time PCR was performed using the SYBR Green Jump-Start
Gene Expression Kit (Sigma) with 1:25 diluted cDNA products from the reverse
transcription. Gene expression was assessed by the AAc; method and Actin was
used as the reference gene. Primer sequences are available in supplemental
table 2.

Fecal sample processing. Fecal samples were freshly collected at baseline and
week 8 and immediately stored at -80 °C. Bacterial genomic DNA was extracted
from approximately 50 mg of fecal material. Samples were resuspended in lysis
buffer containing 20 mg/ml lysozyme and incubated for 30 minutes at 37°C.
Further lysis was performed by adding 10% SDS and proteinase K to 350 ug/ml
followed by incubation for 30 minutes at 60°C. Samples were homogenized
using a bead beater and 0.1mm zirconium beads and then processed using a
DNA extraction kit (DNeasy, Qiagen). DNA vyield was assessed using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Extracted DNA was
stored at -20 °C until further use. Each DNA sample was subsequently used for
16S amplification of the V3-V4 region using the primers 341F (5'-
CCTACGGGNGGCWGCAG-3") and 805R (5'-GACTACHVGGGTATCTAATCC-
3') adapted to incorporate the transposon-based Illumina Nextera adapters
(lumina, USA) and a sample barcode sequence allowing multiplexed paired-
end sequencing. The amplification mix contained 1X Q5 buffer (NEB), 1X Q5
Enhancer (NEB), 200 uM dNTP (VWR International, Canada), 0.2 uM of forward
and reverse primers (Integrated DNA Technologies, USA), 1 U of Q5 (NEB) and
1 pL of template DNA in a 50 pL reaction. Cycling condition was as follows:
denaturation (30 s at 98°C), followed by a first set of 15 cycles (98°C for 10 s,
55°C for 30 s and 72°C for 30 s), then by a second step of 15 cycles (98°C for
10 s, 65°C for 30 s and 72°C for 30 s) and final elongation (2 min at 72°C).

Constructed 16S metagenomic libraries were purified using 35 pL of magnetic
beads (AxyPrep Mag PCR Clean up kit; Axygen Biosciences, USA) per 50 pL
PCR reaction. Library quality control was performed with a Bioanalyzer 2100

using DNA 7500 chips (Agilent Technologies, USA). An equimolar pool was
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obtained and checked for quality prior to further processing. The pool was
guantified using picogreen (Life Technologies, USA) and loaded on a MiSeq
platform using 2 x 300 bp paired-end sequencing (lllumina, USA). High-
throughput sequencing was performed at the IBIS (Institut de Biologie

Intégrative et des Systemes - Université Laval).

16S rRNA gene-based gut microbial analysis. Generated and demultiplexed
sequences were analyzed using the QIIME software package (version 1.9.1).
Paired-end sequences were merged with at least a 50-bp overlap. Resulting
sequences containing ambiguous or low quality reads (Phred score < 25) were
removed from the dataset. Forward and reverse primers were trimmed from the
filtered sequences; reads with at least one reverse primer mismatch or where
the reverse primer was not found were discarded. Chimera checking and filtering
was performed using UCHIME (4). OTU (Operational Taxonomic Units)-picking
from post-filtering reads was performed using USEARCH 61 version 6.1.544
with an open-reference methodology, which consisted of clustering sequences
de novo at 97% identity threshold if they did not hit the reference sequence
collection. Representative OTU sequences were assigned taxonomy against the
Greengenes reference database (August 2013 release) using the RDP-
classifier. Singleton OTUs and OTUs with a number of sequences < 0.005% of
total number of sequences were discarded at this step. A subsampling depth of
3159 reads (smallest amount of sequences originally found among our
metagenomic samples) was chosen to rarefy the OTU tables used in the
downstream analyses. Unclassified OTUs at the genus level against
Greengenes were further investigated with the RDP classifier against the RDP
database (version September 30, 2016) using a minimum bootstrap cutoff of
50%.

Bacterial quantification by gPCR. The presence of specific taxa in the feces of
HFHS-receiver and CC-receiver mice was assessed by gPCR as previously
described (2). Briefly, copy numbers of Firmicutes, Bacteroidetes, Lactobacillus

spp., Akkermansia muciniphila, Bifidobacterium spp., Barnesiella spp.,
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Allobaculum spp. and Turicibacter spp. per ng of fecal DNA were calculated on
the basis of the Ct values obtained using standard curves designed for each
taxon. The number of copies of each taxon was then normalized by total
bacteria (primer 891F/1033R). Primers were in silico designed and tested by
Primer-BLAST analysis and their sequences are available in supplemental table
2.
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Conclusion

The use of a murine model of diet-induced obesity was of great value in
order to explore the hypotheses and fulfill the objectives of this thesis. Polyphenols
are abundantly present in the human diet, which renders difficult to assess the
mechanism of action of specific polyphenol-rich extracts in human cohorts.
Furthermore, murine models allow controlling dietary intake and treatment more
accurately, which results in a more precise isolation of variables and in a more
comprehensive mining of novel mechanisms of action. It is also noteworthy that the
variability of the gut microbiota across human populations is extremely high, what
would demand larger sample sizes in order to link the metabolic benefits of dietary
polyphenols to changes in the gut microbiota. On the other hand, the gut
microbiota of specific pathogen free inbred mice or rats is more homogenous,
which eases the investigation of the trialogue dietary polyphenols-gut microbiota-

host metabolism.

The studies presented in chapters I, Il, lll and IV support clear metabolic
benefits of polyphenol-rich extracts to the detrimental consequences of diet-
induced obesity (Table 1). The comprehensive analysis of the results presented
throughout the four chapters of this thesis leads to the conclusion that the extent of
these metabolic improvements was dependent on (i) the total amount of
polyphenols present in the extracts, (ii) the polyphenolic signature of the extracts
and (iii) the intensity of the diet-induced metabolic damage. When HFHS-fed mice
were preventively treated with the cranberry (CE) or the camu camu (CC) extracts
(i.,e., HFHS diet and treatment started concomitantly), visceral obesity was
prevented in association with blunted metabolic endotoxemia and alleviated insulin
resistance (chapters | and IV, Table 1, Figure 1). It is noteworthy that CE is
extremely concentrated in polyphenols (37g of polyphenols/100g of extract),
whereas CC, for being a raw extract, possess a more diverse repertoire of
phytonutrients and complex polysaccharides in addition to a considerable
abundance of polyphenols (6.5 g of polyphenols/100g of extract) (Table 2).

Interestingly, while CE administration did not reverse diet-induced obesity, its
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administration was associated with alleviated intestinal inflammation, metabolic
endotoxemia, hepatic steatosis and insulin resistance, indicating that the positive
metabolic effects of CE are obesity-independent in a reversal context (chapter Il,
Table 1, Figure 1). Similarly, the extracts of alpine bearberry, cloudberry and
lingonberry improved insulin resistance, liver homeostasis and gut physiology
without significantly affecting fat mass accretion when preventively administered to
HFHS-fed mice (chapter Ill, Table 1, Figure 1).Overall it was observed that, when
the effect of the polyphenol-rich extracts was toned down, either by an increase in
the metabolic damage (chapter Il) or by lower doses of polyphenols (chapter Ill),
visceral fat mass accretion was unaffected while intestinal inflammation, hepatic
homeostasis and insulin resistance remained improved (Figure 1, Table 1). Thus,
taken together, the observations made in chapters I, II, 1l and IV suggest that
polyphenols primarily act on the gut-liver axis to improve features of the metabolic
syndrome in diet-induced obese mice. This is in agreement with the notion that
diet-induced metabolic derangements are initiated by imbalanced intestinal
homeostasis (146, 156, 157), which results from the primordial interaction between
diet, gut microbes and enteric immune system (14, 146, 147). In the first months of
my doctorate, | conducted studies that compared the effect of the daily
administration of various polyphenolic-rich berry extracts on features of the
metabolic syndrome in diet-induced obese mice. Prevention of hepatic triglyceride
deposition was a major finding for almost all the berry extracts tested (Figure 2),
which clearly corroborates the notion that polyphenols importantly target the gut-

liver axis.
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Figure 2: Liver triglyceride (TG) deposition in diet-induced obese mice
treated with extracts of eight different berries.

Mice were fed either a HFHS or a normal CHOW diet and orally treated either with water (CHOW,
HFHS) or one the berry extracts (200 mg of extract/kg of body weight) every day for 8 weeks. Liver
TG (n=5) was extracted using a Folch solution and quantified by means of a specific colorimetric kit.
* P< 0.05 vs. CHOW; # P< 0.05 vs. HFHS. Data are expressed as the mean +SEM.

Another important observation is that the most efficient extracts against
obesity and insulin resistance were rich in condensed or hydrolysable tannins (i.e.,
proanthocyanidins and ellagitannins, respectively), which put forward these classes
of polyphenols as promising molecules to fight obesity-related diseases through a
targeted effect on the gut-liver axis (Table 3). Concordantly, the anti-inflammatory
effect of cranberry proanthocyanidins have been demonstrated in human intestinal
cell lines, with the high molecular weight fraction showing the more pronounced
effects (416). This suggests that the pre-absorptive properties of this polyphenolic
class have important impact in vivo. Indeed, in a recent report, Masumoto et al.
showed that non-absorbable apple proanthocyanidins prevented diet-induced
obesity in mice, which was associated with marked alleviation of intestinal
inflammation and metabolic endotoxemia (417). The authors also confirmed the

superiority of high molecular weight proanthocyanidins against features of the
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metabolic syndrome, albeit oligomeric proanthocyanidins were also beneficial
(417). Ellagitannins are another promising class of polyphenols pointed out in this
thesis; however, the well-established health benefits of ellagitannins to humans
(418) and animal models (419, 420) seems distinct from that of proanthocyanidins
as ellagitannins’ bioactivity is at least in part dependent on its gut microbial
hydrolysis (yielding the monomer ellagic acid) and processing of ellagic acid into
urolithins (421). In fact, as urolithin A is involved in mitophagy and prolonged
lifespam in C. elegans (422), ellagic acid administration has been shown to
improve metabolic health in HFHS-fed rats (423), suggesting that both molecules
may be relevant to improve features of the metabolic syndrome. Altogether, these
data support the observation made herein that proanthocyanidins and ellagitannins
are promising polyphenolic subclasses against obesity-linked metabolic diseases.
The findings presented in this thesis also pave the way for further research using
polyphenolic fractions concentrated in these two polyphenolic subclasses in order
to better understand their mode of action and unravel novel therapeutic targets to
fight the metabolic syndrome. It is noteworthy that one third of the top twenty most
prescribed drugs are plant-derived (424). For instance, Metformin (the most widely
prescribed antidiabetic drug) and Aspirin (the prototypical nonsteroidal anti-
inflammatory agent), are derived from French lilac (Galega officinalis) and the

willow tree (Silax spp) bark, respectively.
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CHAPTERS

" CHAPTER Il CHAPTER IV
Alpine i
Cranberry Cloudberry Lingonberry = Camu camu
bearberry
Total
polyphenols 37.4 151 7.08 4.23 6.5
(9/100g)
Anthocyanins
3.3 0.04 1.79 1.86 n.d.
(9/100g9)
Flavanols/
Flavonols 9.4 0.26 0.39 0.005 0.11
(9/100g)
Ellagic acid
0.23 0.01 0.001 0.01 0.044
(9/100g)
Ellagitannins
? 0.27 0.26 n.d. 0.45
(9/100g)
Proantho
cyanidins 10.0 0.084 1.497 2.121 n.d.
(9/100g)

Table 2: Polyphenolic profile of the extracts of cranberry, cloudberry, alpine
bearberry, lingonberry and camu camu.

The results presented in this thesis strongly support an association between
changes in the gut microbiota and the beneficial effects of polyphenol-rich extracts
on obesity and insulin resistance. In line with this evidence, a recent metagenome-
wide association study has shown a strong relationship between the dietary intake
of polyphenol-rich foods and higher gut microbial diversity (425). We have shown
that expansion of A. muciniphila is a major gut microbial response to the
introduction of dietary polyphenols to the gut lumen and, given the well-established
positive role of this bacterium (164, 167), it possibly contributes to improve host
metabolism. The findings described in chapter | were the first in vivo demonstration
that a polyphenol-rich cranberry extract markedly alleviated several features of the
metabolic syndrome in parallel to a drastic bloom of A. muciniphila in the gut
microbiota. After the publication of this work, several authors showed similar

findings using polyphenolic extracts of pomegranate (426), table grape (427),
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concord grape (428), rhubarb (429), lingonberry (430) as well as non-absorbable
apple proanthocyanidins (417) and caffeic acid (431). We have confirmed the
expansion of A. muciniphila in lingonberry-treated mice (chapter Ill) and extended
this finding to mice treated with extracts of alpine bearberry, cloudberry (chapter Il1)
and camu camu (chapter IV). We also demonstrated that transplantation of a fecal
microbiota rich in A. muciniphila from CC-treated mice to germ-free mice
recapitulated the effects of CC administration on energy expenditure, suggesting
that A. muciniphila is causally involved in regulating the host’s energy expenditure.
These results are supported by the recent demonstration that A. muciniphila

controls host response to cold (13, 226).

Pomegranate, grapes and apples, as well as cranberries, camu camu,
lingonberries, cloudberries and alpine bearberries are all abundant sources of
proanthocyanidins and/or ellagitannins, which may suggest that these polyphenolic
subclasses exert a stronger prebiotic effect on A. muciniphila. While more studies
are warranted to confirm this hypothesis, it is likely that the effect of fruit
phytonutrients on A. muciniphila is a result of additive or synergistic stimuli arising
from various sources as, for example, phenolic acids (431), anthraquinones (429),
guercetin (432) and resveratrol (433). Interestingly, resveratrol has also been
shown to attenuate diet-induced obesity in association with reduced A. muciniphila
population, which reveals the need for further investigation in this area. Culturing A.
muciniphila in the presence of different polyphenols or polyphenolic classes is an
interesting perspective to clarify this matter. For instance, Henning et al. have
demonstrated that A. muciniphila can hydrolyze ellagitannins (yielding ellagic acid)
and metabolize ellagic acid to an unknown metabolite (426). In vivo, it is also
possible that polyphenols alter the niche occupied by A. muciniphila rather than
directly acting on this bacterium. Our observations in this thesis led to the
hypothesis that cranberry proanthocyanidins may increase mucus secretion thus
creating a favorable environment for A. muciniphila to thrive. This is in line with the
fact that cranberry proanthocyanidins ameliorated gut barrier integrity by increasing
mucus secretion in a murine model of elemental enteral nutrition (434) and that

dietary polyphenols were associated with increased mucin levels in the feces of
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diet-induced obese rats (435). The putative mechanisms by which polyphenols

alter  A. muciniphila  populations  are illustrated in  figure 3.
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Figure 3: Polyphenol-rich extracts favour expansion of A. muciniphila in the
gut microbiota.

Several proanthocyanidin-rich and ellagitannin-rich extracts, as well as caffeic acid and an extract of
rhubarb, have been shown to favour expansion of A. muciniphila in the gut microbiota. The effect of
quercetin and resveratrol on A. muciniphila needs further investigation: while administration of the
former to rats only tended to increase A. muciniphila in fecal samples, the latter was associated with
either reduction or expansion of A. muciniphila. Possible mechanisms by which polyphenols
stimulate the growth of A. muciniphila in the gut microbiota involve (i) limitation of O, availability,
which would favour the bloom of strict anaerobes and (ii) resistance of A. muciniphila to the
antimicrobial effect of certain polyphenols. Moreover, proanthocyanidins may trigger mucus

secretion by goblet cells, therefore creating a favourable environment for A. muciniphila to thrive.

A. muciniphila is deemed beneficial based on correlations between its
abundance and specific phenotypes and on the oral administration of this

bacterium to animal models. However, the targeted deletion of this bacterium in the
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gut microbiota constitutes a promising alternative in order to clarify (i) the relevance
of this bacterium to host physiology and (ii) to which extent this bacterium mediates
the positive metabolic effects of polyphenols. Similarly to knocking out a gene in
order to understand its function, targeting single species in the gut microbiota
would bring the definitive proof of the impact of specific taxa on host physiology.
These investigations are part of an ongoing project in collaboration with the group
of Dr Sylvain Moineau. In our initial studies, we are currently working on the
development of bacteriophages to target A. muciniphila in vivo. Because bacteria
are highly predominat in the gut, the importance of other microorganims inhabiting
our gastro-intestinal tract is considerably overlooked. However, bacteriophages
exert major selective pressure on bacteria. Accordingly, the early life dynamics of
the gut virome is marked by a transition from a higher to a lower ratio
bacteriophages/bacteria (436), suggesting a predator-prey relationship with
potential relevance to host metabolism. Indeed, obese mice have increased fecal
viral content in comparison to lean mice (437), a trait that parallels to decreased
bacterial richness. Investingating whether polyphenols affect the gut bacterial
profile by means of altering gut bacteriophage population is a promising research
perspective. Interestingly, some polyphenols are thought to exert anti-viral effects
(438, 439).

How dietary polyphenols alter the host’s response to the gut microbiota is
another fertile and promising field of research. The recent demonstration that host
intestinal mMiIRNAs shape gut microbial communities (440) and the demonstration
that polyphenols can target miRNAs (441, 442) leads to the question: can dietary
polyphenols beneficially reshape the gut microbiota by altering host enteric
miRNAs? Another interesting perspective involves PRR. Surprisingly, our
understanding of how dietary phytonutrients modulate PRR biology is scarce. It
has been shown that NLRP6 is necessary for mucus secretion in goblet cells (166),
which leads to the hypothesis that the putative activation of the NLRP6-associated
inflammasome response by certain phytonutrients may contribute to mucus

secretion, therefore creating a favourable environment for A. muciniphila to thrive.
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In the studies presented herein, the relevance of BAs to the anti-obesity
effects of a crude extract of camu camu was proposed (chapter IV). BAs can reach
concentrations at the high uM range in the gut lumen, and cycle about six times per
day through the enterohepatic circulation (357). In addition to the great potential of
BAs to modify the gut microbiota, BAs are important modulators of glucose and
energy homeostasis (443), which highlight their relevance as major mediators in
the dialogue gut microbiota-host. The findings presented in chapter IV suggest that
camu camu phytonutrients increase the circulating levels of unconjugated
secondary BAs, which seems relevant to enhance BAT activity. An interesting
perspective of research is based on the putative link between higher secondary
BAs and GLP1/2 production. Intestinal GLP 1/2-producing cells express the BA
receptor TGR5, whose main ligands are secondary BA and whose activation
enhances GLP1/2 secretion (444). GLP1/2 are therefore well-positioned as a
promising mechanistic link between polyphenols, gut microbiota and BAs. This is
particularly interesting because GLP1/2 regulate several aspects of metabolic
health, such as intestinal permeability, satiety and glucose homeostasis (180, 445,
446). How BAs contribute to alter microbial populations in polyphenol-treated
animals also warrants further investigation. For instance, it is currently unknown

how A. muciniphila responds to the presence of BAs.

It is important, however, to acknowledge the limitations of the studies
presented in this thesis. The relationship between the metabolic benefits of dietary
polyphenols and changes in the gut microbiota was demonstrated, however further
analysis with the extracts studied in chapters |, Il and Il are necessary to address
causation. Moreover, although the use of PICRUSt enabled the prediction of
functional alterations in the gut microbiome from the analysis of 16S rRNA-gene
sequences, whole metagenomic shotgun sequencing would provide a better idea
of microbial pathways altered after the intake of polyphenols. Finally, it is important
to emphasize that the fecal microbiota does not represent the totality of the
microbial populations living in the intestine. Different microbial communities
colonize specific niches across the gut, and fecal samples are a better readout of

bacterial taxa inhabiting the colonic lumen. In this thesis | focused on the fecal
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microbiota because fecal pellets are easy to collect, very abundant, yield a great
amount of DNA and can be sampled at distinct time points. However, it remains to
be determined how specific gut microbial communities are modulated by dietary
polyphenols and how these changes impact host physiology.

In sum, the research endeavour described throughout this thesis has
considerably contributed to our understanding of how polyphenol-rich foods are
beneficial to metabolic health. These studies underscore the role of the gut
microbiota in the effects of dietary flavonoids while pointing to the gut-liver axis as
a primary target of polyphenol-rich extracts. Here, we brought evidence to support
the use of A. muciniphila as a “next-generation” probiotic and we showed that
polyphenols are a promising dietary means to trigger the expansion of this
bacterium. While the relevance of both condensed and hydrolysable tannins as
therapeutic targets against obesity and its related comorbidities is suggested in the
studies presented herein, this thesis brings unequivocal evidence to support the
regular consumption of dietary sources of polyphenols in order to prevent the

metabolic syndrome.
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