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“What we know is a drop,

what we don’t know is an ocean.”

Isaac Newton (1643 - 1727)
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SUMMARY

The host and its gut microbiota co-live in a mutually beneficial
relationship, while the disruption of this equilibrium has been related to
pathological states like obesity. Remarkably, gut microbial dysbiosis has
a multi-factorial origin beyond the strong impact of diet. In this thesis,
we deeply evaluated the influence of genetics, circadian rhythms and

potential prebiotics in obesity from a metagenomic perspective.

Firstly, we characterized the impact of Westernized and semi-purified
diets on gut microbiota and host phenotype in Wistar rats, thus
identifying cafeteria diet as the most effective dietary model for inducing
severe obesity and gut microbiota dysbiosis. Furthermore, the cafeteria
diet caused a strong disruption of bile acid metabolism, SCFA production
and urinary metabolome. By contrast, semi-purified diets promoted a
modest fat accumulation and minor changes on gut microbiome. Then,
the influence of strain and gender upon the microbial responses to
cafeteria diet was addressed. Wistar rats were more susceptible to
cafeteria diet-induced microbial dysbiosis than F344 animals, which was
characterized by an increased Bacteroidetes-to-Firmicutes ratio,
whereas obesity development similarly occurred in both strains. In
addition, F344 females developed more severe alterations on biometric

parameters and gut microbiota than males under a cafeteria feeding.

We further evaluated the impact of cafeteria diet and grape seed
proanthocyanidins on circadian rhythms of gut microbiota. Whereas the
cafeteria diet disturbed the naturally occurring microbial rhythmicity,
mainly by altering the cyclical abundance of Lactobacillus, grape seed

proanthocyanidins, which can be metabolized by intestinal microbes,
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restored the microbial signatures of dysbiosis during the active period.
Finally, we investigated the prebiotic capacity of several natural
ingredients in an in vitro fermentation study with human fecal
microbiota. Here, pumpkin skin promoted the largest drop in pH and an
inulin-like metabolomic profile in normoweight and obese fecal samples,

thus revealing for the first time its prebiotic potential.
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RESUM

L’hoste i la seva microbiota intestinal conviuen en una relaci6 de
benefici mutu, on l'alteraci6 d’aquest equilibri s’associa amb estats
patologics com l'obesitat. Més enlla de l'impacte dietetic, la disbiosi
microbiana té un origen multifactorial. En aquesta tesi, s’ha avaluat
extensament la influencia geneética, els ritmes circadiaris i el potencial
prebiotic d’ingredients naturals en l'obesitat des d'una perspectiva

metagenomica.

Primerament, es va caracteritzar I'impacte de dietes occidentalitzades i
semi-purificades sobre la microbiota intestinal i I'hoste en rates Wistar,
identificant la cafeteria com el model dietetic d’inducci6 d’obesitat i
disbiosi microbiana més efectiu. A més, aquesta dieta va alterar el
metabolisme dels acids biliars, la producci6 de SCFA i el perfil
metabolomic urinari. Contrariament, les dietes semi-purificades van
causar una acumulacié de greix modesta i canvis menors sobre la
microbiota. Seguidament, es va estudiar la influencia dels factors
geneétics sobre la resposta microbiana a la dieta de cafeteria. Les rates
Wistar van desenvolupar una disbiosi més pronunciada que les F344,
caracteritzada per un increment del rati Bacteroidetes-Firmicutes,
mentre que ambdues soques van desenvolupar obesitat. A més, les
femelles F344 van presentar alteracions més severes sobre els

parametres biometrics i la microbiota que els mascles.

D’altra banda, es va avaluar l'impacte de la cafeteria i les
proantocianidines de llavor de raim sobre els ritmes circadiaris
microbians. Mentre que la cafeteria va alterar la ritmicitat del

microbioma, causant essencialment una disrupcié en I'abundancia ciclica
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de Lactobacillus, les proantocianidines van restaurar els signes de

disbiosi microbiana durant el periode d’activitat.

Finalment, es va investigar la capacitat prebiotica d’ingredients naturals
en un estudi de fermentaci6 in vitro amb microbiota fecal humana. La
pell de carbassa va induir la major disminuci6 de pH i un perfil
metabolomic semblant al de la inulina en condicions d’obesitat i

normopes, revelant per primer cop el seu potencial efecte prebiotic.
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RESUMEN

El huésped y su microbiota intestinal conviven en una relaciéon de
beneficio mutuo, mientras que un equilibrio alterado se asocia con
estados patolégicos como la obesidad. Mas alla del impacto dietético, la
disbiosis microbiana tiene un origen multifactorial. En esta tesis, se ha
evaluado extensamente la influencia genética, los ritmos circadianos y el
potencial prebidtico de ingredientes naturales en la obesidad desde una

perspectiva metagendmica.

Primeramente, se caracteriz6 el impacto de dietas occidentalizadas y
semi-purificadas sobre la microbiota intestinal y el huésped en ratas
Wistar, identificando la cafeteria como el modelo dietético de induccién
de obesidad y disbiosis microbiana mas efectivo. Ademas, esta dieta
alter6 el metabolismo de los acidos biliares, la producciéon de SCFA y el
perfil metabolémico urinario. Contrariamente, las dietas semipurificadas
causaron cambios modestos sobre la grasa corporal y la microbiota.
Seguidamente, se estudio la influencia de los factores genéticos sobre la
respuesta microbiana a la dieta de cafeteria. Las ratas Wistar
desarrollaron una disbiosis mas pronunciada que las F344, caracterizada
por un ratio Bacteroidetes-Firmicutes incrementado, mientras que
ambas cepas desarrollaron obesidad. Ademas, las hembras F344
presentaron alteraciones mas severas sobre los parametros biométricos

y la microbiota que los machos.

Por otro lado, se evalu6 el impacto de la cafeteria y las proantocianidinas
de semilla de uva sobre los ritmos circadianos microbianos. Mientras
que la cafeteria alter6 la ritmicidad del microbioma, causando

esencialmente una disrupciéon en la abundancia ciclica de Lactobacillus,
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las proantocianidinas restauraron los signos de disbiosis microbiana

durante el periodo de actividad.

Finalmente, se investigdé la capacidad prebidtica de ingredientes
naturales en un estudio de fermentacion in vitro con microbiota fecal
humana. La piel de calabaza produjo la mayor disminuciéon de pH y un
perfil metabolémico similar al de la inulina en condiciones de obesidad y

normopeso, revelando por primera vez su potencial efecto prebiético.
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ABBREVIATIONS

3-HCA 3-hydroxycinnamic acid
AM Armillaria mellea
AMPK AMP-activated protein kinase
ANOSIM Analysis of similarities
ANOVA Analysis of variance
BA Bile acids

BE Boletus edulis

BMI Body mass index

BSG Brewers’ spent grain
BSH Bile salt hydrolase

CA Cholic acid

CAF Cafeteria

CDCA Chenodeoxycholic acid
CG Cresyl glucuronide

CS Cresyl sulphate

CvD Cardiovascular disease
DCA Deoxycholic acid

DIO Diet-induced obesity
DMA Dimethylamine

DMG Dimethylglycine
DMSO02 Dimethylsulfone

DP Degree of polymerization
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EWAT Epididymal white adipose tissue
F344 Fischer 344

FDR False discovery rate

FFA Free fatty acids

FIAF Fasting-induced adipose factor
FXR Farnesoid-X-receptor

GAA Guanidinoacetic

GCA Glycocholic acid

GLP Glucagon-like protein

GPC Glycerophosphocholine

GPCR G protein-coupled receptor
GSPE Grape seed proanthocyanidins extract
HCA Hierarchical clustering analysis
HDCA Hyodeoxycholic acid

HDL High-density lipoprotein

HF High-fat

HFS High-fat, high-sucrose
HOMA-IR Homeostatic model assessment for insulin resistance
HPPA Hydroxyphenylpyruvic acid

IGN Intestinal gluconeogenesis

IM Irish moss

IS Indoxyl sulfate

IWAT Inguinal white adipose tissue
LAB Lactic acid bacteria
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LCA Lithocholic acid

LDL Low-density lipoprotein

LF Low-fat

LPL Lipoprotein lipase

LPS Lipopolysaccharide

MCA Muricholic acid

MetS Metabolic Syndrome

MWAT Mesenteric white adipose tissue

NAG N-acetyl-glycoproteins

NEFA Non-esterified fatty acids

NMNA N-methylnicotinic acid

NMR Nuclear Magnetic Resonance

NOD Non-obese diabetic

NOESY Nuclear overhauser effect spectroscopy

NS Nutshell

0G Oxoglutarate

OPC Olive press cake

OPLS-DA Orthogonal Projections to Latent Structures Discriminant
Analysis

OTU Operational taxonomic unit

OWAT Periovarian white adipose tissue

PBS Phosphate buffer saline

PC Principal component

PCA Principal component analysis
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PCoA Principal coordinate analysis

PluS Plum skin

PS Pumpkin skin

PYY Peptide YY

QH Quinoa husk

RAAS Renin-angiotensin-aldosterone system
RH Rice husk

ROS Reactive oxygen species

RWAT Retroperitoneal white adipose tissue
SB Stevia branches

SCFA Short chain fatty acids

SEM Standard error of the mean

STD Standard

TAG Triacylglycerides

TCA Tricarboxylic acid cycle

TCDCA Taurochenodeoxycholic acid

TDCA Taurodeoxycholic acid

UDCA Ursodeoxycholic acid

UHPLC Ultra High Performance Liquid Chromatography
VEH Vehicle

VLDL Very low-density lipoprotein

WHO World Health Organization

T Zeitgeber time

10
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Obesity as a global health problem

1. OBESITY AS A GLOBAL HEALTH PROBLEM

The World Health Organization (WHO) defines obesity as an
abnormal or excessive fat accumulation that may impair health [1],
which results from an interaction between lifestyle and genetic
susceptibility [2]. The global prevalence of obesity has doubled in more
than 70 countries since 1980, accounting for up to 600 million obese
adults worldwide in 2015 [3]. If this trend continues, it is estimated that
global obesity prevalence increase from 11% to 18% in men and from
13% to 21% in women by 2025 [4]. In addition, obesity constitutes an
important risk factor for the development of many other chronic
diseases including type II diabetes, hypertension, irritable bowel
syndrome and cardiovascular diseases (CVD) [5]. For this reason, the
prevention and treatment of obesity have become a global challenge
over the past decades. Likewise, several factors are involved in the
health outcomes and risks associated with an obese phenotype,
including sex, age, ethnicity, socioeconomic standards, exercise levels

and dietary habits [2].

Remarkably, fat quantity, distribution and metabolic function are
essential to characterize a heterogeneous condition like obesity [6,7]. In
this regard, the physiological impact of subcutaneous or abdominal
obesity has been clearly distinguished, being visceral fat accumulation a
major risk factor for obesity-related metabolic disorders (Figure 1).
Visceral fat depots are characterized by enlarged and dysfunctional
adipocytes  that secrete pro-inflammatory biomarkers (i.e.
prostaglandins, C-reactive protein and cytokines) contributing to
systemic inflammation [8,9]. Inflammatory mediators disrupt the

signalling mechanisms of insulin within the adipocytes leading to insulin

13
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I. Introduction

resistance [10]. Therefore, the impairment of insulin functions, including
the inhibition of lipolysis, promotes a greater non-esterified fatty acids
(NEFA) production and secretion from the adipose tissue to the
bloodstream [10]. Consequently, NEFAs are build-up in the liver,
transformed and accumulated as triglycerides, thus resulting in an
increased very-low density lipoprotein (VLDL)-cholesterol production
[11-13]. Moreover, excess NEFAs are taken up by skeletal muscle and
reesterified into diacylglycerol, which induces a protein kinase C-
mediated inhibition of the insulin receptor substrate 1/2, thereby
disturbing the insulin-mediated glucose uptake and contributing to
insulin resistance [14]. In addition, the reduced secretion of adiponectin
from the adipose tissue during obesity, which has an important role in
glucose and lipid homeostasis, favours insulin resistance through the
inhibition of insulin receptors [15]. Interestingly, hyperinsulinaemia
could be misinterpreted as the result of an increased release from the
pancreas to compensate NEFAs-induced insulin resistance, whereas
NEFAs are also lipotoxic to beta cells causing an impaired insulin
production [16]. Therefore, the desensitization of peripheral organs to
insulin action leads to an increased glucose accumulation in the blood

and to the development of type II diabetes.

The established communication network between visceral adipose
tissue, sympathetic nervous system and brain can influence appetite,
energy balance, insulin sensitivity, angiogenesis, blood pressure, lipid
metabolism and low-grade inflammation. The complex system regulating
food intake and body weight involves peripherally synthetized hormones
such as leptin and ghrelin, which target specific receptors in the

hypothalamus and initiate the host response by promoting changes in
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food intake [17]. In this sense, visceral depots act as an active paracrine
and endocrine organ that releases adipokines and hormones able to
regulate metabolism and inflammation [18]. Particularly, leptin levels
increase in proportion to increasing adiposity, thus promoting energy
expenditure and decreasing food intake [19]. Interestingly, the
increment of leptin expression is likely to be partially explained by
hypoxia occurring in the obese state, which favours the differentiation of
preadipocytes into leptin-secreting cells [20]. However, the high levels of
circulating leptin observed in obese and overweight subjects fails to
suppress appetite [21], thereby suggesting a state of leptin resistance
[22]. Insulin and leptin resistance at the hypothalamic level decreases

satiety and energy expenditure, and thus promotes food intake [23].

In addition, the hyperactivity of hypothalamic-pituitary-adrenal axis
results in a cortisol-mediated increment of circulating glucose, food
intake and visceral fat deposition [24]. Altogether with the dysregulated
suppression of ghrelin secretion in response to stomach fullness, which
leads to a continuously favoured food intake and body weight gain [25],
there is a failure on the controlling systems of eating behaviour in

obesity, thus aggravating the pathology.

Abdominal obesity is an important component of metabolic syndrome
(MetS), which is a heterogeneous disorder characterized by a wide range
of physiologic and metabolic alterations. An international consensus
unified the diagnosis criteria for MetS in 2009, stipulating that MetS is
present when at least three out of five of the following risk factors are
true: elevated waist circumference (men >102cm; women >88cm), high
blood pressure (systolic =2130mmHg and/or diastolic =85mmHg),

increased triglycerides (=1.7mmol/L), reduced HDL cholesterol (men
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<1.0mmol/L; women <1.3mmol/L) and increased fasting blood glucose
(>5.5mmol/L) [26]. It is well established that each constituent of MetS
represent an independent risk factor for CVD [27-31]. Visceral obesity is
a better predictive risk factor for mortality and morbidity than BMI or fat
percentage, which show a modest association with the incidence of CVD
[32-34]. In this sense, the resistant individuals to adiposity-associated
cardiometabolic abnormalities are considered ‘metabolically healthy’

obese [35,36].

Subcutaneous obesity Abdominal obesity
Metabollically healthy obese Metabollically unhealthy obese

N | |\ o
~
Normal metabolic profile Altered metabolic profile
! Leptin ¢ ) )
’ : i | Adiponectin - I } Insulin
w  TAG RAAS
t Gluconeogenesis gogie—= activation
Low liver fatand Low epicardiac  Low muscle | HDL cholesterol " ROS
normal function fat fat
ABSENCE OF METABOLIC SYNDROME PRESENCE OF METABOLIC SYNDROME
CLINICAL CRITERIA CLINICAL CRITERIA

Figure 1. The fat accumulation into insulin-sensitive subcutaneous adipose
tissue, which is able to expand through hyperplasia, protects the subject against
the development of metabolic syndrome (MetS) under a positive energy
balance. However, visceral adipose tissue develops insulin resistance and
shows a limited ability to store the energy excess, altogether with
vasoconstrictor effects (high blood pressure) and the generation of oxygen
reactive species (ROS) promoted by the adipose tissue-mediated activation of
renin-angiotensin-aldosterone system (RAAS). The metabolic consequences of
excessive visceral adiposity include NEFA-induced insulin resistance,
pancreatic lipotoxicity, hepatic fat storage, leptin resistance, and a
prothrombotic and inflammatory profile, which are features related to the
development of the MetS. Adapted from [37].
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2. THE GUT MICROBIOTA

The term microbiota refers to the ecological community of
microorganisms, constituted by myriad prokaryotic and eukaryotic
organisms including archaea, bacteria, viruses, fungi and protozoans,
residing in a particular environment [38]. The earth is dominated by
approximately 1039 microbial cells forming ecological niches [39], which
are largely determined by the environmental conditions [40]. The
overlapped microbial organisms living in a specific habitat frequently
compete for energy resources [41], while divergent strategies to exploit
them allow their co-occurrence avoiding the competition and favouring a
diverse community [42]. As result, multiple networks of complex
interactions between the own microorganisms inhabiting specific
locations exist. Besides to ecological niches, animal and plant evolution
has co-occurred in the presence of microbiota, encompassing
commensal, parasitic, mutualistic, or even pathogenic interactions with
the host [43-45]. In the last years, the exhaustive research looking out
the microbiota has been supported by its collective functional role in
managing host development, metabolism, immunology and behaviour

[46-49].

The human body contains an extensive assortment of microorganisms
inhabiting every surface that is exposed to the external environment,
namely the skin, the urogenital organs, the respiratory system and the
digestive tract, while providing a broad range of functions to the host. In
the past decades, it was commonly accepted that bacteria residing in the
human body outnumbered human cells by 10 times [50], whereas
actually it is accepted that the ratio between somatic and microbial cells

is much closer to 1:1 [51,52]. Nevertheless, microbial genes exceed by far
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our human genome, existing around 500 - 1000 species of bacteria at
any one time [53]. The microbial communities are functionally adapted
to their specific niche, presenting important compositional variations
across distinct body habitats [54]. In this regard, the microbes inhabiting
the human gut, which are known as the gut microbiota, establish the
more complex, diverse and abundant community in the body [52]. Along
the gastrointestinal tract, microbiota widely varies on its density and
composition, being the colon the most colonized organ accounting for
approximately 70% of all bacteria in the human body [55]. Despite the
enormous biodiversity of gut microbiome, its phylogenetic structure is
mainly composed of four major phyla: Firmicutes, Bacteroidetes,
Actinobacteria and Proteobacteria; where only Firmicutes and
Bacteroidetes are estimated to represent the 90% of gut microbiota
[56,57]. However, the phylum taxonomic classification is subsequently
divided into classes, orders, family, genus and species, thus evidencing
the complexity of this microbial ecosystem. Because of the wide-ranged
functions that residing microbes exerts in the host, the role of gut
microbiota in health and disease has become an important focus for the
scientific community in the last years. Particularly, the involvement of
gut microbiota in the progression of obesity has been broadly reported
[58], and therapeutic strategies targeting microbiota in the prevention

and treatment of obesity are constantly emerging.

2.1 Gut Microbiota, Metabolism and Host Homeostasis.

The gut microbiota exerts several functions including vitamin
production, protection against pathogens, enhancement of immune
system and the fermentation of the non-digestible compounds from the

diet [59]. Overall, gut microbiota and host are in a constant and mutually
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beneficial crosstalk where intestinal microbes benefit from nutrient
supply in a stable environment, while the host takes advantage from the
fermentation products such as short-chain fatty acids (SCFA) and

vitamins.

Naturally, the gut is the central organ for the digestion and absorption of
food, and gut microbiota actively contributes to the enhancement of
these processes. In this regard, the digestive functions of the own
intestine are concomitant to the microbial action, interacting together to
optimize the energy harvest by the host. The gut microbiota is thought to
have a role in the development of gut epithelium, partially through the
increment of capillaries underlying the villi in the small intestine and the
influence on gut motility [60]. Likewise, gut microbiota promotes
nutrients uptake and transfer to the liver and adipose tissue, thus
regulating energy storage [61]. Importantly, fermentation of non-
digestible components of the diet such as complex polysaccharides and
certain polyphenols results in valuable microbial products for the
maintenance of colonic health and energy homeostasis [62]. Moreover,
these bacterial products can act as signalling molecules that regulate the
host’s metabolism by influencing peripheral tissues such as brain, liver,
adipose tissue and muscle [63]. Collectively, gut microbiota plays also an
essential role in the regulation of fat storage and energy homeostasis by

modulating host genes [64].

2.2 Metabolism and Function of Short-Chain Fatty Acids
and Bile Acids.

Non-digestible polysaccharides of edible plants including celluloses,

hemicelluloses, pectins, and oligosaccharides such as inulin,
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oligofructoses and resistant starches, are not digested by the human gut.
These substrates pass intact through the upper part of the intestine,
reaching the colon where they could undergo microbial fermentation.
The gut microbiota utilize these substrates to obtain energy for growth
while they provide the host with end products such as SCFAs (mainly
butyrate, propionate and acetate) [65]. Rapidly fermentable non-
digestible polysaccharides often lead to the production of lactate by
lactic acid-producer bacteria (LAB), whereas the fermentation of
protein-derived branched chain amino acids may also contribute to SCFA

production [66,67].

The SCFA profiles generated in the gut are determined by the amounts
and type of non-digestible polysaccharides consumed, as well as by the
gut microbiota activity [68]. The SCFA directly turns into energy harvest
for microbial and host’s cells [69]. In fact, butyrate was reported as the
preferred energy source for isolated rat colonocytes contributing up to
70% of their energy requirements [70], while SCFAs are known to
provide nearly 10% of our daily caloric supply [71]. In this sense, germ-
free mice compensate their reduced capacity to extract energy from the
diet by increasing their food intake [72]. These animals also show a
reduced adiposity when compared to their conventional counterparts
[61]. In humans, obese people display high amounts of fecal SCFAs, thus
suggesting an increased energy harvest from the diet as compared to

lean people [73].

In addition to their role as energy sources, SCFAs control several
physiological processes including energy expenditure and satiety
(Figure 2) [74,75]. Most SCFAs are absorbed by the enterocytes, where

they may be released into the portal circulation and utilized in
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peripheral tissues [76]. Importantly, AMP-activated protein kinase
(AMPK) is a sensor of the energetic requirements that promotes
catabolism and impedes anabolism in order to balance energy status in
the cells. Hence, an increased AMPK activation has been associated with
an energy-deprived status occurring in germ-free mice, thus favouring
the energy utilization in liver and skeletal muscle and, lastly, protecting
them from diet-induced obesity [77,78]. Since the AMPK activation is
favoured in germ-free animals, gut microbiota-derived SCFAs also
activate AMPK in peripheral tissues, thereby promoting catabolic
pathways and energy expenditure [79]. In fact, SCFA mediate the
beneficial effects of dietary fiber on the MetS by shifting the metabolism
of adipose tissue and liver from lipogenesis to fatty acid oxidation
through an AMPK-dependent mechanism [80]. In this sense, the
established association between high fecal SCFA concentrations and
obesity in humans could be partially due to an insufficient SCFA-
mediated AMPK activation, which, in turn, is inhibited by
proinflammatory cytokines [81]. Alternatively, it was suggested a less
efficient colonic absorption of SCFAs in obesity, although more studies
assessing their circulating and fecal levels should be done to corroborate

this hypothesis [82].

The SCFAs also act as signalling molecules through the activation of
specific G-protein coupled receptors (GPCR) 43 and 41, which are mainly
expressed throughout the small intestine and colon and also known as
free fatty acid receptors 2 and 3 (FFA2 and FFA3), respectively [68].
However, these receptors are also expressed in a wide range of
peripheral tissues suggesting that SCFAs have a specific role beyond the

intestine. Upon activation of these receptors, the release of hormones
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involved in signalling satiety from the gut to the brain, such as glucagon
like peptide-1 (GLP-1) and peptide YY (PYY), is stimulated [83]. Both
GLP-1 and PYY are secreted by enteroendocrine L-cells, which are most
abundant in the distal part of the small intestine and the colon.
Consequently, these hormones activate the insulin secretion while
inhibit glucagon in the pancreas, thus leading to an increased utilization
of glucose and a reduced cholesterol synthesis in peripheral tissues.
Moreover, insulin secretion decelerates the gastric emptying and
promotes satiety, while PYY boosts the insulin action on glucose uptake
by adipose tissue and muscle [84,85]. Overall, the SCFA-induced
production of these anorexigenic hormones by intestinal L-cells inhibit

food intake and reduce weight gain [86,87].

The SCFAs reduce the appetite by inducing the expression of leptin in the
adipocytes in a GPCR-mediated pathway [88]. In this line, it has been
shown that FFA3 KO mice exhibited a reduction of energy expenditure,
as also occurred in FFA2 KO mice when fed a high-fat diet [89,90].
Therefore, FFA2 and FFA3 receptors are suggested to play a critical role
in managing the energy homeostasis in response to the pool of SCFAs
produced in the gut. In this regard, it has been shown that SCFAs
increase the oxygen consumption, mitochondrial function,

thermogenesis and fat oxidation in rodents [91].

As stated above, the gut microbiota composition also defines the SCFA
profile produced in the gut. For instance, LAB like Lactobacillus produce
SCFAs from the end-products of carbohydrates degradation such as
pyruvate, whereas Bifidobacteria is able to produce acetate under
carbohydrate limitation [92,93]. Therefore, these bacterial genera are

considered main targets for dietary stimulation and commonly used as
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markers of a healthy gut microbiota. Overall, SCFAs can exert multiple

beneficial effects on mammalian metabolism and a healthy gut

microbiota composition is a key determinant to its balanced production.
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Figure 2. Schematic overview of the SCFA effects on the host metabolism. In
the distal gut, SCFA bind to GPCR 41 and GPCR 43 leading to the production of

the gut hormones PYY and GLP-1, which signal satiety to the brain, thus

reducing food intake and increasing energy expenditure. Intestinal

gluconeogenesis (IGN) also promotes satiety by increasing circulating glucose
levels. In white adipose tissue, SCFAs decrease insulin sensitivity and decrease
fat storage, while there is an increase in leptin production. Leptin also favours
the reduction of the appetite. In muscle and liver, SCFAs phosphorylate and

activate AMPK, thus inducing fatty acid oxidation.

Bile acids are essential molecules that actively contribute to the
emulsification, solubilisation and absorption of dietary lipids reaching
the intestine [94]. In hepatocytes, cholesterol is oxidised in a multistep
pathway to generate the primary bile acids. In humans, the liver

synthetize cholic acid (CA) and chenodeoxycholic acid (CDCA); whereas
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CA, CDCA and muricholic acid (MCA), which is a 6-hydroxylated
derivative of CDCA, are synthetized by rodents. Subsequently, primary
bile acids are conjugated with either taurine or glycine in the liver, which
favours their solubility at physiological pH and minimizes passive
absorption [95]. Then, bile acids pool is conducted to the gallbladder,
where it is stored during the fasting stage. Upon food consumption, the
gallbladder is contracted and the bile acids are released into the
duodenum. Remarkably, bile acid synthesis is regulated by a feedback
loop through the expression and activation of the farnesoid X receptor
(FXR) in the epithelial cells of the gut, which is critical for bile acid and

lipid homeostasis [96].

Bile salt hydrolases (BSH) are microbial enzymes that cleave the bond
between glycine or taurine and the bile acid core. Several genera such as
Lactobacillus and Clostridium are involved in the deconjugation of
primary bile acids because of their elevated BSH activity, thus allowing
the transformation into secondary bile acids [94]. Deconjugated primary
bile acids undergoes dehydroxylation process, which involves a
multistep biochemical pathway that is only performed by anaerobic gut
bacteria [97]. CA and CDCA, and MCA in rodents, might be 7a -
dehydroxylated to form secondary deoxycholic acid (DCA) and
lithocholic acid (LCA); whereas ursodeoxycholic acid (UDCA), the 7(3-
epimer of CDCA, yields LCA. In addition, the oxidation and epimerization
of bile acids by gut microbiota result in bile isoforms. For instance, the
epimerization of CDCA to UDCA decreases the toxicity of this
hydrophobic bile acid for gut microbiota [98]. Importantly, up to 95% of
bile acid pool is efficiently reabsorbed into the portal blood circulation to

the liver. Therefore, the BSH activity primarily determines the
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composition and function of the bile acid pool in the gut, which is
involved in several physiological processes including cholesterol and
lipid metabolism, epithelial cell homeostasis, intestinal immune function
and host circadian rhythms [99,100]. Interestingly, it was shown that
BSH-mediated deconjugation of TBMCA, a potent antagonist of the host
bile acid receptor FXR, induces significant shifts in bile acid profiles in
murine, thereby highlighting the physiological implications of bacterial
BSH activity [101].

Bile acids can also act as signalling molecules through specific GPCRs
present in enteroendocrine L-cells [102]. The activation of these
signalling pathways yields to a wide range of beneficial metabolic effects,
such as enhanced insulin sensitivity and energy expenditure [103,104].
Importantly, the activation of bile acid-specific GPCRs relies on the
composition of bile acid pool, which, in turn, is strongly determined by
the gut microbiota activity. For instance, LCA, DCA and CDCA are natural
agonists of TGR5, one of the three sensible members of GPCR
superfamily to the action of bile acids [102]. Therefore, external factors
altering the phylogenetic structure and activity of gut microbiome are
potentially implicated in the disruption of bile acid metabolism, thus

impacting host physiological and metabolic status.

Finally, bile acids also shape the composition of gut microbiota by
altering the membrane integrity of bile-sensitive bacteria [105]. In this
regard, stressors such as high-fat diet leading to abnormal secretion of
bile acids may potentially disrupt the gut microbiome composition and

function that, in turn, negatively impacts on host lipid metabolism [106].

25



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

I. Introduction

3. DYSBIOSIS OF GUT MICROBIOTA

The gut microbiota exerts an important role in the maintenance of
host homeostasis and it is considered to be at the intersection of diet and
human health [107]. In this sense, gut microorganisms and host are
under a constant cross-talk that allows mutual benefits. However, gut
microbes are continuously exposed to external factors such as diet,
antibiotics or stress, which can induce alterations on its composition
and, consequently, perturb its interaction with the host. In fact, the
ability of microbial community to resist these perturbations or to
recover to its original form have been attributed to healthy individuals
[108-110]. In contrast, the strong and continuous imbalance in the
phylogenetic structure of the gut microbiota, which is known as
dysbiosis, has been closely associated with the development of various
diseases [111]. This imbalance can be the result of the overall loss of
bacterial diversity or changes in specific taxa including a reduction of
beneficial microorganisms and the expansion of potentially harmful
microbes, which may all occur concurrently [112]. For instance,
microbial changes at phylum level altogether with a depleted diversity
have been reported in human obesity and inflammatory bowel disease

[113,114].

Dysbiosis of gut microbiota leads to a disrupted gut barrier integrity,
increasing its permeability and allowing the translocation of bacterial
pro-inflammatory toxins such as lipopolysaccharides (LPS). The LPS-
induced suppression of fasting-induced adipose factor (FIAF) also
favours the accumulation of triglycerides in muscle and adipose tissue
[115]. Therefore, microbial dysbiosis actively contributes to the onset of

obesity and related chronic low-grade inflammation.
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3.1 Gut Microbiota Dysbiosis and Obesity.

Given the increased prevalence of obesity in Western societies [116],
the interconnection between dietary patterns, microbiota and obesity
development is under constant revision. Further studies have
demonstrated that gut microbiota composition differs between lean and
obese subjects. For instance, a reduction of bacterial diversity and low
Bacteroidetes proportions were found in obese individuals [117]. In this
line, another study reported a diminished occurrence of Bacteroidetes in
obese subjects when compared to normoweight and anorexic patients,
whereas no differences in Firmicutes were described [118]. Moreover, a
lower Bacteroidetes-to-Firmicutes ratio was found in obese and
overweight subjects as compared to lean ones [119], showing a clear
association with an increased BMI [120]. In addition, elevated levels of
Firmicutes altogether with depleted Bacteroidetes were also determined
in obese children [121]. Therefore, Bacteroidetes-to-Firmicutes ratio has
been broadly utilized as a marker of obesity susceptibility. However,
significant differences on phylogenetic structure of gut microbiota at
phylum level were not found between obese and lean children and
adolescents [122,123]. In 2014, a meta-analysis concluded that there
was no evidence of a clear trend between the Bacteroidetes-to-
Firmicutes ratio and the obese state in humans [124], which was
recently corroborated [125]. Altogether, heterogeneous populations,
divergent methodologies and insufficient confounder control contribute

to discrepancies between studies.

Nevertheless, large differences on the microbiota composition between
obese and lean individuals at deeper taxonomic levels have been widely

reported in the literature, suggesting that dysbiosis of gut microbiota is
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strictly related to the development of obesity. In this regard, the number
of gut microbiota genes was revealed as a measure of bacterial richness
and it was found associated with the host phenotype. Higher adiposity
and insulin resistance, altogether with an increased occurrence of pro-
inflammatory genera such as Bacteroides, Parabacteroides and
Ruminococcus, among others, were observed in individuals showing low
microbial gene counts, whereas anti-inflammatory species such as
Faecalibacterium prausnitzii were detected in people with high gene
counts [126]. Accordingly, individuals with reduced microbial gene
richness presented a more pronounced metabolic dysregulation

accompanied by low-grade inflammation [127].

Several mechanisms explaining the role of gut microbiota in obesity
development have been proposed. Interestingly, obese microbiota was
related to an increased capacity to harvest energy from the diet [113]. In
this sense, an increased SFCAs production was reported in genetically
obese mice, whereas transplantation of gut microbiota from obese
humans to germ-free mice resulted in an increased body fat storage
when compared to germ-free mice receiving lean microbiota, thus
suggesting that obese microbiome has an increased capacity to energy
harvest [113]. Moreover, gnotobiotic mice colonized with gut microbiota
from conventional mice resulted in increased energy storage even
showing a decreased energy intake and raised energy expenditure,
which is consistent with a microbiota-mediated rise in energy harvest
[61]. Therefore, gut microbiota was postulated to be a crucial
contributor to the acquirement of an obese profile. However, similar
studies by manipulating the gut microbiota and examining energy

harvest have not been done in humans to date.
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On the other hand, the beneficial properties of SCFA in the modulation of
energy metabolism and food intake, as described above, seem to contrast
with the elevated SCFA levels observed in obese individuals [73].
Therefore, the mechanisms explaining the gut microbiota role on obesity
should go beyond an increased energy harvest capacity associated with
SCFA production. In this regard, the translocation of bacterial products
such as LPS through intestinal barrier is regarded as a key mechanism
explaining obesity. Moreover, as gut-derived signals are continuously
reaching the liver via portal vein, a consistent relationship between
microbiota dysbiosis and non-alcoholic fatty liver disease has been
reported in obese individuals [128]. Overall, the indirect interaction
between microbiota and the metabolic functions in peripheral organs are
postulated as the main mechanisms by which microbiota dysbiosis may

contribute to the obesity development [129].

3.2 Animal Models of Diet-Induced Obesity and Gut

Microbiota.

Different rodent models are used for investigating the role of the gut
microbiota in the progression, prevention and treatment of obesity. In
addition to genetically obese rodents, diet-induced obesity (DIO) is the
most common model employed to evaluate this interaction because of
the rapid shift on microbial communities in response to dietary change.
In fact, the metabolic pathways and gene expression of the gut
microbiota changed in a single day when plant-based high-

polysaccharide diet was replaced by a high-fat high-sugar diet [130].

Semi-purified high-fat diets (HF) have been the most extensively dietary

model used to induce obesity and investigate the microbiota-related
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consequences. The development of HF diet-induced obesity is associated
with an enrichment in Firmicutes at the expense of Bacteroidetes
altogether with a reduction of bacterial diversity, as broadly reported
[131-133]. Furthermore, consistent changes in the community
membership of several genera were identified in HF diet-fed rodent
when compared to those fed with a low-fat diet (LF) [134]. Here,
Carmody et al. showed that rats fed with a HF diet showed a dramatic
drop in the abundance of Lactobacillus, which was previously found to
promote the reduction of body weight in both rats and humans
[135,136], positively correlate with the lifespan of mice [137], and
maintain intestinal barrier integrity [138]. In this regard, different
studies have demonstrated that HF diets induce a disruption of intestinal
permeability, leading to LPS and bacteria translocation, thus promoting

body weight gain, insulin resistance and inflammation [139,140].

Consistently, cafeteria (CAF) diet, based on the free-choice of highly
palatable and energy-dense foods with high contents of simple sugars,
has emerged as one of the most representative dietary model of the
Western populations. Moreover, severe microbiota dysbiosis has been
reported after the consumption of a CAF diet, altogether with a
decompensated mechanism of satiety that finally leads to exacerbated
food consumption (hyperphagia) [141]. This diet robustly reproduces
the main features of human MetS including obesity, dyslipidaemia,

hypertension and insulin resistance [142].

3.2.1 Sexual Dimorphism of Gut Microbiota.
Sexual dimorphism, defined as the exhibition of gender-dependent
responses to a given condition, is characteristic of several common

diseases including obesity, metabolic and cardiovascular-related
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disorders, which, in turn, are closely associated with imbalanced gut
microbial ecosystems [143,144]. In fact, Mestdagh et al. showed that
germ-free animals do not display sexual dimorphism on the total body
fat content, thus suggesting a direct and measurable impact of gut
microbiota on the host phenotype [145]. Furthermore, the sexual
dimorphism in the establishment and responses of gut microbiota has
been recently reviewed [146], thereby supporting that gender is an
important factor to consider when examining the gut microbiota-host
interactions. In this regard, the comparison between male and female
microbiota revealed that puberty-related hormonal changes caused a
separation of microbial communities that was not previously observed
during the pre-puberty stage in mice [147]. Consistently, sex hormones
have been proposed to be responsible, at least in part, for the
establishment of the gut microbiota, whereas the mechanisms explaining
this observation remain unclear. Supporting these remarks, a
testosterone treatment in gonadectomised male mice prevented the
significant changes in microbiota composition further observed in
untreated controls [148]. In this sense, a significant depletion of
Akkermansia was revealed in gonadectomised females under a high-fat
high-sucrose (HFS) diet as compared to sham controls fed with the same
diet. Moreover, the hormonal status was shown to affect the microbiota
composition in both chow and HFS diet-fed male mice, whereas this
effect was more clear in females under a HFS feeding than under a chow
diet, thus revealing that diet impacts on hormonal regulation of gut
microbiota [148]. Here, Org et al. also showed significant hormone-
mediated changes in bile acid profiles. Altogether, since gut microbiota is

known to modulate bile acids pool, they provided a microbiome-
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mediated mechanism for explaining sex differences in bile acid

composition.

In addition, non-obese diabetic (NOD) mice display a high incidence of
type I diabetes, being more prevalent in female than in male rodents
[149]. Interestingly, the colonization of NOD female germ-free mice with
gut microbiota from adult male mice resulted in elevated serum
testosterone in the recipients, thereby robustly protecting female
recipients from type [ diabetes [150]. Thus, hormone levels are regulated
by the microbial communities showing protective effects in mice with
high genetic risk for disease. Remarkably, a recent study has
demonstrated that gut microbiome mediates the preventive effect of
estrogens on metabolic endotoxemia and low-grade chronic
inflammation, which are recognised as ones of the major causes of MetS
[151]. Finally, taxa associated with increased visceral fat, despite
showing moderate overlapping at family and genus levels, were not
shared at species-level between men and women, potentially suggesting
that sexual hormone-sensitive bacteria are responsible for abdominal
obesity [152]. Therefore, the involvement of gut microbiota in the onset,
progression and establishment of obesity depends on gender as an

important modulatory factor on the gut microbiota-host interaction.
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4. MICROBIOTA AS A THERAPEUTIC TARGET
4.1 Dietary Modulation of Gut Microbiota.

A sedentary lifestyle and a raised preference for Westernized diets
have contributed to increase the prevalence of obesity and related
metabolic complications. Dietary patterns have been shown to exert a
critical impact on gut microbiota by causing rapid shifts on its
composition and function, which has been described in distinct
mammalian species [153]. In this sense, the Western diet strongly
disturbs the gut microbiota diversity and composition, leading to an
increased risk of obesity and CVD. For instance, main features of a
Western diet, such as higher energy intake, snacking, and whole milk
consumption were negatively associated with microbiota diversity [154].
Interestingly, up to 57% of the phylogenetic structure of the gut
microbiome can be explained by dietary changes, whereas genetic
background describes around the 12% of the microbiota composition in
mice [155]. Therefore, dietary therapy is postulated as one of the most
effective tools for the re-establishment of a healthy microbiota as a

mechanism to fight against obesity and related disorders.

Long-term diets have been correlated with certain microbial
enterotypes, which are defined as the consortia of intertwined bacteria
according to their expression patterns [156]. In this sense, Bacteroides-
dominated enterotype, including Parabacteroides, Lactobacillus,
Clostridiales and Alkaliphilus genera, is characterized by carbohydrate
utilization, proteolytic activity and the production of pro-inflammatory
agents, whereas Prevotella-dominated enterotype is considered to be
mostly anti-inflammatory and it is related to mucin degradation present

in the mucosal layer of the gut [157]. Ruminococcus-dominated
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enterotype is also able to degrade host’s mucin although this is the less
understood. Accordingly, Bacteroides enterotype was associated with a
saturated fat and animal protein-based diet, thus contrasting with the
relationship found between Prevotella cluster and fiber intake [156].
Moreover, animal-based diets containing low fibers and high fats and
proteins resulted in an increased abundance of bile-tolerant genera such
as Alistipes, Bilophila and Bacteroides, which was accompanied by a
decrease in polysaccharides consumers including Roseburia and
Ruminococcus bromii, when compared to plant-based diets in humans
[158]. Therefore, different enterotypes employ different routes and
substrates to obtain energy from the dietary components available in the

colon.

Contrary to the Western diet, the traditional Mediterranean diet has long
been associated with an improved health due to its elevated content in
mono-unsaturated and poly-unsaturated fatty acids, fibers and vegetable
protein (Figure 3) [159,160]. Individuals on a Mediterranean diet were
characterized by a high colonization by Lactobacillus, Bifidobacterium
and Prevotella and low abundance of Clostridium, which are associated
with an improvement of the lipid profile, weight loss and decreased
intestinal inflammation [161]. Indeed, strict vegetarian diet
characterized by an elevated fiber intake changed the gut microbiota
composition and function, mainly defined by a decrease in
Enterobacteriaceae and SCFA levels, resulting in a reduced intestinal

inflammation in obese individuals [162].
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Figure 3. Mediterranean diet, which is rich in fresh produce, including a variety
vegetables and fruits, olive oil, nuts and seeds, is known to contribute to high
bacterial diversity and to maintain the prevalence of beneficial bacteria
(eubiosis), thus favouring SCFA production and health status. On the other
hand, dietary patterns rich in ultra-processed foods such as Western diet, with
high amounts of refined carbohydrates and fat, are seen to promote the loss of
bacterial diversity and the growth of pathogenic microbe (dysbiosis), thus
altering gut barrier functions and host homeostasis. Adapted from [163].

In animal models, strong alterations in the phylogenetic structure and
diversity of gut microbiome are mainly found under a low-fiber diet,
whereas maintaining the fat proportions [138]. These results suggested
that low dietary fiber, rather than the total fat content of the diet, is the
main responsible for severe alterations of the gut microbiota.
Nevertheless, the type of fat in the diet also determinates the
characteristics of gut microbiota and, consequently, different fats
distinctively contributed to the onset of microbial dysbiosis [139].
Moreover, the excessive intake of a combination of dietary fats and
sugars resulted in more harmful effects than fat or sugar alone in the gut
microbiota composition and insulin resistance [141]. For instance, Swiss

Webster mice fed with a high-butter containing diet exhibited an

increased Desulfovibrio occurrence altogether with the highest systolic
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blood pressure, while mice fed with an extra virgin oil-enriched diet
presented the lowest circulating insulin and leptin levels [139]. In fact,
the polyphenols contained in olive leaf extracts and olive oil could

explain their microbiota-mediated benefits in type Il diabetes [140].

4.2 Prebiotics.

In 1995, prebiotics were firstly described as the non-digestible
compounds that beneficially affect the host by selectively stimulating the
growth and/or activity of one or a limited number of bacteria in the
colon, thus improving host health [164]. Over the next years, several
definitions have been proposed for prebiotics, while the main concept
remains unaltered: prebiotics confer a beneficial physiologic effect on
the host through the modulation of microbiota composition and function

[165].

4.2.1 Non-Digestible Polysaccharides.

The beneficial effects of dietary fibers on health have been widely
described. The high viscosity and “gel-forming” properties of non-
digestible polysaccharides were assumed to be the main responsible
exerting their effects [166]. Nowadays, we know that the bulking
capacity of dietary fibers is not the unique factor explaining its positive
correlation with health. The fermentation of non-digestible
polysaccharides by the gut microbiota is associated with the
proliferation or the depletion of different bacteria and the generation of

several end products such as SCFAs, as described above.

Inulin-type fructans were the first type of non-digestible polysaccharides
revealing prebiotic capacities in animal models [86,167,168]. In fact, the

microbial utilization of these compounds induces changes on the
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microbiota composition and function, mainly favouring the growth of
beneficial bacteria and promoting a reduction of body weight, fat mass,
insulin resistance and food intake in obese rodents [169-171].
Moreover, the modulatory effects of inulin on intestinal microbiota
correlated with its degree of polymerization (DP), showing that inulin
with lower DP exhibited a better stimulation of beneficial bacteria than
those with higher DP [172]. In this sense, it was previously proved that
inulin with low DP were fermented more quickly than inulin with high
DP in an in vitro study, where complex structures were more resistant to
hydrolysis [173]. The prebiotic effects of inulin supplementation were
also reported in overweight and obese humans by promoting changes on
gut microbiota, SCFAs production, fat oxidation and an improved food

intake-related behaviour [174-176].

Gut microbiota-derived end products are also able to influence obesity
and obesity-related disorders through the modulation of gut-brain axis,
specially by regulating the production and secretion of intestinal
hormones controlling food intake, which has been broadly reported
[86,168,169,176,177]. In this sense, it was reported an increased SCFAs-
mediated production of GLP-1 and PYY, both involved in the regulation
of body weight and appetite, as the result of the fermentation of
chronically supplemented non-digestible polysaccharides in rodents
[86,168]. Furthermore, prebiotics were shown to improve tight-
junctions integrity in the mucosal layer of the intestine, thus reducing
the intestinal permeability and inflammation, which are aggravated in
obesity [178,179]. In this regard, improvements in gut barrier functions

have been attributed to a microbiota-mediated increment of endogenous
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glucagon-like peptide 2 (GLP-2) production, a gut hormone linked to the

growth and development of intestinal cells [166,180].

4.2.2 Polyphenols.

The phytochemicals are secondary metabolites produced by plants in
response to the constant changing environmental challenges over its
evolution. Plant phytochemicals have an important defensive role
against stress conditions induced by natural alterations on light and
temperature, pathogens, nutrient deficiency and herbivores.
Polyphenols, also known as phenolic compounds, are a subclass of
phytochemicals chemically characterized as hydroxylated phenyl
moieties, and over 8,000 different phenolic structures are currently

identified [181].

To date, various polyphenols have shown beneficial properties on
human health, including preventive and therapeutic effects for cancer,
CVD, diabetes, dyslipidaemia and obesity, among others [182-185]. Most
polyphenols are not well absorbed in the small intestine due to its poor
bioavailability, reaching the colon and being in direct contact to gut
microbiota [186]. Here, they are able to modulate the microbial
populations, thus affecting its function and contributing to the
improvement of health [187]. Therefore, polyphenols can act as
prebiotics by favouring the growth of beneficial species and by
increasing their adhesion to intestinal epithelium [187]. Interestingly,
the prebiotic effects of polyphenols were suggested to be partially
explained by the regulation of SCFA-producing bacteria [188-190].
Moreover, gut microbiota can also metabolize polyphenols into
absorbable and bioactive compounds, which are recognized to have anti-

inflammatory effects and are able to directly act in peripheral organs
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[191]. Inter-individual differences in gut microbiota composition result
in different profiles of polyphenol-derived metabolites. However, the
polyphenol-converting bacteria belong to the dominant phyla of the

human intestine [75].

Along with the well-known antioxidant capacity of polyphenols through
the scavenging of reactive species of oxygen (ROS) favoured by their
chemical structures [191], a large number of capacities have been
described for many of them. In this sense, the modulation of glucose
homeostasis, the suppression of adipogenesis and lipid synthesis, the
increase of thermogenesis and related energy expenditure and the
stimulation of fat oxidation have been identified as beneficial properties
[192]. However, most mechanisms of action explaining these effects
remain to be elucidated. In this sense, increasing evidence supports that
polyphenols exert some of their biological functions by modulating gut

microbial balance [193].

The condensed tannins (proanthocyanidins) are derivatives from
flavonoids, a class of polyphenolic compounds having significant benefits
for human health. The proanthocyanidins are present in flowers, fruits,
nuts and seeds of diverse plants protecting them from predators and
pathogens. Due to their high DP, some proanthocyanidins are not
absorbable, and gut microbiota play an essential role on its degradation
into smaller structures that can be absorbed in the large intestine.
Therefore, gut microbiota is postulated to partially mediate the
beneficial effects of proanthocyanidins as recently reviewed [194]. In
addition, proanthocyanidins can also impact on the gut microbiota
composition, thus affecting the microbiota-mediated metabolic functions

in the host. Some of them have shown health-promoting activities, such
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as the inhibition of pathogens and favouring the growth of beneficial
bacteria [195]. Different studies evaluating the prebiotic potential of
proanthocyanidins revealed a bloom of Akkermansia populations
concomitantly occurring with the attenuation of DIO in mice [196-198].
Moreover, the supplementation with a grape seed proanthocyanidins
extract (GSPE) favoured the occurrence of butyrate-producing species,
including Clostridium XIV and Roseburia inulinivorans in rodents fed with
a HF diet [199]. In the same line, an increment of Lactobacillus
abundance was consistently observed after the administration of
commercial GSPE in pigs [189,200]. Altogether, the consumption of
proanthocyanidins could confer health benefits by targeting the gut
microbiota. However, the limited number of studies describing the
proanthocyanidins-microbiota interactions demand for further research
to clarify the involvement of specific microorganisms in the health
outcomes already established for a wide range of proanthocyanidins

[201].

Interestingly, the health benefits of different dietary polyphenols
including (-) epigallocatechin-3-gallate from green tea, curcumin,
chlorogenic acid, quercetin and resveratrol have been reviewed [192].
Here, the activation of the AMPK system is proposed as the main
mechanism explaining the valuable activities of these polyphenols on
obesity. The AMPK activation is linked with the downregulation of
adipogenic and lipogenic genes, as well as with the upregulation of
lipolysis-related genes [202]. In this sense, body weight loss after green
tea or black tea supplementation in DIO mice resulted from the AMPK
activation, which, in turn, was related to an increased production of SCFA

by gut microbiota [203]. Therefore, SCFA-mediated AMPK activation,
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which has been previously described [204], highlights the role of gut
microbiota in explaining the potential benefits of proanthocyanidins in

host health.

5. MICROBIOTA RHYTHMICITY

Circadian rhythms are highly conserved and self-sustained cyclical
metabolic patterns of approximately 24 hours exhibited by most
organisms such as bacteria, plants and animals [205]. From an
evolutionary viewpoint, these rhythms are the result of an adaptation to
predictable changes in the environment in order to confer a selective
advantage to living organisms. The daily rhythmicity is orchestrated by
endogenous circadian clocks that optimize and regulate the cellular
functions according to the time of the day. In mammals, central and
peripheral clocks are intrinsically involved in the regulation of a broad
variety of metabolic and gastrointestinal processes, such as the
synthesis, storage and expenditure of energy [206]. The central clock is
located in the hypothalamic suprachiasmatic nucleus of the brain and is
mainly regulated by light or darkness exposure. The set of core clock
genes expressed in this region are the responsible to synchronize the
peripheral clocks of the body, which in turn, modulate the expression of
clock-controlled genes. In addition to central clock signalling, peripheral
clocks are also entrained by behavioural factors including food intake
and exercise [206,207]. Circulating levels of glucose, fatty acids and
triglycerides, as well as the production and secretion of hormones such
as insulin, are under the management of circadian clocks [208,209].
Overall, the internal clocks confer to the organisms the ability to rapidly
adapt their metabolism to the changing environmental conditions over

the course of the day. However, these synchronized physiological and
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metabolic patterns can be also disturbed by external cues, thus altering
the internal rhythmicity and homeostasis. For instance, an inadequate
sleep pattern, shift work, delayed bedtimes and jet-lag, among others,

may cause circadian disruptions [210,211].

In the intestine, the main gateway for energy supply to the human body,
most of the physiological functions such as digestion and absorption of
dietary components are also regulated by clock genes [212]. In this
regard, the misalignment of the intestinal rhythms has been linked to an
increased risk of metabolic disorders such as obesity [213]. Interestingly,
manipulations of the dark/light cycle promoted an increased body
weight gain with no changes on food intake in rodents, thus evidencing
the crucial role of central clocks in the management of host physiology

[214].

Gut bacteria also exhibit circadian rhythms. Recently, it has been shown
that up to 20% of gut microbiota exhibit diurnal oscillations in their
relative abundance, thus modulating the activity of the entire microbial
ecosystem [214]. These circadian oscillations are regulated by both the
central clock and the feeding patterns, thus optimizing the digestion and
absorption of dietary nutrients. Importantly, it has been established that
host clock genes also influence the microbial rhythms [215]. In this
sense, knock-out mice for clock genes, such as Perl/2 and Bmal-1,
exhibited a disruption of gut microbiota rhythmicity, leading to dysbiosis
and favouring a pro-inflammatory phenotype [214,216]. Furthermore, a
four-week period of constant light exposure revealed an increase in
Ruminococcus torques and a drop in Lactobacillus johnsonii, which are
respectively involved in the impairment and protection of the intestinal

barrier [217]. In the same study, genes promoting beneficial immune
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responses were downregulated, while those involved in the production
of the endotoxin LPS were upregulated, thus revealing connections
between circadian rhythm disturbances and dysfunction of intestinal
barrier. For this reason, the importance of microbial rhythms in the
maintenance of host health is broadly established (Figure 4). In this
regard, host transcriptomic oscillations in the intestine and liver are
driven, at least in part, by gut microbiome, since germ-free mice or
complete depletion of gut microbiota using antibiotics result in altered

expression patterns of circadian transcripts in the host [218].
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Figure 4. Connections between the internal clock, eating patterns, the
microbiome, and health Adapted from [219].

Remarkably, fecal microbiota transplantation from jet-lagged humans
showing disrupted microbial oscillations into germ-free mice resulted in
the acquirement of obesity and glucose intolerance, whereas it was not
induced when transferred from non-jet-lagged individuals [214].

Therefore, intrinsic central clocks strongly control the microbial

43



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

I. Introduction

rhythmicity, while feeding patterns are thought to be the main

contributors to the maintenance or disruption of this feature [220].

Food intake is robustly linked to the establishment of microbial
populations according to the daily phase [221]. In this sense, bacteria
involved in energy harvest, cell growth processes and DNA repair
predominantly colonise the gut during the feeding period, whereas
bacteria responsible for detoxification and production of chemotaxis-
related metabolites increase during the fasting stage [214]. Moreover,
during the fasting periods, when the carbon source to produce SCFAs is
limited, the rhythmic changes of gut microbiota composition favours the

utilization of host-derived glycans as energy source [217].

Therefore, irregular eating schedules, alcohol consumption or
unbalanced diets can disrupt the intestinal circadian rhythms [222,223],
as also occurs upon the alteration of host’s rhythmicity through changes
on dark/light or sleep/wake patterns. The disturbances on microbial
rhythms are reflected by altered oscillations of circulating microbiota-
produced metabolites such as SCFAs. In this sense, microbial oscillations
are perturbed under a high-fat diet in mice, while time-restricted feeding
just during the active phase (dark period) partially restores the
microbial rhythmicity by reducing obesogenic bacteria and promoting
healthy microorganisms [224]. Moreover, microbiota dysbiosis is
severely promoted by a high-fat diet in mice with either genetic or

environmental impairment of circadian clocks [215,225].

Several metabolic and physiological consequences of an impaired
rhythmicity of the gut microbiota have been reported. In this sense,

disrupted microbial rhythmicity leads to the establishment of intestinal
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dysbiosis, hyperpermeability of gut barrier, altered immune functions,

high rates of infection and endotoxemia [217,226,227]. Altogether,

desynchronized host and microbial rhythms result in the disturbance of

biological functions and a decline in health. However, more research is

needed to elucidate the relationships between the rhythmicity of specific

members of the microbiota and host phenotypes.
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HYPOTHESIS AND OBJECTIVES

The inter-relationship between gut microbiota, diet and obesity
development has gained significant research interest during the last
years. To date, causality or correlation among these concepts is still
under debate, although close links have been broadly described in the
literature. In this sense, obesity and gut microbiota dysbiosis occurs
concomitantly, while diet has been recognised as the major effector on
the establishment of a particular microbiome. Remarkably, gut
microbiota is implicated in the regulation of several metabolic functions
in the host, thus recently becoming a new target for obesity treatment

and prevention.

Like obesity, gut microbiota dysbiosis is multi-factorial, and,
consequently, the interaction between environmental and genetic
conditions determines the onset of a disturbed microbial phenotype. In
this sense, dietary habits, antibiotics, age, gender, ethnicity and exercise
level constitute main factors leaning the scale between healthy or
dysbiotic microbial profile. Usually, obesity is linked to an imbalanced
gut microbiota characterized by a loss of diversity and a reduction of
beneficial microorganisms at the expense of harmful microbes. In
addition, dysbiosis is linked to aberrant microbiota circadian
fluctuations, which might be also driven by impaired feeding
rhythmicity, thereby linking diet, gut microbiome and circadian rhythms

misalignment with increased obesity.

Targeting gut microbiota represents a new avenue for dietary
interventions in order to prevent or treating obesity. In fact, the use of

prebiotics has been widely related to the rescue or improvement of gut
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microbiota activity, thus resulting in beneficial physiologic and metabolic
effects on the host. In addition, the potential benefits of grape seed
proanthocyanidins for the host have been extensively studied in our

research group.

In the present PhD thesis, we hypothesized that gut microbiota
dysbiosis triggered by diet-induced obesity is conditioned by genetic
background and environmental factors, thus distinctively affecting host
physiology and metabolism, whereas a dietary intervention with
potential prebiotics contributes to the recovery of a balanced gut

microbiome and a healthy status.

Therefore, the principal objective of this thesis was to examine the
impact of diet-induced obesity on gut microbiota by studying the main
factors involved in its establishment, and to evaluate the influence of

potential prebiotics in the gut microbiota composition and function.
To achieve this purpose, the following specific objectives were raised:

1. To evaluate and compare the impact of three different dietary
models of obesity (cafeteria diet, high-fat diet and high-fat high-
sucrose diet) on gut microbiome and to elucidate associations
between microbiota alterations and host’s metabolic status in

Wistar rats (Chapter I).

Diet constitutes the main source of utilizable substrates for gut
microbiota, thus profoundly influencing its composition and activity.
In this sense, Western-style diets in modern societies are accurately
reproduced by the cafeteria diet, which is based on the free choice of

highly palatable and energy-dense foods. Alternatively, semi-purified
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diets, such as HF diets, are most commonly used to evaluate the onset
of obesity in rodents. Hence, divergent DIO models might have a
distinct impact on the gut microbiome and host phenotype, thus
hindering the comparisons between different studies. For this reason,
we aimed to characterize and compare the consequences of a chronic
exposure to different hypercaloric diets on gut microbiota and

obesity development.

. To characterize the influence of gender and strain on the
dysbiosis of gut microbiome in rats chronically exposed to

cafeteria diet, and its relevance on host physiology (Chapter II).

Beyond the diet, several intrinsic factors, including rat strain, gender
and age, influence the gut microbiota composition. In this sense,
inter-individual variability on gut microbiota profiles underlying
genetic factors may account for different physiologic and metabolic
responses to diet-induced obesity. For instance, sexual dimorphism
in obesity, which is mainly attributed to the protective effects of
estrogens, could be closely related to distinct microbiome-mediated
responses. In this regard, estrogens are known to influence obesity

susceptibility in a microbiota-dependent manner.

. To investigate the impact of cafeteria diet-induced obesity on
gut microbiota rhythmicity in male Fischer 344 rats and to
determine the potential benefits of grape seed
proanthocyanidins in the recovery of microbial rhythms and

host health (Chapter III).
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Due to the cyclical environmental changes, such as dark/light or
feeding/fasting periods, most mammals have adapted their
metabolism to optimize anabolic and catabolic processes, thus
maintaining a balanced homeostasis throughout the day. Most
interestingly, the gut microbiota also undergoes diurnal oscillations,
which are mainly controlled by central clock machinery and
feeding/fasting cycles, thus favouring certain bacteria according to
the daily moment. Importantly, gut microbiota also influences the
host circadian rhythms in an orchestrated interaction to meet their
biological needs. Consequently, the diet-induced disturbances on
host-microbial rhythmicity could be contributing to the development

of metabolic diseases, such as obesity.

In this scenario, proanthocyanidins have been identified as active
compounds able to exert beneficial effects in obesity by promoting
satiety and energy expenditure. Since some proanthocyanidins
present large degrees of polymerization, their direct absorption in
the gut is highly limited. Therefore, the gut microbiota has been
proposed to have a determinant role in the mechanisms of action of
proanthocyanidins. Moreover, the phylogenetic structure of the
microbiome might also be influenced by these compounds, thus
suggesting that beneficial effects of proanthocyanidins may be

partially mediated by changes on gut microbiota.

To evaluate the potential prebiotic capacity of a wide range of
agro-industrial by-products and natural ingredients using an in
vitro fermentation procedure with human fecal samples from

normoweight and obese individuals (Chapter IV).
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The dietary modulation of the gut microbiome has become one major
challenge in the treatment and prevention of obesity. Dietary
components, such as non-digestible polysaccharides, are utilized by
microbes residing in the gut, thereby producing microbial derivatives
such as short-chain fatty acids. For instance, the consumption of
inulin-type fructans induces the growth of beneficial bacteria, thus
promoting an increased short-chain fatty acid production, fat

oxidation and a reduced food intake.

The large amount of food wastes generated by the food industry,
which negatively impact on the biosphere and countries’ economy,
claims for an effective strategy of revalorization by benefitting from
their nutritional properties. In fact, some authors have reported
encouraging prebiotic activities for different industrial by-products
such as fruit peel and coffee residues. The in vitro screening methods
allow performing a broad and rapid evaluation of the prebiotic

capacity of natural ingredients and industrial by-products.
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HIPOTESI I OBJECTIUS

L’intereés cientific per l'estudi de la relacié entre la microbiota
intestinal, la dieta i el desenvolupament de I'obesitat ha crescut durant
els darrers anys. Tot i que els estrets vincles entre aquests tres conceptes
han estat descrits ampliament a la literatura, actualment encara es
discuteix quin és el grau de causalitat o de correlaci6 entre ells. En
aquest sentit, 'obesitat i la disbiosi de la microbiota intestinal ocorren
simultaniament, mentre que la dieta és reconegut com el principal
efector sobre l'establiment d'un determinat microbioma. A més, la
microbiota intestinal, que es troba implicada en la regulacié de diverses
funcions metaboliques de I'’hoste, ha esdevingut una nova diana

d’actuaci6 per al tractament i la prevencié de I'obesitat.

De la mateixa manera que l'obesitat, la disbiosi de la microbiota
intestinal té un origen multi-factorial i, en conseqiiéncia, la interaccié
entre les condicions ambientals i genetiques determinen el
desenvolupament d’'un fenotip bacteria alterat. En aquest sentit, els
habits dietetics, els antibiotics, I'’edat, el sexe, 'etnia i el nivell d’exercici
fisic constitueixen els principals factors que decanten la balanca entre
una microbiota saludable o alterada. Sovint, el desequilibri de la
microbiota intestinal que s’observa en condicions d'obesitat es
caracteritza per la peérdua de diversitat i per la reducci6 dels
microorganismes beneficiosos en favor de microbis nocius. A més, la
disbiosi s’associa amb una alteraci6 de les fluctuacions circadiaries dels
microorganismes que la composen, les quals també es poden veure
afectades per canvis severs en els patrons d’alimentacio, establint aixi un
vincle entre la dieta, l1a microbiota intestinal i els ritmes circadiaris i el

desenvolupament de I'obesitat.
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L’actuaci6 sobre la microbiota intestinal representa una nova via per a
les intervencions dietetiques enfocades a prevenir o tractar I'obesitat. De
fet, I'ts de prebiotics s’ha vist ampliament relacionat amb el rescat o la
millora de l'activitat de la microbiota, induint aixi efectes beneficiosos a
nivell fisiologic i metabolic per a I'hoste. A més, el nostre grup de recerca
ha estudiat extensament els beneficis de les proantocianidines

procedents de la llavor del raim sobre I’hoste.

En aquesta tesi doctoral, es va hipotetitzar que la disbiosi de la
microbiota intestinal en 'obesitat induida per la dieta esta condicionada
per factors genetics i ambientals, afectant de manera diferent al
metabolisme i la fisiologia de I'hoste, mentre que una intervencio
dietetica amb ingredients potencialment prebiotics contribueix al

restabliment d’'un microbioma equilibrat i d’'un estat saludable.

Per tant, el principal objectiu d’aquesta tesi va ser examinar I'impacte de
'obesitat induida per la dieta sobre la microbiota intestinal a través de
I'estudi dels factors implicats en el seu establiment, aixi com avaluar la
influencia de prebiotics potencials sobre la composicié i la funci6 de la

microbiota.

Per tal d’assolir aquest objectiu, es van plantejar els seglients objectius

especifics:

1. Avaluar i comparar I'impacte de tres models dietetics d’obesitat
diferents (dieta de cafeteria, dieta alta en greix, dieta alta en
greix i sucres) sobre el microbioma i elucidar I'associacié entre
les alteracions de la microbiota i I'estat metabolic de I'hoste en

rates Wistar (Capitol I).
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La dieta constitueix la principal font de substrats utilitzables per la
microbiota intestinal, influenciant profundament la seva composicio i
activitat. En aquest sentit, les dietes occidentals de les societats
modernes son reproduides acuradament per una dieta de cafeteria,
basada en la lliure elecci6 d’aliments energeticament densos i
altament apetitosos. D’altra banda, les dietes semi-purificades, com
les dietes altes en greix, sén les que s’utilitzen més comunament per
estudiar 'aparicié de I'obesitat en rosegadors. Per tant, els diferents
models dietetics emprats per induir I’obesitat poden tenir un impacte
diferent sobre la microbiota i el fenotip de I'hoste, dificultant doncs la

comparacié entre estudis.

Caracteritzar la influencia del génere i la soca animal en la
disbiosi de la microbiota intestinal en rates exposades
cronicament a una dieta de cafeteria, i la seva rellevancia sobre

la fisiologia de I'hoste (Capitol II)

Més enlla de la dieta, diferents factors intrinsecs, incloent la soca, el
genere i 'edat, influencien la composicié de la microbiota intestinal.
En aquest sentit, la variabilitat interindividual dels perfils microbians
que recau en els factors genetics pot dur a diferents respostes
fisiologiques i metaboliques davant I'obesitat induida per la dieta. Per
exemple, el dimorfisme sexual de l‘obesitat, el qual s’atribueix
principalment als efectes protectors dels estrogens, podria estar
estretament lligat a les diferents respostes vehiculades pel
microbioma. En aquest sentit, els estrogens influencien Ia
susceptibilitat a I'obesitat a través de mecanismes que impliquen la

microbiota.
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Hypothesis and Objectives

3.

74

Investigar I'impacte de l'obesitat induida per una dieta de
cafeteria sobre la ritmicitat de la microbiota intestinal en rates
Fischer 344 i determinar els potencials beneficis d'un extracte
de proantocianidines de la llavor del raim en la recuperacio

dels ritmes microbians i en la salut de I'hoste (Capitol III)

A causa dels canvis ambientals ciclics, com els periodes de
foscor/claror o d’alimentacié/dejuni, la majoria dels mamifers han
adaptat el seu metabolisme per optimitzar els processos anabolics i
catabolics, mantenint aix{i un estat d’homeostasi equilibrat i constant.
Encara més interessant és el fet que la microbiota intestinal també
pateix oscil-lacions dilirnes en la seva composici6 que sén
controlades principalment pel rellotge biologic central i pels cicles
d’alimentaci6/dejuni, afavorint aixi la presencia de determinats
bacteris en funcié del moment del dia. Es important destacar que la
microbiota intestinal també influeix sobre ritmes circadiaris de
I'hoste, establint-se una interaccié orquestrada per fer front a les
necessitats bioldogiques. En conseqiiencia, les pertorbacions induides
per la dieta en la ritmicitat hoste-microbiota poden contribuir al
desenvolupament de malalties metaboliques, com ara l'obesitat. En
aquest escenari, les proantocianidines s’han identificat com a
compostos actius capacos d’exercir efectes beneficiosos en I'obesitat
promovent la sacietat i la despesa energetica. Ates que algunes
proantocianidines presenten alts graus de polimeritzaci6 en la seva
estructura, la seva absorcid directa a l'intesti és molt limitada. Per
tant, s'ha proposat que la microbiota intestinal tingui un paper
determinant en els mecanismes d'accié de les proantocianidines. A

més, la propia composicié del microbioma també podria veure’s
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afectada per aquests compostos, la qual cosa suggereix que els
efectes beneficiosos de les proantocianidines podrien estar

parcialment mediats per canvis en la microbiota intestinal.

4. Avaluar la capacitat prebiotica d’'un ampli rang de subproductes
de la industria agro-alimentaria i d’ingredients naturals
mitjancant un protocol de fermentacié in vitro amb femta

humana procedent d’individus normopeés i obesos (Capitol IV).

La modulaci6 dietetica del microbioma intestinal s’ha convertit en un
dels principals desafiaments en el tractament i la prevencié de
I'obesitat. Els components dietétics, com els polisacarids no-
digeribles, son utilitzats pels microbis residents a l'intesti, produint
aixi derivats microbians com els acids grassos de cadena curta. Per
exemple, el consum de fructans del tipus inulina indueix el
creixement de bacteris beneficiosos, afavorint aixi la produccié
d’acids grassos de cadena curta, I'oxidaci6 de greixos i una reduccié

en la ingesta d’aliments.

La gran quantitat de residus alimentaris generats per la industria
alimentaria, que repercuteixen negativament en la biosfera i
I'economia dels paisos, reclama una estrategia efectiva per a la seva
revaloraci6 beneficiant-nos de les seves propietats nutricionals. De
fet, alguns autors han descrit activitats prebiotiques encoratjadores
per a diferents subproductes industrials com ara les pells de la fruita
i els residus del cafe. Els metodes de cribratge in vitro permeten fer
una avaluacié amplia i rapida de la capacitat prebiotica dels

ingredients naturals i dels subproductes industrials.
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ABSTRACT

Diet is considered a key influencing agent affecting the gut
microbiome. Dysbiosis of microbial communities contributes to the
development of metabolic diseases such as obesity. We aimed to
characterize the physiological, microbial and metabolic changes induced
by different obesogenic diets to understand the diet-specific modulation
of the host-microbiota co-metabolism in rodents. For this purpose,
Wistar rats were fed standard (STD), cafeteria (CAF), low-fat (LF), high-
fat (HF) and high-fat high-sucrose (HFS) diets for 10 weeks. The CAF diet
strongly induced an obese phenotype accompanied by dyslipidemia,
hyperleptinemia, insulin resistance and hepatic steatosis, whereas both
HF and HFS diets promoted overweight. Concerning the microbiome,
CAF feeding induced a rise of the Bacteroidetes-to-Firmicutes ratio,
while few microbial genera were altered in the HF or HFS group.
Changes in microbial activity according to dietary treatment were also
reflected in the disruption of short-chain fatty acid (SCFA) production
and bile acid (BA) metabolism, which were mainly associated with fiber
intake. Urinary metabolomics revealed a significant increase in
metabolites related to oxidative stress and metabolic inflammation
together with an altered excretion of host-microbiota co-metabolites
only in the CAF group. Moreover, several associations between metabolic
patterns, physiological status and specific microbial communities were
described, helping to elucidate the crucial role of the microbiota in host
homeostasis. Overall, our study suggests that different hypercaloric
dietary models distinctively influence gut microbiota composition and
reveals robust and similar clustering patterns concerning both cecal

microbiome and urinary metabolome profiles.
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1. INTRODUCTION

Comprehension, prevention and treatment of obesity and related
metabolic complications have become a global challenge for researchers
over the past decades. Worldwide, the prevalence of obesity has
dramatically increased, especially in developed countries [1], together
with several obesity-associated common diseases such as type 2
diabetes, hypertension and non-alcoholic fatty liver disease, among
others [2]. To explore the mechanisms involved in obesity, animal
models of diet-induced obesity (DIO) have been widely used for a long

time.

For DIO studies, different obesogenic diets have been employed,
including high-fat (HF), high-fat, high-sucrose (HFS), and cafeteria (CAF)
[3,4]. The hyperphagia associated with CAF feeding results in severe
obesity as occurs in humans under the so-called Western diet [5].
Nevertheless, semi-purified diets are more commonly used in DIO
models due to their well-defined nutritional composition. Therefore,
investigating and comparing specific diet-linked effects on obesity

progression can be useful for further studies.

Recently, the gut microbiota has emerged as a new contributory factor to
the development of obesity [6]. Dysbiosis of gut microbial communities
and the subsequent altered functions including short-chain fatty acid
(SCFA) production, bile acid biotransformation, amino acid synthesis and

fermentation of non-digestible substrates [7], have been associated with
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the aetiology of obesity [8]. Most studies have shown that HF diets lead
to an altered Bacteroidetes-to-Firmicutes ratio in favor of Firmicutes [9],
while Western-type diets increase the Bacteroidetes proportion [10].
However, although alterations in the population of major phyla during
obesity have been described in several animal and human studies

[11,12], a specific microbiome pattern for obesity has not been reported.

Metabolomics can provide a whole picture of the overall health status,
reflecting associations between individual phenotypes and metabolic
fingerprints, as has been observed in HF- [13] and CAF-fed rodents [14].
Moreover, alterations on the host-microbiome co-metabolism have been

related with gut microbial changes in obese humans and animals [15,16].

In this context, our objective was to evaluate and compare three
different DIO rat models focusing on the gut microbiome and to describe
associations between microbiota changes and metabolic status. To this
aim, a multiomics approach involving metagenomics and metabolomics
analyses, along with the assessment of physiological parameters, was

employed.

2. MATERIALS AND METHODS

2.1 Animal procedures.

Thirty 6-week-old male Wistar rats supplied from Charles River
Laboratories (Wilmington, Massachusetts, USA) were housed
individually and kept in a temperature-controlled room (22°C) under a
12:12-hour light:dark cycle with free access to food and water. Animals
were randomly distributed into five groups (n=6 per group) depending

on the diet offered for 10 weeks: (1) a standard chow diet (Teklad Global
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18% Protein Rodent Diet 2018, Harlan, Barcelona, Spain) (group STD),
(2) a cafeteria diet composed of highly palatable and energy-dense foods
such as biscuits with paté and cheese (14-15 g), bacon (5-7 g), muffins
(6-8 g) and sugared milk (220 g/1; 50 mL) together with carrot (6-8 g)
and standard chow (group CAF), (3) a semi-purified low-fat diet
(D12450K, Research Diets, New Jersey, USA) (group LF), (4) a semi-
purified high-fat diet (D12451, Research Diets, New Jersey, USA) (group
HF), and (5) a high-fat high-sucrose diet comprised of a semi-purified
high-fat diet plus sweetened milk (220g/l; 30 mL) (group HFS). The
energetic density and the macronutrient composition of the diets are
shown in Supplementary Table 1. Body weight and food intake were
recorded weekly during the whole experimental procedure. For urine
collection, at the ninth week of the study, rats were housed individually
in metabolic cages and deprived of food for up to 24 h. Urine samples
were collected in vessels containing 1% sodium azide (0.1 mL), filtered
into 1.5 mL sterile tubes and immediately frozen at -80°C. At the end of
the study, rats were euthanized, and blood was obtained by cardiac
puncture under anesthesia (pentobarbital sodium, 80 mg/kg body
weight). Serum samples were obtained by centrifugation (2,000 g for 15
min). Liver; white adipose tissue depots, including mesenteric (MWAT),
retroperitoneal (RWAT), inguinal (IWAT) and epididymal (EWAT); and
cecum were collected, weighed and immediately frozen in liquid

nitrogen. All the samples were stored at -80°C until further analyses.

The Animal Ethics Committee of the University Rovira i Virgili
(Tarragona, Spain) and the Generalitat de Catalunya approved all the
procedures (DAAM 8865). The experimental protocol followed the
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‘Principles of laboratory care’ and was carried out in accordance with the

European Communities Council Directive (86/609/EEC).

2.2 Body composition and adiposity assessment.

Fat and lean mass were determined on days 0 and 70 by nuclear
magnetic resonance (NMR) using an EchoMRI-700™ device (Echo
Medical Systems, L.L.C., Houston, USA). Adiposity Index was calculated as
the sum of the EWAT, IWAT, MWAT and RWAT depots weight and is

expressed as percentage of body weight.

2.3 Serum analysis.

Enzymatic colorimetric kits were used for the determination of
serum glucose, triglycerides (TG), total cholesterol (QCA, Barcelona,
Spain), high-density lipoprotein (HDL) and very low- and low-density
lipoproteins (VLDL/LDL) cholesterol (BioAssay Systems, Hayward, USA)
and non-esterified free fatty acids (NEFAs) (WAKO, Neuss, Germany)
according to the manufacturers’ instructions. Circulating insulin and
leptin levels were assessed using ELISA kits (Merck, Darmstadt,
Germany). The homeostasis model assessment-estimated insulin
resistance (HOMA-IR) was computed as follows: fasting insulin (pU/mL)
x fasting glucose (mmol/mL)/22.5 as descried previously [17].

2.4 SCFA quantification.

Each cecal sample was homogenized in 0.1% HCOOH before addition
of propionic acid-de as an internal standard, and then a liquid-liquid
extraction was accomplished using diethyl ether. The organic phase,
which had the extracted SCFAs, was analyzed in a 7890A gas

chromatograph coupled to a 7000 triple-quadrupole mass spectrometer
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(Agilent Technologies) using a HP-FFAP chromatographic column and
helium as mobile phase. A volume of 1 pL was injected at a split rate of
10:1 with an oven program set at an initial temperature of 90°C, which
increased to 160°C at 15°C/min, then increased to 240°C at 20°C/min,
and held at 240°C for 6 min. Positive chemical ionization using methane
as reactant gas and acquisition in SIM mode was applied, acquiring ions
of 61 m/z for acetic acid, 75 m/z for propionic acid, 89 m/z for butyric

acid and 80 m/z for the internal standard.

2.5 Bile acid profiling and quantification.

The concentration of each bile acid (BA) in the cecal contents was
measured using UHPLC-MS/MS as described previously [18]. Briefly, BAs
were extracted for each sample and then evaporated and diluted into 1
mL of methanol. Liquid chromatography was performed using a UHPLC
1290 Series (Agilent Technologies, Sta. Clara, CA, USA) with a gradient
elution from an EVO C18 column (2.6 pm, 150 mm x 2.1 mm ID;
Phenomenex) and maintained at 27°C and a flow rate of 400 uL/min.
Ammonium acetate 20 mM and acetonitrile were used as mobile phases
for UHPLC-(-ESI)QgQ analysis. MS analysis was performed using a
QqQ/MS 6490 Series (Agilent Technologies, Santa Clara, CA, USA)
equipped with an ESI probe in negative-ion mode. The bile acids
analyzed were cholic acid (CA), o-muricholic acid (a-MCA),
chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), hyodeoxycholic
acid (HDCA), ursodeoxycholic acid (UDCA), lithocholic acid (LCA), and

some tauro- and glyco-conjugated forms.
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2.6 Liver histological analysis.

Frozen liver samples were embedded in Tissue-Tek directly on the
mold of the cryostat. Three 12-um-thick cross-sections from different
depths were placed on slides. One milliliter of previously prepared ORO
working solution (1.5 parts of 6.25 mg/mL ORO in 99% isopropyl
alcohol diluted into one part of distilled water) was added to cover the
sections for 20 min. Sections were carefully rinsed with water twice. To
visualize cell nuclei, sections were countered with Harris’ hematoxylin
for 20 sec and rinsed twice for 1 sec each. The slides were mounted with

glycerine at 45°C, and coverslips were placed on them.

Images were captured at x400 magnification in six randomly selected
fields with a light microscope (LEICA DM 750, camera LEICA ICC50 W).
Tissue lipid accumulation was quantified by computer image analysis
using Image] 1.51j8 software (U. S. National Institute of Health, Bethesha,
Maryland, USA) as previously described [19]. Briefly, red-green-blue
(RGB) images were color-thresholded to discriminate the lipid droplets,
which were displayed by Image] as surface area in square micrometers

(um?) and are presented as integrated density (arbitrary units).

2.7 Urinary metabolic profile.

Urine samples for TH NMR spectroscopy were prepared as previously
described [20]. Standard nuclear Overhauser effect spectroscopy
(NOESY) one-dimensional H NMR spectra were acquired on a 600 MHz
Bruker NMR spectroscopy equipped with a 5 mm PABBO probe. For each
sample, 4 dummy scans were followed by 256 scans and collected in 64k

data points using a spectral width of 16 ppm.
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Spectra were manually phased, baseline-corrected and referenced to the
3-trimethylsilyl 1-[2,2,3,3-2H4] propionate (TSP) signal at 6 0.00. 1H NMR
spectra (6 0.2-10.0) were digitized into consecutive integrated spectral
regions of equal width (0.00055 ppm). The regions within 6§ 4.7-6.0,
containing the residual water resonance and the urea peak, were
removed from all spectra to minimize baseline distortions caused by
imperfect water suppression. Each spectrum was normalized to unit
area and then aligned using a recursive segment-wise peak alignment

algorithm to minimize chemical shift variation.

2.8 Assessment of gut microbiota.

DNA was extracted from the cecal content samples using a QIAamp
DNA stool mini kit (Qiagen Inc. Hilden, Germany) according to the
manufacturer’s instructions. DNA integrity and purity were evaluated
using spectrophotometry (NanoDrop, Thermo Fisher Scientific,
Massachusetts, USA). 16S rRNA gene amplification and purification were

performed as described previously [21].

Three multiplexed pools (4 samples for each pool) were diluted to 26 pM
DNA concentration prior to clonal amplification. Clonal amplification and
sequencing were performed by employing the lon PGM™ Hi-Q™ View
OT2 Kit and Ion PGM™ Hi-Q™ View Sequencing Kit according to the
manufacturer’s instructions. Prepared samples were loaded on three 318
chips, respectively, and sequenced using the lon PGM system (Life

Technologies).

After sequencing, the individual sequence reads were filtered by the
PGM software to remove low-quality and polyclonal sequences and

subsequently analyzed using QIIME [22]. The sequence similarity
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threshold for both OTU picking and taxonomy assignment was 97%, and

the taxonomy database employed was GreenGenes.

2.9 Statistical analysis.

All results are expressed as the mean * standard error of the mean
(SEM). The Grubbs test was applied to remove significant outliers.
Differences between groups were analyzed using one-way analysis of
variance (ANOVA) followed by the DMS post hoc test. Body weight
progression over time was analyzed using repeated-measures ANOVA.
Correlation analyses were performed by Pearson’s correlation
coefficient. A probability of p<0.05 was considered statistically
significant. Statistical analyses were performed using SPSS software

(SPSS, Inc., Chicago, IL, USA).

For metagenomics analysis, one-way PERMANOVA based on Bray-Curtis
distances was employed to assess the dissimilarity of cecal microbiota
composition among different diets. Afterwards, the nonparametric
Kruskal-Wallis test followed by the Games-Howell post hoc test was
performed to elucidate pairwise differences in specific bacteria relative
abundance between dietary groups. Statistical analyses were conducted

with open-access PAST and STAMP softwares.

Multivariate modeling of metabolomics data was performed in MATLAB
(MathWorks) using in-house scripts as previously described [20].
Briefly, it included initially a principal component analysis (PCA) to
identify clusters and outliers, followed by pairwise comparisons
between diets using an orthogonal projection to latent structures-
discriminant analysis (OPLS-DA) to identify discriminatory metabolites.

Statistical validation of the OPLS-DA included 1,000 different model
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permutations. Colors in the OPLS coefficients plot indicate the
correlation coefficient (r?) between each metabolite and grouping
variable, with red indicating strong significance and blue indicating weak

significance.

Unsupervised hierarchical clustering analysis (HCA) was performed to
identify general patterns of metabolomics and metagenomics variation
between samples based on metabolites identified in the OPLS-DA models
or bacterial genera present in at least two samples with 20.1%
abundance, respectively. Data were standardized as z scores across
samples for each metabolite and microbial genus before clustering so

that the mean was 0 and the standard deviation was 1.

To explore the functional correlation between phenotype-defining
variables (food intake, biometric measurements, biochemical
parameters and urinary metabolome) and the gut microbiome, Pearson’s
correlation analyses were performed on all the samples grouped
together. P-value-adjustment for multiple comparisons was performed
according to the Benjamini-Hochberg method considering a 5% false

discovery rate.

3. RESULTS

3.1 CAF diet most effectively promotes obesity.

CAF diet-fed animals showed the greatest body weight throughout
the study, as revealed by the significant interaction between the type of
diet and time (Figure 1A). Consistent with those findings, average
energy intake was two-fold higher in CAF-fed rats than in STD control
rats (Figure 1B). HF and HFS groups also presented a higher caloric
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intake compared to the corresponding LF control group although to a
much lesser extent than CAF-fed rats (Figure 1B). As shown in Figure
1C, dietary macronutrient composition widely differed between the

experimental groups, except for the CAF and HFS groups.

B
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+ LF —+ HF —— HFS
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Figure 1. A. Body weight progression for each dietary group for a 10-week
period. Data are plotted as the mean * SEM (n=6) showing: t, time effect; D, diet
effect; txD, interaction between time and diet effects (repeated measures
ANOVA, p<0.05). B. Average daily energy intake consumed by animals during
the whole experiment. 2b<d Mean values with different letters are significantly
different (one-way ANOVA followed by DMS post hoc test, p<0.05). C.
Percentage of energy (kcals) derived from each macronutrient within each
dietary group showing complex carbohydrates (dark blue), simple
carbohydrates (light blue), lipids (yellow) and proteins (orange). STD, standard
diet; CAF, cafeteria diet; LF, low-fat diet; HF, high-fat diet; HFS, high-fat high-
sugar diet.

Nevertheless, the CAF diet stimulated a larger energy intake from fat and
carbohydrates (simple and complex) compared to HFS and the other
diets (Table 1). Moreover, fiber intake was found significantly reduced

under CAF and HFS diets compared with the corresponding control diets
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(Table 1). In addition, fiber intake was positively associated with colon
length (p=0.000, r=0.646) and cecum weight (p=0.000, r=0.862), both
parameters being significantly decreased only by the CAF diet (Table 1).
At the end of the study, and as a result of the hyperphagia promoted by
the CAF diet, this group showed the greatest body weight gain, adiposity
index and fat mass gain (Table 1), whereas HF diet-fed rats increased
significantly their body weight gain but not adiposity index or fat mass
gain when compared to LF controls. Hence, lean mass gain was reduced
by CAF feeding compared to STD control, but not by HF or HFS relative to
LF (Table 1). Histological analyses of liver samples revealed a significant
increase in neutral lipid abundance under CAF, HF or HFS feeding versus

STD or LF (Table 1).

The analysis of serum parameters (Table 1) revealed no significant
differences in glucose, NEFAs, TAGs or total cholesterol among the five
diet groups. However, animals fed a CAF diet displayed a two-fold
increase in insulin compared to the STD group, while no differences
were evidenced between the HF or HFS diet and LF controls. HOMA-IR
index, a measure of insulin resistance, was significantly higher in the CAF
and HF groups compared to the corresponding controls (Table 1). In
addition, CAF diet consumption caused the development of dyslipidemia
by decreasing HDL-cholesterol and increasing VLDL/LDL-cholesterol
with respect to STD feeding. The HFS group also showed a significant
increase in VLDL/LDL-cholesterol compared to the LF group. In line with
the described effects of the different obesogenic diets on adipose tissue
weight, leptin was increased only in CAF-fed animals compared to STD

controls.
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3.2 Gut microbiota is distinctively altered according to

dietary treatment.

One-way PERMANOVA analyses revealed pairwise differences on the
overall microbial populations. In this sense, gut microbiota composition
was strongly altered by CAF diet consumption (p=0.002), while the HFS
diet (p=0.008), but not HF (p=0.631), induced significant changes in
microbial genera compared to their respective controls. Interestingly,
the microbial communities of the LF and STD control groups were
significantly different (p=0.002). The effect of the dietary intervention on
microbial diversity was determined using Shannon’s diversity index
within each group at the genus level. As shown in Figure 2A, no
significant differences among diets were found, although the CAF diet
tended to decrease bacterial diversity compared to the STD diet
(Student’s t-test: p<0.1). Then, a PCoA was performed to evaluate beta-
diversity among the five groups (Figure 2C). Importantly, PCoA showed
a clear separation of STD-fed animals and the other diets through the
first principal coordinate (PC1), which explained 18.2% of the overall
variation. Moreover, CAF diet-fed rats were differentiated from the rest
along the PC2 axis (explaining 18.13% of the overall variation). However,
there was no separation among semi-purified feed-based diets (LF, HF
and HFS) independently of their composition. Thus, visual differences in
bacterial composition assessed by HCA (Figure 2B) showed a defined
aggrupation for both STD and CAF diets, while the microbial composition
of animals fed semi-purified diets did not result in specific clusters

according to dietary pattern.
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Figure 2. A. Assessment of the alpha-diversity of cecal microbiota using
Shannon Index after the consumption of different diets for 10 weeks. B.
Unsupervised hierarchical clustering analysis of the most representative
bacteria identified in cecal samples for all rats. The selected bacteria were those
that passed the filtering criteria described in the Materials and methods. Data
are standardized as z-scores across samples for each genus before clustering.
The clustergram displays the z-scores for each individual and genus colored
according to major (red) or minor occurrence (blue). C. Analysis of beta
diversity of cecal microbiota represented by scores after principal coordinate
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Figure 2. Continued. D. Relative abundance of the most significantly altered
genera among groups. STD, standard diet; CAF, cafeteria diet; LF, low-fat diet;
HF, high-fat diet; HFS, high-fat, high-sucrose diet.

Hence, the analysis of the relative abundance of the 12 phyla detected
revealed that CAF feeding resulted in a drastic reduction of Firmicutes
(p=0.01), with Bacteroidetes becoming the major phyla (p=0.01),
compared to STD controls. Therefore, the Bacteroidetes-to-Firmicutes
ratio was increased in the CAF group, while this variation was not
observed in HF or HFS-fed groups compared to LF controls. Low-
abundance phyla (<1%) such as Deferribacteres and Tenericutes were
also significantly increased by the CAF diet (Supplementary Table 2).
Interestingly, there were no significant variations for any phylum among

semi-purified feed-based diets.

The relative abundance of significantly altered genera among dietary
groups is represented in Figure 2D (see Supplementary Table 3).
Focusing on STD versus CAF, up to 10 genera showed significant
variations. The CAF diet induced a decrease in some genera belonging to

Firmicutes, such as Dehalobacterium (p<0.01), Oscillospira (p<0.01), and
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non-identified genera of the Clostridiales order (p<0.01) and the
Ruminococcaceae family (p<0.05). Furthermore, bacteria belonging to
Bacteroidetes, such as Phascolarctobacterium (p<0.01), Bacteroides
(p<0.01), Parabacteroides (p<0.01) and Prevotella (p<0.05), were
increased in the CAF group. The Desulfovibrio and Mucispirillum genera
were also significantly altered by CAF feeding. In contrast, there was only
one significantly increased genus, belonging to the Prevotellaceae family
(p<0.02), in the HF group relative to LF controls, whereas HFS diet-fed
animals showed two overrepresented genera, unclassified
Prevotellaceae (p<0.02) and Sutterella (p<0.05), as well as a drop in the
occurrence of an unclassified Clostridiales (p<0.02) compared to LF.
Remarkably, the relative abundance of up to 13 genera was significantly

different between STD and LF controls.

3.3 Cecal SCFA profile is only altered by CAF feeding.

SCFAs are primary end-products of fermentation of non-digestible
carbohydrates by gut microbiota. The total concentration of SCFAs
present in cecal content was strongly decreased in the CAF group,
whereas there were no significant differences among semi-purified diets
(Table 2). This drop in total SCFA content observed in the CAF group
was mainly due to a decreased concentration of butyric and acetic acids.
Despite this result, the CAF group showed a significant increment of
propionic acid compared to STD controls. Interestingly, total SCFAs were
also lower in animals under the LF diet compared to STD controls, which
was mainly explained by a reduction of cecal acetate and butyrate. As
expected, fiber intake and total cecal SCFA content were positively

correlated (p=0.001, r=0.886).
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3.4 Bile acid metabolism is altered by high-sucrose diets.

As shown in Table 2, total cecal BA concentration was higher in the
HFS group, but not in HF, with respect to LF controls, while CAF diet-fed
animals also showed greater amounts compared to the STD group. The
highest amount of cecal BAs found in the HFS group was mainly
explained by the greater concentration of secondary BAs compared to
the rest of the diets. Remarkably, total and secondary cecal BAs were
also significantly increased in LF versus STD controls. Total BAs were
negatively correlated with both fiber (p=0.000, r=0.619) and protein
intake (p=0.009, r=0.479). Focusing on primary BAs, cholic acid (CA) and
a-muricholic acid (a-MCA) remained unaltered among the different
diets. However, chenodeoxycholic acid (CDCA) was higher in
hypercaloric diets (CAF, HF and HFS) than in their respective controls. In
the same way, secondary bile acids such as hyodeoxycholic acid (HDCA),
deoxycholic acid (DCA) and lithocholic acid (LCA) were highly increased
in the HFS group, whereas only DCA was increased in the CAF and HF
groups compared to their respective controls. The excretion of
conjugated bile acids was increased under CAF or HFS feeding but not
under HF feeding. Likewise, the conjugated primary BAs (glycocholic
acid (GCA) and taurochenodeoxycholic acid (TCDCA) were higher in the
CAF group, whereas taurocholic acid (TCA) and TCDCA were increased
by HFS but not by HF feeding. Among conjugated secondary BAs, only
taurodeoxycholic acid (TDCA) was higher in the CAF and HFS than in the
STD and LF groups, respectively.
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3.5 Urinary metabolomics profiles are clustered based on

diet and similarly to microbiota patterns.

PCA constructed from wurinary metabolic profiles revealed
dissimilarities among different dietary groups, as shown in Figure 3A.
Consistent with the microbiota analyses, the STD group clearly diverged
from all of the other groups, whereas CAF-fed animals were also
distanced from the rest of animals fed obesogenic diets, revealing
specific changes in the metabolome induced by each diet. HCA (Figure
3B) of metabolic profiles evidenced two major clusters differentiating
the STD group from the rest. CAF-fed animals were also grouped, but
rats on semi-purified feed-based diets did not show any clustering

pattern based on diet type.

Pairwise OPLS-DA models were constructed to compare the urinary
metabolic profiles of rats fed the STD and those fed the CAF diet. A model
with strong predictive ability [Q2?Y = 0.56; p=0.010 (1000 permutations)]
was obtained, and the metabolic alterations induced by the CAF diet
were shown in the coefficient plot displayed in Figure 3C. Animals fed
the STD diet excreted greater amounts of tricarboxylic acid (TCA) cycle-
related metabolites (citrate, succinate, 2-oxoglutarate (2-OG) and
fumarate), microbiota-derived metabolites (hippurate, 3-
hydroxycinnamic acid (3-HCA) and 3-hydroxyphenylpropionic acid (3-
HPPA)), and other metabolites such as dimethyl sulfone (DMSO2) and
taurine. On the other hand, CAF-fed rats excreted higher amounts of
metabolites related to choline metabolism (glycerophosphocholine
(GPC) and dimethylamine (DMA)), oxidative stress (pseudouridine and
2’-deoxycitidine), uremic toxins (4-cresyl sulphate (4-CS) and 4-cresyl

glucuronide (4-CG)) and metabolic inflammation (fucose and N-

102



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

Chapter 1

acetylglycoproteins (NAG)). Nevertheless, no significant OPLS-DA

models were obtained from the LF versus HF or HFS comparison.
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Figure 3. A. Principal component analysis constructed from urine metabolic
profiles. B. Unsupervised hierarchical clustering analysis of the metabolome in
urine samples for all rats. The selected metabolites were those that passed the
filtering criteria described in the Materials and methods. Data are standardized
as z-scores across samples for each metabolite before clustering. The
clustergram displays the z-scores for each individual and metabolite colored
according to major (red) or minor presence (blue). C. OPLS-DA model
constructed from the urinary metabolic profiles. OPLS-DA coefficients indicate
the metabolic variation between the cafeteria (CAF) diet-fed group and its
respective standard (STD) diet-fed control. DMA, dimethylamine; DMG,
dimethylglycine; DMSO2, dimethylsulfone; GAA, guanidinoacetic acid; GPC,
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glycerophosphocholine; HF, high-fat diet; HFS, high-fat, high-sucrose diet; LF,
low-fat diet; NAG, N-acetyl-glycoproteins; NMNA, N-methylnicotinic acid; PC,
principal component; ppm, parts per million; U, unknown metabolite; 2-0G, 2-
oxoglutarate; 3-HCA, 3-hydroxycinnamic acid, 3-HPPA, 3-
hydroxyphenylpyruvic acid; 3-IS, 3-indoxyl sulfate; 4-CG, 4-cresyl glucuronide;
4-CS, 4-cresyl sulfate.

3.6 Correlation between gut microbiome and urinary
metabolome and physiological parameters reveals

obesity-defined phenotypes.

Correlation analysis between metabolites, physiological parameters
and gut microbiota composition was also performed (Figure 4).
Concerning parameters defining metabolic status, three main clusters
were identified: I) TCA cycle metabolites (2-OG, succinate, citrate,
fumarate), microbiota-derived metabolites (hippurate, 3-HCA, 3-HPPA),
cecal SCFAs, fiber and protein intake, cecum weight, colon length, etc.; II)
metabolites associated with oxidative stress (2’-deoxycitidine),
metabolic inflammation (NAG) and choline metabolism (GPC), uremic
toxins (4-CS, 4-CG), caloric intake, body weight gain, adiposity index,
liver lipids, serum TAG and VLDL/LDL-cholesterol, HOMA-IR and cecal
propionate and conjugated BAs; III) taurine, lactate, fucose,
pseudouridine, tartrate, cecal total and secondary BA content, and
others. Globally, cluster I was positively correlated with Turicibacter,
Clostridium, Anaeroplasma, Dehalobacterium, Oscillospira, and
unclassified S24-7 and Clostridiales genera. Among these, unclassified
Clostridiales, Oscillospira and Dehalobacterium were significantly
increased in the STD group and showed a positive association with fiber
intake. Additionally, cecal SCFA content was positively associated with

most of the aforementioned genera.
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On the other hand, bacterial communities including Prevotella,
Phascolarctobacterium, Bacteroides and Parabacteroides, among others,
which were increased in the CAF group, were positively correlated with
cluster I1. Interestingly, Prevotella, Parabacteroides and
Phascolarctobacterium were positively associated with biometric
measurements defining an obese phenotype, including body weight gain,
adiposity index and food intake. Likewise, Bacteroides and
Phascolarctobacterium were negatively correlated with fiber intake and
cecal SCFA content, while conjugated BAs were positively associated
with these genera. Moreover, unclassified Clostridiales genus showed
negative associations with up to 16 parameters defining this cluster.
Urine metabolites included in cluster II were associated with most of the

genera that were mainly prevalent in the CAF group.

Finally, cluster III was defined by some urine metabolites and
parameters concerning BA metabolism. Total and secondary BAs were
positively correlated with Ruminococcus, Bilophila and unclassified
Christensenellaceae genera. Notably, taurine was negatively associated

with Parabacteroides, Prevotella and Sutterella.

Overall, cluster I and cluster II corresponded to the healthiest and the

unhealthiest metabolic profiles, respectively.
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4. DISCUSSION

In this study, we demonstrated that CAF feeding strongly induced an
obese phenotype associated with several related disorders, such as
insulin resistance, fatty liver, dysbiosis of the gut microbiota and
metabolic disruptions. Hyperphagia induced by this diet led to an
increased energy intake, favoring an exacerbated body weight gain and
adiposity accumulation, as reported before [10]. In this sense, the
continuous exposure to highly palatable foods present in the CAF diet
has been associated with an undisciplined intake promoted by the
activation of the reward system and ultimately affecting feeding
behavior [23]. In addition, hyperphagia also reflects the development of
leptin resistance in the CAF group by increased circulating leptin levels.
Although HF and HFS intake also induced a significant increase in total
energy intake, this was much lower than in CAF group, leading to the
development of an overweight phenotype. Since HFS and CAF diets had
similar nutritional composition, these results suggest that hyperphagic
behavior and total energy intake, instead of macronutrient composition,
were the main factors responsible for strongly promoting severe obesity
in the CAF model in contrast to HF or HFS groups. Overall, in contrast to
the literature, HF and HFS groups did not develop obesity,
hypertriglyceridemia, leptin resistance or dramatic changes on gut
microbiome when compared to LF controls. In this sense, most of studies
analyzing the obesogenic effects of semi-purified HF and HFS diets are
contrasted to standard chow-fed groups based on higher proportion of
dietary fibers [24,25], which could finally lead to highlighted phenotypic

differences.
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Alterations in gut microbiota have been suggested to contribute to the
onset and progression of obesity. In this sense, obesity has been widely
associated with a reduction of both microbiome diversity [26] and
Bacteroidetes-to-Firmicutes ratio in humans [27] and rodents [28].
Nevertheless, a meta-analysis concluded that there is no consistent
evidence regarding these observations, at least in obese humans [29]. In
contrast, our study revealed that the CAF diet, but not the HF or HFS,
induced an increased Bacteroidetes-to-Firmicutes ratio, which is in
accordance with recent findings showing a clear reduction of Firmicutes
[10] and an increase in Bacteroidetes [30] in CAF models. Previous
findings showed that the occurrence of Firmicutes and Bacteroidetes
were promoted by the consumption of lard or milk-derived fat-based
diets, respectively [31]. Thus, the conflicting effects of CAF and HF
feeding on the Bacteroidetes-to-Firmicutes ratio seem to be explained by
the different type of fats used in these diets, mainly lard in HF and milk
fat in CAF.

The reported increase in Bacteroidetes in the CAF group was mainly
explained by a dramatic drop in the abundance of an unclassified
Clostridiales (Firmicutes) genus, counteracted by an increase in
Prevotella and Bacteroides (Bacteroidetes) genera. Along these lines,
several authors have reported an overpopulation of Bacteroides in DIO
rodents [30] and in humans eating an animal-based diet [32]. Moreover,
we found that Bacteroides were negatively correlated with fiber intake,
suggesting that these bacteria may be robustly adapted to low-fiber diets
due to their high capacity to use host-derived glycans as an energy
source [33]. In addition, conjugated BAs were positively correlated with

Bacteroides abundance, a genus considered highly capable of tolerating
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bile salts [34] and biotransforming conjugated into deconjugated forms

[35], which could explain its favored occurrence in HF diets fed animals.

Prevotella abundance has been associated with high total carbohydrates
and simple sugar intake [36], according to the rise of this genus in the
CAF group. Moreover, Prevotella has been widely associated with high
dietary fiber intake in humans [37], which is in agreement with the near
absence of Prevotella in the LF, HF and HFS diet-fed groups. On the other
hand, Prevotella-dominated microbiota has been shown to produce at
least 2 times more propionate than a Bacteroides-dominated microbiota
in humans [38], in line with the association we detected between

Prevotella and cecal propionate.

The increase in Sutterella (Proteobacteria) under HFS feeding was also
reported in rats fed a restrictive high-sugar diet [39]. Indeed, Sutterella
was positively correlated with simple carbohydrates intake, which is in
accordance with the numerically greater abundance of this genus in the

CAF group.

Taken together, our results indicate that in contrast to HF and HFS,
chronic consumption of the CAF diet strongly altered the microbiota
composition, which in turn correlated with most of physiological
parameters defining a severe obesity profile. Besides the higher energy
and nutrient intake induced by CAF diet, previous studies suggested that
additives [40] and Maillard reaction products [41] present in
industrialized foods, and in the CAF diet, might also be responsible for

the dysbiosis of gut microbiota.
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BAs exert several biological functions implicated in obesity development,
such as regulating lipid and cholesterol metabolism and promoting
energy expenditure [42]. Intestinal bacteria are able to transform
conjugated primary BAs synthetized in the liver into secondary BAs [43].
In this sense, the decreased cecal secondary-to-primary BA ratio induced
by CAF, HF and HFS diets suggested a loss of microbial activity.
Moreover, dietary fat content was not the main factor responsible for the
increased total cecal BAs observed in the CAF and HFS, since such an
increase was not induced in the HF group. Alternatively, we suggest that
fiber intake ultimately determines the total content of cecal BAs, as
reflected by a negative correlation. Though water-soluble fiber has been
widely associated with increased fecal BA excretion, consumption of
water-insoluble dietary fibers decreases it [44], supporting our
observations. In addition, high-fiber diets may favor a diminished
exposure time of fecal bulking to microbial action in the gut [45]
resulting in a lower generation of secondary BAs, which represent

approximately 95% of total BAs.

On the other hand, high exposure to secondary BAs promotes intestinal
epithelium damage, activation of inflammatory processes and increased
risk of colon cancer [46]. In this line, obesogenic dietary interventions
led to an increased cecal DCA, while LCA, HDCA and UDCA were mainly
raised in the HFS diet fed group. Moreover, tauro-conjugated forms,
which have been found to increase the solubility of milk fats [47], were
boosted in CAF- and HFS-fed animals, also explaining the decreased load
of urinary taurine in the CAF group. However, caution must be raised

when extrapolating these results to humans due to major differences
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concerning bile acids metabolism including synthesis pathway,

hydrophobicity index and conjugation ratios, among others [48].

The decrease in total SCFA concentration in the cecum from CAF diet-fed
animals may be explained by a lower consumption of dietary fiber [49].
However, all LF, HF and HFS semi-purified feed-based diets contained
low amounts of non-fermentable cellulose, explaining the absence of
differences in the cecal SCFA profile. Acetate and propionate are the
primary end products of the Bacteroidetes phylum, while Firmicutes
mainly produces butyrate [50]. This fact is in accordance with the
increased cecal levels of propionate observed in the CAF group, whose
microbiota is predominantly defined by Bacteroidetes. Furthermore,
propionate is thought to play an important role in satiety signaling [51]
and reward-based eating behavior. Hence, we suggest that enhanced
propionate production could be a microbiota-derived response to
counteract overfeeding. Propionate has also shown to inhibit lipolysis
and stimulate lipogenesis, leading to major adiposity [52], in line with
our results. On the other hand, the decreased butyrate production is
suggested to strongly contribute to the resulting unhealthy phenotype.
Contrary to our findings, current evidences suggest an increased SCFAs
loads in feces from obese humans and genetic animal models of obesity
[27,53], showing that dysbiosis of the gut microbiota could favor the
growth of SCFA-producing microbial species. It is likely that the limited
fiber intake in DIO animal models fails to reproduce this feature.
However, rodents have a greater capacity to extract nutrients from the
non-digestible foods as compared with humans, mainly due to several

morphological divergences in the gut anatomy [54]. Thus, direct

111



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

III. Results

parallels between murine and humans concerning microbiota-derived

metabolites must be done carefully.

Several studies have focused on the analysis of the urinary metabolic
profile to identify obesity-associated disruptions in host metabolism
[55], which in turn may act as an indicator of diet-derived gut microbial
perturbations. In our study, the CAF diet, but not the HF or HFS diets,
altered the occurrence of several urinary metabolites such as taurine,
whose deficiency has been widely associated with the progression of
metabolic diseases such as obesity [56]. Indeed, a high urinary removal
of TCA cycle intermediates has been shown to reduce energy storage and
body lipid accretion [57], which corresponds with the lesser excretion of
these metabolites in the CAF group. Accordingly, we have described for
the first time a higher urinary excretion of lactate in CAF diet-fed rats,

which could indicate a switch to an anaerobic glycolytic pathway.

A wide range of urinary metabolites derived from host-microbial co-
metabolism can reflect the diet-induced alterations of gut microbiome.
Hippurate has been considered the most important discriminatory
metabolite for a lean phenotype [58]. Our results are in accordance with
previous works showing a decreased hippurate release in obese rodents
and humans [59,60], also supported by a positive correlation with
microbial species mostly abundant in the STD group, such as Clostridium,
Dehalobacterium, Oscillospira and Anaeroplasma. We propose that, in
addition to the dietary availability of natural precursors, the production
of hippurate could be mediated, at least in part, by the aforementioned

bacteria.
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The higher urinary presence of uremic toxins in the CAF group could
reflect both a higher intake of its precursors, meaning tyrosine and
phenylalanine, or functional changes of gut microbiota. Likewise, the
accumulation of 4-CS has been established as a predictor of kidney
impairment [61]. Indeed, the increased fucose excretion induced by CAF
diet could be an indicator of intestinal inflammation linked to gut
microbiota dysbiosis, since some bacteria are able to incorporate fucose
into glycans playing an important role in the immune response and
metabolic inflammation [62]. Furthermore, the higher excretion of NAG
and pseudouridine found in CAF animals has been previously associated

with inflammatory processes [63] and oxidative stress [64], respectively.

Finally, adiposity index, visceral fat and body fat mass were higher in LF-
fed animals than those in the STD group. We suggest that these
physiological differences could be partially explained by the observed
dissimilarities of gut microbial communities. In this respect, we also
identified diet-dependent clustering patterns concerning both
metagenomics and metabolomics profiles, where only STD controls were
clearly distanced from the clusters defined by the HF and HFS groups.
Altogether, these facts indicate that the evaluation of the impact of DIO

highly relies on the selected control diet.

In conclusion, we demonstrated that CAF, HF and HFS diets distinctively
modulate host-microbiota co-metabolism in rats. This complex interplay
has been evidenced by a strong linkage between specific gut microbial
ecosystems and metabolic and physiological phenotypes. Accordingly,
robust and similar clusters regarding both microbiome and metabolome
profiles were defined based on the dietary interventions. In this sense,

the hyperphagic behavior induced by the CAF diet, which is composed of
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highly palatable and energy-dense foods, promoted the development of a
robust model of severe obesity characterized by the alteration of both
cecal microbiota and urinary metabolome. In contrast, HF and HFS diets
did not strongly alter the microbial populations, according to the
induced overweight phenotypes. Overall, our results reveal diet-specific
modulation of the gut microbiome in rats and shed light on the possible
role of microbiota alterations on the progression of obesity and related

metabolic complications.
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SUPPLEMENTARY MATERIAL

Supplementary table 1. Nutritional composition of the standard (STD),
cafeteria (CAF), low-fat (LF), high-fat (HF) and high-fat high-sucrose (HFS)

diets used in this study.

STD CAF LF HF HFS
Energy density (Kcal/g) 3.1 2.1 3.9 4.7 2.0
Protein (g/100g) 18.6 5.6 19.2 24 7.3
Lipids (g/100g) 6.2 7.9 4.3 24 7.5
Total carbohydrates (g/100g) 44.2 28.0 67.3 41 26.2
Simple carbohydrates (g/100g) 0 17.1 0 20.1 21.6
Total fiber (g/100g) 14.7 1.81 4.7 5.8 1.3
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ABSTRACT

Cafeteria (CAF) diet is known to accurately mimic the human
Western diet in modern societies; thereby inducing severe obesity
accompanied by drastic alterations on the gut microbiome in animal
models. Notably, dietary impact in the gut microbiota composition might
be vastly influenced by genetic factors, thus distinctively predisposing
the host to pathological states such as obesity. For instance, the gut
microbiota-host interactions depend on hormonal status, which
contributes to the establishment of diseases-associated sexual
dimorphisms. Therefore, we aimed to characterize the strain and gender
influence on the CAF diet-induced alterations of gut microbial
ecosystems. For this purpose, two distinct cohorts of male Wistar and
Fischer 344 rats, as well as male and female Fischer 344 animals, were
chronically exposed to a STD or a CAF diet. In this study, we revealed
that strain-specific microbial dysbiosis promoted by the CAF diet could
be influenced by external factors such as food intake, thus revealing an
absence of relevant microbial alterations in Fischer 344 that was related
to the higher chow consumption as compared to Wistar rats.
Furthermore, sex-dependent changes on gut microbiota, which were
unrelated to differences in food intake according to gender and
suggested to be mediated by estrogens, prompted the acquisition of an
exacerbated obese phenotype in female rats under a CAF diet. Overall,
our study revealed that CAF diet triggered a more pronounced
microbiota dysbiosis in Wistar than in F344 rats, whereas females were
more susceptible to the disruption of gut microbiota and alterations on

host phenotype than males after the CAF feeding.
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1. INTRODUCTION

The gut microbiota activity is highly related to the metabolic and
physiologic phenotype of the host, actively contributing to the maintenance
of energy homeostasis. Importantly, a wide range of factors are known to
contribute to the configuration of gut microbiota including genetic and
environmental factors. Whereas diet has been proposed as the main agent
influencing the composition and activity of the gut microbial ecosystem [1],
host genetics are known to have a determinant impact on the microbiome
[2,3]. Recent findings raise the importance of controlling for ethnicity when
establishing a relationship between changes on gut microbiota and the onset
of a disease [4]. In fact, genetic differences in the gut microbiota composition
may account for distinct metabolic and physiologic responses to diet-induced
obesity. Several animal models have been used to elucidate the crucial role of
the microbiome in the onset of diet-induced obesity. For instance, diet-
induced microbial shifts were similarly reported between Wistar and
Sprague-Dawley rats under a high-fat diet, which were observed in parallel
with a distinguished obese phenotype [5]. Interestingly, high-fat diet was

previously shown to alter the gut microbiota independently of obesity [6].

Furthermore, sexual dimorphism is characteristic of different common
diseases including obesity and related metabolic complications, which has
been recently reviewed [7]. Accordingly, hormonal status exerts an important
modulatory role on the gut microbiota-host interaction. In this regard, the
preventive effects of estrogens in obesity-related metabolic disorders such as

endotoxemia and low-grade chronic inflammation were recently shown to be

128



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

Chapter I1

mediated by gut microbiome [8]. Overall, the interaction between diet, gut
microbiota and host homeostasis seems to underlie the genetic conditions.

In Chapter I, cafeteria (CAF) diet has been identified as the most robust diet
to induce severe obesity-associated dysbiosis in rats [9]. Despite that CAF
diet is known to closely reflect the modern human condition of obesity [10],
the influence of genetics in the CAF diet-induced dysbiosis have not been
evaluated so far. Here, we hypothesized that the profound alterations of gut
microbial ecosystems promoted by the CAF diet are conditioned, at least in
part, by rat strain and gender. In order to address this hypothesis, we assessed
the cecal microbiota composition of Fischer 344 (F344) and Wistar rats after
a continuous feeding with standard chow or CAF diet. Furthermore, the
influence of the gender on microbial and physiologic alterations was also
evaluated within both male and female F344 rats after the chronic

consumption of a CAF diet.

2. MATERIALS AND METHODS

2.1 Animal procedures.

Twelve 6-weeks-old male Wistar rats, sixteen 7-weeks-old male Fischer
344 (F344) rats and sixteen 7-weeks-old female F344 rats were supplied from
Charles River Laboratories (Wilmington, Massachusetts, USA). Animals
were housed in three different temperature controlled rooms (22°C) according
to gender and strain under a 12:12-hour light-dark cycle. After one week of
adaptation to the facilities with free access to food and water, the animals
within each strain and sex were randomly distributed into two groups
depending on the diet: (1) a standard chow diet (Teklad Global 18% Protein
Rodent Diet 2018, Harlan, Barcelona, Spain) (STD), and (2) a CAF diet

composed of energy-dense and highly palatable foods including biscuits with
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paté and cheese, bacon, pastries and sugared milk (220 g/I; 50 mL) ad
libitum. Food intake and body weight were recorded weekly during the whole
experimental procedure. One week before the end of the study, body
composition was assessed by nuclear magnetic resonance (NMR) using an
EchoMRI-700™ device (Echo Medical Systems, L.L.C., Houston, USA).
Serum samples were obtained by saphenous venepuncture and processed by
centrifugation (2,000 g for 15 min). When rats were 17-weeks-old, Wistar
rats were euthanized by exsanguination through cardiac puncture under
anesthesia (pentobarbital sodium, 80 mg/kg body weight). F344 rats were
sacrificed by decapitation according to the requirements of independent
purposes of this study. Liver; white adipose tissue depots, including
mesenteric (MWAT), retroperitoneal (RWAT), inguinal (IWAT) and
epididymal (EWAT) or periovarian (OWAT); and cecum were collected,
weighed and immediately frozen in liquid nitrogen. All the samples were

stored at -80°C until further analyses.

2.2 Assessment of biochemical parameters and gut

microbiota.

Serum levels of glucose, triglycerides and total cholesterol were assessed
using enzymatic colorimetric kits (QCA, Barcelona, Spain) according to the
manufacturer’s instructions. Cecal microbiota was assessed as previously

described in the Materials and Methods section of the Chapter 1.

2.3 Statistical analysis.

All results are expressed as the mean + standard error of the mean
(SEM). The Grubbs test was applied to remove significant outliers. A two-
way ANOVA was applied to study the influence these factors on food

intake, biometric and serum parameters. Differences between STD and
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CAF diet-fed groups were assessed by Student’s t-test within each strain
or gender. A probability of p < 0.05 was considered statistically
significant. Statistical analyses were performed using SPSS Statistics 22

software (SPSS, Inc., Chicago, IL, USA).

For metagenomic analyses, overall dissimilarities of cecal microbiota
composition between pairs of groups were assessed using one-way
PERMANOVA based on Bray-Curtis distances. The microbial diversity
was assessed through the Shannon’s diversity index. Moreover, the
contributory role for each factor to the observed differences was tested
using two-way analysis of similarities (ANOSIM) at genus level, with diet
nested within strain or gender. Here, microbial genera present in at least
two samples with 20.1% abundance were previously selected. Data of
relative abundances were used to construct a Bray-Curtis similarity
matrix, on which the ANOSIM was based. Therefore, changes on specific
cecal microbes were elucidated through the non-parametric Welch’s t-
test. P-values were adjusted for multiple comparisons according to the
Benjamini-Hochberg method with a 5% false discovery rate (FDR).
Finally, principal component analyses (PCA) based on the genera
proportions were performed in order to identify clusters according to

the microbiome composition.

3. RESULTS AND DISCUSSION

3.1 CAF diet promotes obesity independently of rat strain

and gender.

Food intake, biometric and biochemical parameters from Wistar and

F344 rats fed with STD or CAF diets are shown in Table 1. The two-way
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ANOVA revealed that CAF diet induced an increased energy intake
within both strains when compared to STD diet, although this increase
was higher in F344 rats. In the same way, the carbohydrate and protein
intake was higher in F344 than in Wistar rats fed with a CAF diet, while
the increased consumption of simple carbohydrates was more
pronounced in Wistar than in F344 rats under a CAF feeding.
Importantly, CAF diet promoted a higher increment in total food
consumption (grams) in F344 than Wistar animals (data not shown).
These results indicate that the hyperphagia promoted by CAF diet was
more evident in F344 than in Wistar rats. In this regard, a greater acute
leptin response to intravenous glucose and a higher fasting leptin
concentrations, altogether with a lack of responsiveness on satiety, was
assessed in obese versus lean F344 rats [11], thus suggesting a
proneness to leptin resistance. Moreover, the leptin response was also
higher in F344 than in Sprague-Dawley rats [11], as similarly observed in
another study showing higher fasting leptin levels in F344 compared to
Lou rats [12], supporting the previous suggestion. The exacerbated
hyperphagia observed in the present study is consistent with the

discussed leptin resistant phenotype of F344 rats.

Interestingly, CAF diet was associated with a reduced protein intake in
Wistar animals, while it was raised in F344 rats when compared to their
respective STD diet-fed controls. Furthermore, the decrease of fiber
intake in CAF diet-fed animals was more pronounced in Wistar animals.
These results were mainly due to a strongly diminished chow intake in
Wistar rats when processed and highly palatable foods were available
(Wistar-CAF: 3.22 + 0.61 g/day, F344-CAF: 10.6 = 0.37 g/day), whereas

total energy obtained from the rest of the ingredients, excluding chow,
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did not differed between both strains (Wistar-CAF: 126 * 2.31 kcal/day;
F344-CAF: 127 = 4.18 kcal/day). Therefore, strain-dependent differences
on energy intake were mainly determined by divergent chow
consumption under a CAF feeding. However, cecum weight was
decreased in CAF diet-fed animals regardless the rat strain, which could
be the consequence of a reduced fiber intake. In this sense, a rise of
cecum weight was previously observed with increased fiber
concentrations [13,14], probably due to greater amounts of non-

fermentable fibers passing through this fermentative organ.

The effects of the CAF diet on biometric parameters, including increased
body weight gain, total fat mass, adipose tissues weights (MWAT, EWAT
and IWAT), adiposity index and visceral fat percentage, altogether with a
decreased body lean mass percentage and lean-to-fat mass ratio, were all
found to occur in both F344 and Wistar rats. Therefore, CAF diet-fed
F344 animals showed a higher energy intake than Wistar rats that was
not accompanied by an exacerbated obese phenotype. Accordingly, a
large difference in the food efficiency was assessed between the two
strains where F344 group was less efficient in body weight gain than
Wistar animals regardless the diet type. In this regard, factors affecting
the energy expenditure such as physical activity, thermogenesis and
basal metabolism could be contributing to the differences observed
between both strains [15]. Interestingly, the CAF diet led to an increased
percentage of RWAT mass within the Wistar compared to F344 animals.
Moreover, F344 rats presented a significantly lower body weight gain,
percentages of lean mass and visceral fat, and adiposity index than
Wistar animals independently of the diet. These results are also in

accordance with the decreased food efficiency identified in F344 rats.

133



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

III. Results

The biochemical measurements revealed that CAF diet induced an
increment of serum glucose levels independently of the strain. In
contrast, hypertriglyceridemia and hypercholesterolemia were only
induced in F344 rats consuming a CAF diet. Therefore, the highest
energy intake observed in CAF diet-fed F344 rats led to an obese profile
associated with drastic metabolic alterations in this group. Overall,
distinct diet-induced obesity profiles were generated by our CAF dietary

model according to rat strain.
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Table 1. Food intake, biometric and serum parameters in male Wistar and
Fischer 344 rats fed standard (STD) and cafeteria (CAF) diets.

Wistar F344 Two-way

STD CAF STD CAF ANOVA
Food intake (kcal/day)
Total energy intake 67.8+2.52 136 + 3.14* 60.6 £ 0.97 159 + 3.55* S*D
Total carbohydrates intake 38.7+1.44 76.7 £ 2.66* 35.2+0.56 92.8+2.71* S*D
Simple carbohydrates intake 0.00 £ 0.00 67.6 + 1.34* 0.00 £ 0.00 52.7 £ 2.27* S*D
Lipid intake 12.2 £ 0.45 46.3 £ 0.85 10.9+0.17 43.7 £2.33 D
Protein intake 16.3 £ 0.60 13.8 £ 0.47* 14.6 £0.23 18.2 £ 0.52* S*D
Fiber intake (g/day) 3.18+0.12 0.90 + 0.09* 2.88+0.05 1.88 + 0.06* S*D
Food efficiency 493 +0.18 3.46+0.10 3.35+0.08 2.24+0.21 S,D
Biometric parameters
Body weight gain (g) 234+13.3 331+15.3 128 +3.29 225+17.1 S,D
Fat mass (%) 11.0 £ 0.87 24.8+1.96 12.0 £0.51 24.2+1.73 D
Lean mass (%) 84.2 £+ 0.94 70.9 +1.94 78.3+0.78 69.7 +1.67 S,D
Lean/fat ratio 7.16 £ 0.38 3.00 £ 0.35 6.60 + 0.25 3.00 £ 0.34 D
Visceral fat (%) 6.93 £ 0.57 12.1+0.66 6.24+0.17 9.66 +0.43 S,D
Adiposity Index 9.01+0.75 16.0 £ 1.03 7.63+0.21 12.0 £ 0.63 S,D
MWAT (%) 1.61 £ 0.12 2.78+0.26 1.51+0.08 2.56+0.13 D
RWAT (%) 2.80+0.28 5.25 +0.36* 2.26£0.09 3.20 £ 0.16* S*D
EWAT (%) 2.52+0.26 4.07 £0.35 243+0.10 3.90 £ 0.24 D
IWAT (%) 2.08+0.20 3.22+0.21 1.34+0.08 2.33+0.26 S,D
Cecum weight (g) 6.55 +0.46 418 £0.29 5.58+0.30 436 +0.21 D
Serum parameters
Glucose (mg/dL) 147 £12.3 176 +10.9 150 + 5.97 202 +10.9 D
Triglycerides (mg/dL) 97.1+23.2 136 +12.4 134 +8.21 358 + 24.3* S*D
Total cholesterol (mg/dL) 73.7 £ 8.65 71.2+2.87 59.0 + 3.82 94.8 + 7.29* S*D

Male Wistar (n = 6 per group) and Fischer 344 (n = 8 per group) rats were fed
with STD or CAF diet. Data are expressed as the mean + SEM. D, the effect of
diet type; S, the effect of strain; SxD, the interaction of strain and diet type (two-
way ANOVA, p < 0.05). * The effect of diet within each strain (Student’s t-test, p
< 0.05). EWAT, epididymal white adipose tissue; IWAT, inguinal white adipose
tissue; MWAT, mesenteric white adipose tissue; RWAT, retroperitoneal white

adipose tissue.
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The comparison between male and female F344 rats fed STD or CAF diet
concerning food intake, biometric and biochemical parameters is shown
in Table 2. The CAF diet was associated with an increased total energy
intake, also showing a raised caloric contribution from carbohydrates,
proteins and lipids in both males and females. As expected, energy and
macronutrients intake was lower in females than in males,
independently of the dietary model. However, high-palatable sugar-
containing milk was almost entirely consumed by all the animals, which
explained the absence of the gender effect, on the consumption of simple
carbohydrates. Moreover, a reduced fiber intake and cecum weight were
observed in CAF diet-fed groups, with males showing higher values of
these measurements than females regardless the type of the diet. Thus,
these observations reinforce the previously discussed relationship
between the consumption of non-digestible substrates and the cecum

weight.

Despite that CAF diet promoted a raised energy intake in both genders
similarly, body weight gain was distinct in male and female F344 rats,
where males were more susceptible to body weight changes promoted
by this diet. Conversely, previous studies reported similar increases in
body weight gain induced by CAF feeding in both male and female
rodents [16,17], although divergent dietary composition, length of
feeding, strains and species could explain these differences. In addition,
the dramatic body weight gain in males could be the consequence of a
lower energy expenditure compared to females as previously reported in

mice [18].

CAF feeding induced an increased percentage of body fat mass, adiposity

index and visceral fat within both male and female rats. Female rats
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showed an increased fat accretion as compared to males independently
of the diet consumed. This fact is in accordance with the increased lipid
storage and low rate of fat mobilization in females to preserve them in
case of pregnancy [19]. Furthermore, sex-dependent responses to CAF
diet on body weight gain do not seem to be explained by differences on
adiposity. Contrary to our results, high-fat diet has been previously
shown to induce a greater fat accumulation in female than in male mice
[20]. Despite this, the significant interaction between gender and diet
indicated that the drop on lean mass and the increase of RWAT
percentages linked to CAF feeding were more pronounced in female than
in male, thus supporting a sex-dependent vulnerability to diet-induced

obesity.

Concerning serum parameters, CAF diet promoted an increase in fasting
blood glucose, triglycerides and total cholesterol levels within both
males and females, while the diet-induced hypertriglyceridemia was
more pronounced in male than in female F344 rats. Likewise, it is well-
known that men compared with women [21,22] have greater fasting
serum concentration of triglycerides (TAG), which is attributed to an
increased efficiency on TAG removal from the circulation in women [23],
thus supporting our results. Altogether, despite that changes on body
composition after the CAF feeding were markedly observed in females,
the exacerbated increment in serum lipids suggested a metabolically

unhealthier profile in male than in female rats.
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Table 2. Food intake, biometric and serum parameters in male and female
Fischer 344 rats fed standard (STD) and cafeteria (CAF) diets.

Male Female

Two-way

STD CAF STD CAF ANOVA
Food intake (kcal/day)
Total energy intake 60.6 £ 0.97 159 + 3.55 38.8+0.60 122 +9.35 G, D
Total carbohydrates intake 35.2+0.56 92.8 £2.71 22.5+0.35 76.3 £ 6.87 G D
Simple carbohydrates intake 0.00 £ 0.00 52.7 £2.27 0.00 £ 0.00 60.8 £ 6.52 D
Lipid intake 109 +£0.17 43.7 +2.33 6.99 +0.11 34.4+1.93 GD
Protein intake 14.6 £ 0.23 18.2 £0.52 9.32+0.14 12.0 +£ 0.64 G D
Fiber intake (g/day) 2.88+0.05 1.88 £ 0.06 1.84 £0.03 0.80 £ 0.02 G D
Food efficiency 3.35+£0.08 2.24+0.21 2.09 £0.08 1.48 +£0.12 G D
Biometric parameters
Body weight gain (g) 128 + 3.29 225+17.1* 51.1 +2.04 109 + 3.74* G*D
Fat mass (%) 12.0 £0.51 242+1.73 15.8+1.26 32.0+0.70 G D
Lean mass (%) 78.3+0.78 69.7 + 1.67* 77.7 +1.10 62.8 +0.75* G*D
Lean/fat ratio 6.60 +0.25 3.00 £ 0.34 5.18+0.47 1.97 £ 0.07 G D
Visceral fat (%) 6.24 +0.17 9.66 +0.43 7.81+0.83 13.0 £ 0.29 G D
Adiposity Index 7.63+0.21 12.0 £ 0.63 8.88 £ 0.88 15.3+0.38 G D
MWAT (%) 1.51+0.08 2.56+0.13 1.42+0.18 2.45+0.07 D
RWAT (%) 2.26 £0.09 3.20+0.16* 1.47 £0.22 3.32+0.18* G*D
EWAT (%) 243+0.10 3.90 + 0.24* - - -
OWAT (%) - - 4.76 £ 0.37 7.12 £ 0.23* -
IWAT (%) 1.34 £ 0.08 2.33+0.26 1.01 £ 0.08 2.19+0.19 D
Cecum weight (g) 5.58+0.30 436 +0.21 417 £0.25 2.25+0.23 G D
Serum parameters
Glucose (mg/dL) 150 £ 5.97 202+10.9 133 +6.18 178 + 8.45 G D
Triglycerides (mg/dL) 134 +£8.21 358 + 24.3* 76.6 £ 6.95 170 +22.7* G*D
Total cholesterol (mg/dL) 59.0 + 3.82 94.8 £7.29 85.8 +2.17 105 +5.23 G D

Male and female Fischer 344 rats (n = 8 per group) were fed with STD or CAF
diet. Data are expressed as the mean * SEM. D, the effect of diet type; G, the
effect of gender; GxD, the interaction of gender and diet type (two-way ANOVA,
p < 0.05). * The effect of diet within each gender (Student’s t-test, p < 0.05).
EWAT, epididymal white adipose tissue; IWAT, inguinal white adipose tissue;
MWAT, mesenteric white adipose tissue; OWAT, periovarian white adipose
tissue; RWAT, retroperitoneal white adipose tissue.
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3.2 Strain and gender-dependent modulation of the gut
microbiota by CAF feeding.

Overall, two-way PERMANOVA revealed a significant interaction
between strain and diet (p < 0.001) as factors that were directly involved
in the changes of the cecal microbiota. Concerning each rat strain, one-
way PERMANOVA revealed that the bacterial proportions at genus level
were significantly altered by the consumption of a CAF diet within both
Wistar (p = 0.002) and F344 (p < 0.001) rats (Supplementary Figure 1),
while this diet decreased the bacterial diversity measured by Shannon
index regardless the strain (two-way ANOVA, p = 0.042), as presented in
Figure 1A. Interestingly, we identified significant differences between
F344 and Wistar animals fed with a chow diet regarding the microbiota
composition at genus level (One-way PERMANOVA, p = 0.003) that was
not accompanied by dissimilarities on bacterial diversity (Student’s t-
test, p = 0.867). Exploring the sex influence on diet-induced alterations of
the microbiome, two-way PERMANOVA within F344 strain revealed an
interaction between diet and gender factors (p = 0.015). Therefore,
microbial taxa were distinctively influenced by diet according to the
gender. Indeed, one-way PERMANOVA revealed that microbial
populations were significantly altered by CAF diet within both males (p <
0.001) and females (p < 0.001) (Supplementary Figure 2). Importantly,
we also observed that CAF feeding was able to significantly decrease the
bacterial diversity in females (Student’s t-test, p < 0.001), but not in

males rats (Figure 1B).
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Figure 1. Differences in alpha-diversity among groups assessed through the
Shannon Index. A. Microbial diversity determined in male Wistar and F344 rats
fed with a standard (STD) or a cafeteria (CAF) diet. B. Microbial diversity
determined in F344 male and female rats fed with a STD or a CAF diet. Data are
expressed as the mean + SEM. D, the effect of diet type; GxD, the interaction of
gender and diet type (two-way ANOVA, p< 0.05). * The effect of diet within
female rats (Student’s t-test, p < 0.05).

Westernized diet has been shown to have a greater negative impact upon
the gut microbiota diversity than an increased body mass index (BMI) in
humans [24], postulating diet as one of the major factors contributing to
the dysbiosis of microbiome. In this sense, CAF diet induced a drop on
bacterial diversity regardless the differences on adiposity between both
strains. Moreover, the absence of changes in bacterial diversity
according to rat strains under a STD diet was previously reported in
mice [2]. On the other hand, the metabolic effects of a high-fat diet were
more pronounced in Wistar compared to Sprague-Dawley rats, while a
similar dietary modulation of the gut microbiota was described [25].
Contrary to these findings, the distinctive alterations of the microbiota
promoted by our CAF model in F344 and Wistar rats were contrasted by
the absence of differences on biometric parameters. Thus, CAF diet-

induced microbial changes did not reflect specific physiological

outcomes according to rat strain. However, metabolic effects such as
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hypertriglyceridemia, which was highly pronounced in F344 rats, and
hypercholesterolemia, which was only identified in F344 animals, could
be associated with the distinct changes on the microbiome promoted by
the CAF feeding. Interestingly, a previous study indicated that the gut
microbiome can explain a substantial proportion of the variation of

blood lipid levels, independent of age, sex, BMI, and genetics [26].

We also reported that bacterial diversity was significantly modulated by
diet in a gender-dependent way, showing for the first time that F344
females, but not males, were susceptible to changes on this feature after
a prolonged feeding with a CAF diet. Initial evidence of the influence of
sex steroids on the composition of the gut microbiome showed a positive
correlation between urinary estrogen levels and microbial diversity [27],
while no estrogen differences were assessed in CAF diet-fed female rats
when compared to lean controls [28]. On the other hand, castrated male
mice, with the consequent absence of sex steroids, showed alterations in
intestinal microbiota when fed a high-fat diet [29]. However, a reduced
diversity was reported in ovariectomized female mice receiving estrogen
implants under a high-fat diet [30], which is in line with the observed
reduction of bacterial diversity in CAF diet-fed female rats only.
Altogether, it is suggested that changes on microbial diversity are
primarily explained by an interaction between the diet and sex steroids,
although further research is needed to better understand this
relationship. In addition, despite that total simple carbohydrate intake
did not differ between CAF diet-fed male and female rats, a
proportionally greater sugar consumption was elucidated in females in
relation to their body weight, which could contribute to the onset of a

more pronounced microbial dysbiosis as compared to males. In this
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regard, the consumption of high-sucrose diets has been previously
shown to promote a loss of microbial diversity [31], thus supporting our
results. Overall, a loss of microbiota diversity and changes on bacterial
populations has been reported for diet-induced obesity in rodents [32],
whereas we showed that dietary modulation of the microbial diversity is
gender-dependent. In addition, gut microbiota composition was
significantly but distinctively altered by the CAF diet in a strain- and sex-

dependent manner.

3.3 CAF diet strongly alters the Bacteroidetes-to-

Firmicutes ratio in Wistar and female F344 rats.

The relative abundance of identified phyla between groups was
statistically compared using the non-parametric U-Mann Whitney test.
The analysis of the microbiota composition revealed that Firmicutes was
the most abundant phylum present in both Wistar (79.3%) and F344
(89.9%) rats fed with a standard chow, showing a greater relative
abundance within the F344 group (p = 0.005). In contrast, Bacteroidetes
occurrence was significantly higher in Wistar (19.8%) when compared
to F344 (8.7%) animals (p = 0.003). In this line, Wistar rats showed a
higher Bacteroidetes-to-Firmicutes ratio than F344 animals (Student’s t-
test, p = 0.014) when both groups were under a chow diet. Interestingly,
CAF diet-induced increase in the Bacteroidetes-to-Firmicutes ratio was
10 times higher in Wistar (Student’s t-test, p = 0.005) than in F344 rats
(Student’s t-test, p = 0.08), as shown in Figure 2A. Thus, our CAF model
disrupted the dominance of Firmicutes only in Wistar rats, where
Bacteroidetes became the major phylum representing the 68.8% of total

bacteria. Moreover, Figure 2B shows that the consumption of a CAF diet
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markedly increased this ratio in female F344 animals when compared to

their respective controls (Student’s t-test, p = 0.002).
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Figure 2. The two major phyla composing the microbiome expressed as the
Bacteroidetes-to-Firmicutes ratio. A. B/F ratio assessed in male Wistar and
F344 rats fed with a standard (STD) or a cafeteria (CAF) diet. B. B/F ratio
assessed in F344 male and female rats fed with a standard STD or a CAF diet.
Data are expressed as the mean * S.E.M. SxD, the interaction of strain and diet
type; GxD, the interaction of gender and diet type (two-way ANOVA, p < 0.05). *
The effect of diet within male Wistar and female F344 rats (Student’s t-test, p <
0.05).

As previously discussed, CAF diet triggers a substantial impact on
phenotypic and metabolic parameters, finally leading to severe obesity
[33,34]. The CAF-promoted robust alterations of microbial taxa were
also correlated with the parameters defining the resulting obese profile,
as previously described [9]. Contrary to our findings in rats, healthy
human gut microbiota has been widely characterized by an elevated
Bacteroidetes-to-Firmicutes ratio [35-37], with Firmicutes prevailing in
obese individuals. Thus, this ratio has been postulated to act as a
promising biomarker of obesity susceptibility [38]. However, a meta-

analysis revealed that the ratio changes between obese and lean

individuals were not statistically significant overall, thus concluding that
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this feature should not be considered for distinguishing lean and obese

human gut microbiota across populations [39].

Here, we observed an increment of Bacteroidetes-to-Firmicutes ratio in
CAF diet-induced obese male Wistar rats, which is in agreement with
previous studies using similar dietary models [40,41]. However, this
ratio was not altered in male F344 rats, although a less pronounced but
significant increment was observed in females, which consumed higher
amounts of sucrose per kg of body weight than males. Therefore, we
elucidated a sex-dependent alteration of Bacteroidetes-to-Firmicutes
ratio by the CAF diet within F344 strain for the first time. In this
scenario, as there is no evidence on a clear relationship between
Bacteroidetes-to-Firmicutes ratio and obesity risk, the complex
modulation of obesity by diet and the influence of gut microbiome need

to be further analyzed.

3.4 Major phyla are profoundly affected by CAF feeding in
F344 females.

Altogether with the described strain-dependent alterations in the
two major phyla, CAF diet also induced an increment of Verrucomicrobia
occurrence in Wistar rats (p = 0.010), as well as a tendency to increase (p
= 0.090) in F344. On the other hand, Proteobacteria were significantly
raised by the CAF diet within both Wistar and F344 groups (p < 0.010),
as shown in Figure 3A. When assessing the gender contributory role to
the CAF-induced changes on major phyla (Figure 3B), a higher
occurrence of Verrucomicrobia (p = 0.027) was only described in F344

females compared to standard controls, while significant changes on
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Proteobacteria relative abundances were only assessed in F344 males

fed with a CAF diet compared to their lean counterparts.
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Figure 3. Differences on the relative abundances of Verrucomicrobia and
Proteobacteria within male F344 and Wistar animals (A) or within F344 male
and female rats (B) fed with a standard (STD) or a cafeteria (CAF) diet.

$Tendency or *significant differences assessed through Welch's t-test after
Benjamini-Holchberg FDR correction considering corrected p-values less than
0.10 or 0.05, respectively.

Interestingly, the influence of a HF diet and gender to gut microbial
alterations in F344 rats has been recently investigated. At phylum level,
HF diet administered to young F344 rats significantly reduced
Firmicutes and raised Verrucomicrobia proportions independently of

sex influence [42]. Nevertheless, we showed that CAF diet led to a

significant increase of Verrucomicrobia phylum only within F344
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females. Thus, altogether with the changes on bacterial diversity and
Bacteroidetes-to-Firmicutes ratio, it seems that female F344 rats are

highly susceptible to the microbiota dysbiosis induced by our CAF model.

We also found that low-abundant phyla representing less than 1% of the
microbiome such as Actinobacteria (p = 0.020), Lentisphaerae (p =
0.007) and TM7 (p = 0.002) were higher in F344 compared to Wistar
under a chow feeding, while a lower Deferribacteres abundance was
observed in F344 rats (p = 0.002). Concerning both Wistar and F344
strains, CAF diet caused a decrease in TM7 (p < 0.050) and Tenericutes
(p < 0.050) occurrence, while Actinobacteria (p < 0.010) was raised.
Indeed, a reduction of Deferribacteres (p = 0.004) was induced by the
CAF diet only within Wistar strain. In accordance with our results, an
extensive metagenomic study discovered higher Actinobacteria
proportion in obese than lean individuals [43]. However, no significant
changes on Actinobacteria occurrence has been assessed in female F344

rats under a CAF feeding.

3.5 Rat strain has a great impact on microbial

communities under a chow diet.

Concerning microbiome composition, up to 14 genera statistically
differed between Wistar and F344 rats fed with standard chow.
Importantly, Wistar animals had a higher relative abundance of genera
belonging to Bacteroidetes phylum including Bacteroides (p = 0.017) and
Prevotella (p = 0.037), as well as an increased Oscillospira (p = 0.022)
occurrence. On the other hand, genera belonging to Firmicutes such as
Lactobacillus (p = 0.027), unclassified Lachnospiraceae (p = 0.034) and

Ruminococcus (p = 0.014) were mainly found in F344 rats.
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The degradation of complex polysaccharides taking place in the large
intestine finally generates fermentation by-products such as short chain
fatty acids (SCFA). The differences found in bacterial communities
between standard chow-fed Wistar and F344 rats involves taxa that
actively contributes to these fermentative processes. For instance,
Lachnospiraceae and Ruminococcaceae families were described to have
a crucial role in polysaccharide degradation, likely to be enriched in high
energy extraction groups [44]. On the other hand, Bacteroides can be
rapidly adapted to low-fiber rich diets due to their capacity to utilize
host glycans [45]. Moreover, the reported rise of Lactobacillus in F344
rats, which is a well-known genus for its health promoting properties
[46-48] and found increased after a weight loss program in adolescents
[49], is in accordance with its previously reported drop in Wistar
compared to Sprague-Dawley rats under a chow diet [25]. Overall, we
suggest that phenotypic, metabolic and functional changes on the gut
microbiota induced by CAF diet are determined, at least in part, by the

pre-established strain-specific microbial populations.

3.6 CAF distinctively modulates the genera abundance

according to rat strain.

Two-way ANOSIM revealed strong influences of both strain (R =
0.876, p < 0.001) and diet (R = 0.801, p < 0.001) factors on the
differences found at genus level after the consumption of a CAF diet.
Nevertheless, some of the changes induced by the CAF diet on microbial
populations were similarly described for both rat strains, as presented in
Figure 4. In this sense, we detected a highly reduced occurrence of
unclassified Clostridiales (p < 0.010), Oscillospira (p < 0.010) and

Dehalobacterium (p < 0.050), accompanied by an increment of

147



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

III. Results

Bacteroides (p < 0.050), Parabacteroides (p < 0.050), Prevotella (p <
0.050) and Phascolarctobacterium (p < 0.050) relative abundances in
CAF-fed rats compared to the respective standard chow-fed groups.
Bacteroides proportion reached the 28.0% of total bacteria, mainly in
detriment of unclassified Clostridiales that was reduced from 47.5% to
6.3% of overall population, in CAF diet-fed Wistar rats. Otherwise,
Bacteroides represented only 1% of total bacteria after CAF feeding in
F344 animals, while unclassified Clostridiales were decreased in a lesser
extent (from 54.5% to 34.1%) than in Wistar rats. On the other hand,
whereas Prevotella occurrence was found increased up to 0.42% in CAF-
fed F344 animals, Wistar rats presented a strong increment of this genus

(reaching the 34.7% of total bacteria).
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Figure 4. Relative abundance of the main genera similarly influenced by the
cafeteria (CAF) diet within both Wistar and F344 rat strains. *Significant
differences assessed through Welch’s t-test after Benjamini-Holchberg FDR

correction considering corrected p-values < 0.05.

Accordingly, a raised proportion of Bacteroides have been found in obese
individuals, positively correlating with BMI [50]. Despite this fact, an
inverse relationship between Bacteroides and BMI has been also
observed [51], so further studies are necessary to elucidate the role of
this genera in human obesity. Importantly, Bacteroides abundance was
associated with the long-term consumption of a diet rich in animal
protein, sugar, starch, and fat and low in fiber [52]. In rodents, an
increased occurrence of Bacteroides has been determined as a response

to a high-sucrose diet [31]. Here, we demonstrated that Bacteroides
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became a major genus in Wistar, but not in F344 rats, after CAF feeding,
which was supported by the highest increase in the consumption of
simple sugars observed in this strain. Strong differences on the CAF diet-
induced rise of Bacteroides occurrence advertises of the complex
interaction between the genotype and diet in the establishment of the
gut microbiota. On the other hand, Bacteroides have been identified as
the one of the main bacterial taxa involved in the conversion of
cholesterol into coprostanol in the intestine [53]. Given the inverse
relationship between serum cholesterol levels and
coprostanol/cholesterol ratio in human feces [54], we suggest that the
low abundance of Bacteroides detected in CAF diet-fed F344 rats (1%)
could be associated with the developed hypercholesterolemia, a feature
that was absent in CAF diet-fed Wistar rats showing high Bacteroides

occurrence (27%).

The reduction of Firmicutes phyla associated to the consumption of a
CAF diet was mainly explained by a dramatic drop of an unclassified
genus from Clostridiales order in both Wistar and F344 rats. These
results are in accordance with the literature discussing that HF diet
feeding reduces the occurrence of unclassified Clostridiales, which had
an inverse correlation with body fat mass, in rats [55]. In addition, a
diminution of uncultured Clostridiales was also described for obese
compared to non-obese subjects [56]. Thus, the exacerbated modulation
of both Bacteroides and unclassified Clostridiales in diet-induced obese
Wistar rats suggested that this strain is more susceptible than F344 to
the impact of a CAF diet. In addition, we demonstrated that Prevotella
genus was favoured by the consumption of a sugar-rich hypercaloric and

obesogenic diet such as CAF in both F344 and Wistar rats. Interestingly,
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the CAF-promoted increment in this genus was especially pronounced in
Wistar rats, where Prevotella became of the most abundant genera
representing up to 34.7% of the bacterial population. Accordingly,
Prevotella has been previously linked to the consumption of simple
sugars [52] and its relative abundance was found reduced in old F344
rats under HF diet [42]. Then, we hypothesized that dietary sugar
content is a determinant factor describing a bloom in Prevotella
proportion. However, no clear evidences supporting this hypothesis
were found on F344 rats, where Prevotella increased in a marginal way.
On the other hand, Prevotella was previously found increased after a
chronic exposure to a protein deficient diet in mice [57], suggesting that
the lowest protein intake observed in CAF diet-fed Wistar rats could be
also favouring this genus. Overall, the strain-dependent modulation of
cecal microbiome by CAF diet was evident within the most
representative above-mentioned genera, while further studies are need
to better understand the specific role of each genera in CAF-induced

obesity.

Oscillospira decreased from 6.8% to 2.6% and from 12.9% to 2.2% in
CAF diet-fed F344 and Wistar rats, respectively. Oscillospira species were
found strongly increased in hosts consuming fresh green fields [58] and
hypothesized to be adapted to primarily utilize plant polysaccharides
[59]. Then, the observed Oscillospira reduction could be linked to the
decreased fiber content of our CAF model compared to the standard
chow. Moreover, Oscillospira has been widely linked to the leanness and

lower BMI in humans, which is in accordance with our results [56,59,60].

Akkermansia was detected as the main genus belonging to the

Verrucomicrobia phylum within both Wistar and F344 strains. In this
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sense, despite the higher occurrence of Verrucomicrobia and the
numerically higher relative abundance of Akkermansia in CAF diet-fed
Wistar rats compared to its respective controls, no significant differences
were found for this genus. However, previous studies have reported an
increase of Akkermansia in rats fed with high-fat diet compared to low-
fat diet-fed rats [61], as well as in mice fed with a protein deficient diet
[57]. In the last years, the role of A. Muciniphila in regulating host health
has been widely declared [62,63], showing a negative correlation with
obesity and related metabolic disorders [64]. Thus, despite that species
identification was not reached in this study, CAF diet could be probably

modulating other Akkermansia genus than A. Muciniphila.

Interestingly, several genera were only influenced by the dietary
intervention within a particular strain (Figure 5). Thus, the CAF diet
significantly decreased Bacteroidales S24-7 (p = 0.023) and unclassified
Ruminococcaceae (p = 0.022) only in Wistar animals when compared to
their respective controls. The Bacteroidales family S24-7 is considered a
core component of the normal mouse microbiome [65] with the capacity
to digest both complex carbohydrates and host-derived glycans [66].
This genus was also previously found increased in mice fed with a high-
starch diet rich in plant polysaccharides [67]. Thus, the higher reduction
of fiber intake in Wistar compared to F344 animals under the CAF
feeding could finally explain the disfavoured occurrence on
Bacteroidales S24-7 only observed in Wistar rats. On the other hand,
Ruminococcaceae family, linked to the utilization of plant
polysaccharides, was also found reduced in HF-diet fed mice [68], thus

supporting our observations in Wistar animals.
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Figure 5. Relative abundance of the main genera distinctively influenced by the
cafeteria (CAF) diet within Wistar or F344 rat strains. *Significant differences
assessed through Welch’s t-test after Benjamini-Holchberg FDR correction
considering corrected p-values < 0.05.

Only F344 rats showed an increased occurrence of unclassified
Lachnospiraceae (p = 0.049), Roseburia (p = 0.048), Desulfovibrio (p =
0.046), Blautia (p = 0.043), Anaerostipes (p = 0.041), Ruminococcus (p
0.025), Bilophila (p = 0.025), Allobaculum (p = 0.009) and rc4-4 (p

0.002) after the CAF consumption, while Odoribacter (p = 0.018) was

decreased. Interestingly, Lachnospiraceae-related microbes such as
Roseburia, Blautia, Dorea and Coprococcus were associated with an
increased risk of obesity; individuals showing high occurrence of these
genera had elevated BMI, waist circumference and blood pressure [69].

Recently, a clear association has been identified between Blautia, Dorea
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and Ruminococcus and obesity-related plasma metabolites in humans
[70], pointing to the potential role of these Lachnospiraceae-belonging
genera in obesity development. In this sense, Blautia and Ruminococcus
have been found to be associated with metabolic syndrome and weight
gain in humans [71]. Alternatively, a negative correlation between body
weight gain and Blautia abundance was reported in mice [72], whereas
opposite results were later published [73]. Therefore, the literature
concerning Blautia and obesity or metabolic syndrome is equivocal to

date and conclusions must be carefully discussed.

Roseburia spp. are butyrate-producer bacteria considered an essential
member for a beneficial flora, even proposed to act as health markers
[74]. Our results showed an exacerbated CAF diet-induced increase of
Roseburia exclusively in F344 rats, which seems to be discordant with
the reduced Roseburia abundance in obese humans and diet-induced
obese mice [75,76]. Interestingly, Roseburia was repeatedly found raised
in high-fat diet-fed Sprague-Dawley rats [77,78]. Altogether, it is
suggested that genotype is a determinant factors on the occurrence of
Roseburia in diet-induced obesity. Ultimately, we hypothesize that the
lower decrease of fiber intake during the CAF feeding in F344 compared
to Wistar rats could be favouring a strain-specific upregulation of

Roseburia as a microbiota-derived response to CAF diet.

Principal component analysis (PCA) revealed that CAF distinctively
influenced the cecal microbiota composition at the genus level according
to strain and dietary group. The first and second principal components
explained up to 48.1% of the overall variation (PC1 = 26.4%, PC2 =
21.7%), where groups were clearly separated according to strain (F344

and Wistar rats were prominently located at the right and at the left,
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respectively) and diet (STD and CAF diets were positioned at the top and

at the bottom, respectively), as presented in Figure 6.
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Figure 6. Principal component analysis constructed from the relative
abundance of genera representing more than 1% of bacteria at least in two
samples. Circular and squared dots represent standard (STD) and cafeteria
(CAF) diet-fed animals, respectively. Different colours discriminate between
Wistar (green) and F344 (red) rat strains. PC, principal component.

3.7 Gender also influences the CAF diet-driven

microbiome perturbations.
Dietary modulation of cecal microbiome was also influenced by

gender within F344 rats, as revealed by two-way ANOSIM analysis
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(Gender: R = 0.273, p = 0.003; Diet: R = 0.758, p < 0.001). Remarkably,
CAF diet led to an increased proportion of S24-7 (p = 0.005), as well as
caused a more dramatic drop of unclassified Clostridiales (p < 0.001), in
female rats. In line with the CAF-induced microbial variations observed
in male F344 rats, females also showed raised portions of Blautia (p =
0.049), Parabacteroides (p = 0.033), Phascolarctobacterium (p = 0.023)
and rc4-4 (p = 0.024) after the chronic consumption of a CAF diet.
However, previously described changes on Oscillospira and
Ruminococcus occurrences in male rats were not identified in females, as
presented in Figure 7. Interestingly, the depletion of Oscillospira
abundance in CAF diet-fed males, a genus linked to lower BMI [60],
altogether with the increment of unclassified S24-7 in females, described
as a relevant genus to human health [66], suggests a healthier microbial
phenotype in female than in male F344 rats. In addition, the positive
correlation between Ruminococcus genera and circulating lipid levels
reported in humans [79,80], was also found in our study (Pearson’s
correlation coefficient, r(31) = 0.378, p = 0.036). Therefore, we showed
that an increased serum TAG concentrations and Ruminococcus
abundance co-occurred in male, but not in female, rats after a chronic
CAF feeding, thereby partially explaining the sex-dependent differences
on metabolic profiles. However, caution must be taken when comparing
the microbial signatures of obesity between genders and species due to
the multi-factorial influences on the host microbiota co-metabolism [81].
Overall, while an elevated Bacteroidetes-to-Firmicutes ratio and a drop
on bacterial diversity in F344 females indicated a marked microbial
dysbiosis, the analysis of the occurrences of specific genera suggested a
less detrimental response to the cafeteria feeding when compared to

F344 males.
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Figure 7. Relative abundance of the main genera influenced by the cafeteria
(CAF) diet within male or female F344 rats. *Significant differences were
assessed through Welch’s t-test after Benjamini-Holchberg FDR correction
considering corrected p-values < 0.05.

Focusing on gender-dependent dietary effects, PCA revealed that genera
were mainly influenced by diet, also showing marginal clustering

according to gender (Figure 8). Up to 41.4% of the overall variation was

explained by both the first and the second principal components (PC1 =
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26.7%, PC2 = 13.8%). Here, males and females belonging to the same
dietary group (STD or CAF) were partially overlapped along the axis,
even though males showed a more homogeneous clustering than females
in both cases. In accordance with our data, it has been previously shown
that the dietary effects on the composition of gut microbiota are

dependent on sex-specific interactions in mice [82].
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Figure 8. Principal component analysis constructed from the relative
abundance of genera representing more than 1% of bacteria at least in two
samples. Circular and squared dots represent standard (STD) and cafeteria
(CAF) diet-fed animals, respectively. Different colours discriminate between
male (blue) and female (pink) F344 rats. PC, principal component.
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CONCLUDING REMARKS

In the present study, we observed a significant contributory role of
both intrinsic (strain and gender) and external (diet) factors to the gut
microbiota composition in rats. The influence of nutritional
interventions on gut microbiota has been widely explored previously,
showing that changes on dietary habits promote rapid shifts in the
microbial populations in the gut, thus postulating diet as the main factor
determining the phylogenetic structure of the microbiome [83].
Nevertheless, distinct host genetics may have a crucial impact on gut
microbiota response to a given dietary intervention. Unfortunately, only
few studies have examined gut microbial differences among distinct
rodent strains and how diet is able to differentially modulate their
bacterial ecosystems [5,84]. Interestingly, recent studies showed that
host genetic distance is a strong predictor of the gut microbiota
composition between different populations of wild mice [85], and that
microbiome returned back to the former composition when mice were
separated from their parental lines after co-housing [86]. In fact,
differences in gut microbiota may result in divergent metabolic
responses to dietary changes, thus distinctively predisposing the animals

to pathological states such as obesity.

In our study, Wistar rats showed a more pronounced CAF diet-induced
gut microbiota dysbiosis than F344 animals, despite their lower total
energy intake. This could be explained by their lower chow intake, which
is the main source of protein and fiber. For instance, we revealed a
strong increase in the prevalence of obesity-related taxa such as
Bacteroides in Wistar animals. Altogether, strain-specific preferences to

the ingredients included in the CAF, a free choice-based dietary model,

159



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

III. Results

are crucial to explain the differences on food intake, gut microbiota
dysbiosis and host physiology according to rat strain. Therefore, diet
could be acting as a confounder factor in our study by masking the strain
influence on gut microbial changes, which should be assessed along with

a similar food intake.

Diet-induced microbial changes were markedly observed in both male
and female F344 rats. However, CAF diet more pronouncedly impacted
the gut microbiome in female animals, as revealed by the altered
microbial diversity and Bacteroidetes-to-Firmicutes only in females fed
with a CAF diet. Importantly, CAF diet similarly increased food intake in
both males and females, thus indicating that the gender-dependent
alterations of gut microbiota induced by the CAF diet were not explained
by changes on food intake. Alternatively, the effects of the CAF diet might
be conditioned by the complex interaction between estrogens, bile acids
and gut microbiota. In this sense, gut microbiota is known to affect the
systemic levels, potency and activity of estrogen metabolites by
facilitating its reabsorption [87], whereas estrogens have been shown to
exert a control upon the bile acid metabolism and their biological effects
[88,89]. In this regard, bile acids also contribute to sexual dimorphism of
gut microbiota in a farnesoid-X-receptor-dependent manner [90]. Hence,
the CAF diet-induced microbial dysbiosis in females is suggested to
strongly disrupt the hormonal control exerted by estrogens upon bile
acid metabolism, which, in turn, may contribute to alter the microbial

ecosystem.

Despite that CAF diet-induced microbial alterations at genus taxonomic
level seemed to be less detrimental in female than in males, females

showed a higher increase of RWAT weight and a greater decrease of
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body lean mass than males, which was consistent with alterations on
microbial diversity and Bacteroidetes-to-Firmicutes ratio. Moreover,
males developed an unhealthier metabolic profile than females, which
was correlated with an increased Ruminococcus occurrence. Overall,
diet-induced shapes on gut microbiota composition underlie the gender
influence in F344 rats, where estrogens play an important role in the

maintenance of bile acid metabolism and gut microbiota.

In conclusion, our results incorporate non-previously available
information about the intrinsic differences of microbial populations
between Wistar and F344 rats, as well as examine the strain and sex-
dependent modulatory role of the CAF diet. Here, we demonstrated that
CAF, a Western-like energy-dense and highly palatable diet, distinctively
altered the gut microbiome according to rat strain, although these strain-
specific alterations could be influenced by environmental factors such as
food intake. Therefore, the evaluation of a dietary intervention on the gut
microbiome and host response should not to be directly extrapolated
among different rat strains because of the described bias related to
intrinsic or external factors. Furthermore, CAF diet also influences the
microbiota composition in a gender-dependent manner, whereas diet is
the factor that preferably, but not uniquely, defines the resulting
phylogenetic profile. In conclusion, our hypotheses have been confirmed,
showing that robust microbiota perturbations promoted by the CAF diet

depend on rat strain and gender factors.
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ABSTRACT

The synchronization between host circadian rhythms and gut
microbial ecosystem is essential for maintaining a mutually beneficial
cross-talk and host homeostasis. In a healthy state, the abundance of gut
microbes oscillates throughout the course of the day, thus optimizing
their metabolic role. Since nutrient type and availability regulates the
clock machinery, we hypothesized that cafeteria (CAF) diet strongly
disrupts the microbial rhythms, thereby contributing to obesity
development. In addition, some beneficial effects of proanthocyanidins
on obesity are meditated by their interaction with circadian rhythms and
gut microbiota. Consequently, we hypothesized that the
supplementation with a grape seed proanthocyanidins extract (GSPE)
restores the microbial rhythmicity under a CAF feeding. To address these
hypotheses, the cecal microbiota composition was assessed during both
light/resting (ZT3) and dark/active (ZT15) phases in F344 rats fed with
standard (STD) or CAF diets. Indeed, CAF diet-fed groups were diurnally
or nocturnally supplemented with vehicle or GSPE and gut microbiota
was characterized at ZT3 or ZT15, respectively. In this study, we
revealed circadian variations in the gut microbial populations in STD
diet-fed rats, which were mainly characterized by an oscillatory
abundance of Lactobacillus. Importantly, CAF diet induced-obesity was
linked to a strong disruption of microbial rhythmicity, since no
differences on the occurrence of microbial genera were detected
between both resting and active phases. Despite that GSPE
supplementation was not able to restore microbial rhythms at genus
level; the rise of Bacteroidetes-to-Firmicutes ratio promoted by the CAF

diet during the dark phase was effectively counteracted, thereby
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revealing that GSPE was able to manage, at least in part, the time-
dependent CAF diet-induced alterations in the gut microbiota. Overall,
our results shed light on the possible role of GSPE in the regulation of
microbial rhythms, thus postulating a new microbiome-based

mechanism explaining its described beneficial effects on obesity.

Key words: Gut microbiota, cafeteria diet, circadian rhythms, active
phase, resting phase, grape seed proanthocyanidins, diet-induced

obesity.

1. INTRODUCTION

Animals and plants have developed complex mechanisms to adapt
their metabolism, physiology and behaviour to the cyclical and
continuous variations in the environment. The synchronization of
biological processes with these external changes constitute the circadian
rhythms, which confers a selective advantage to living organisms by
optimizing their metabolic efficiency [1]. The chronic disruption of the
circadian rhythms has been linked to the development of a wide range of

diseases including diabetes and obesity [2].

Importantly, the gut microbiota also undergoes diurnal oscillations,
which are mainly controlled by host’s clock genes and feeding patterns,
thus determining specific host-microbiota interactions according to the
daily phase [3]. In turn, circadian fluctuations of the gut microbiota
modulate the activity of peripheral clocks through the production of
metabolites. In fact, obesity and related metabolic disorders have also
been broadly associated with disturbances in the gut microbiota

composition [4].
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Drastic dietary changes in the time of consumption and the type of food
may alter the clock machinery. For instance, the consumption of a high-
fat diet induced changes in the relative abundance of cyclic bacteria in
mice [5]. However, the impact of a cafeteria (CAF) diet on the
microbiome rhythmicity has not been yet evaluated. Therefore, we
hypothesized that the chronic consumption of a highly appetitive and
energy-dense CAF diet entails the disruption of microbial rhythms, thus
disrupting peripheral clocks and contributing to the acquisition of an

obese phenotype.

The recovery of the microbiome functionality using prebiotics has been
extensively evaluated in obese rodents and humans [6-8]. In this sense,
several studies have revealed the prebiotic potential of polyphenols in
metabolic and cardiovascular diseases in animal models [9-12]. Recent
studies have also demonstrated that some polyphenols, mainly
resveratrol and proanthocyanidins, interact with the circadian rhythms
by normalizing the altered expression of clock genes occurring during
obesity and cardiovascular complications [13,14]. For instance, the
disturbances of hepatic clock genes exhibited by diet-induced obese rats
were counteracted by a chronic administration of low doses of grape
seed proanthocyanidins extract (GSPE) [15]. Therefore, the varied
beneficial effects described for proanthocyanidins are suggested to
underlie the regulation of both circadian rhythms and gut microbiota.
Thus, we hypothesized that GSPE, which has been widely described as a
valuable functional food by our research group [16-18], is able to restore

the CAF diet-induced alterations on microbial rhythms.

To elucidate the first hypothesis, we aimed to characterize the

microbiota composition of male F344 rats fed with a standard chow or a
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CAF diet during both the light/resting and the dark/active phases. In this
sense, differences in the microbiota composition between diurnal and
nocturnal conditions were evaluated within each diet, whereas the time
of day-dependent changes on the microbiome promoted by the CAF diet

were investigated.

In order to address the second hypothesis, we aimed to evaluate the
compositional differences of the gut microbiome from CAF diet-fed rats

treated with vehicle or GSPE during either diurnal or nocturnal stages.

2. MATERIALS AND METHODS

2.1 Experimental procedures.

Forty-eight 7-weeks-old male Fischer 344 (F344) rats were supplied
from Charles River Laboratories (Wilmington, Massachusetts, USA).
Animals were housed in temperature controlled rooms (222C) under a
12:12-hour light-dark cycle. After one week of adaptation to the facilities
with free access to food and water, the animals were randomly
distributed into six groups (n = 8 per group) depending on the diet,
treatment and daily phase. Diets employed in this study consisted of a
standard chow diet (Teklad Global 18% Protein Rodent Diet 2018,
Harlan, Barcelona, Spain) (STD) or a cafeteria diet composed of energy-
dense and highly palatable foods including biscuits with paté and cheese,
bacon, pastries and sugared milk (220 g/l) (CAF). The treatment
consisted of GSPE, which was kindly provided by Les Dérives Résiniques
et Terpéniques (Dax, France), and orally administered at doses of 25
mg/kg of body weight every day during the last 4 weeks of the study.
The composition of the GSPE has been previously characterized [19].
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Those groups that did not receive the GSPE treatment were
supplemented with a vehicle consisting of condensed milk diluted with
water in a 1:1 proportion. Daily phase was evaluated depending on the
Zeitgeber time (ZT), starting the light/resting phase at ZTO0. The
treatment was administered at ZTO or ZT12 to the corresponding groups
(ZTO: light or resting phase; ZT12: dark or active phase). Importantly,
cecum samples for metagenomic analyses from ZTO and ZT12 groups

were obtained at ZT3 and ZT15, respectively, at the end of the study.

Therefore, animals were divided into six different groups: (1) STD diet-
fed rats diurnally supplemented with vehicle and sacrificed during the
resting/light phase (STD-V-ZT3); (2) STD diet-fed rats nocturnally
supplemented with vehicle and sacrificed during the active/dark phase
(STD-V-ZT15); (3) CAF diet-fed rats diurnally supplemented with vehicle
and sacrificied during the resting/light phase (CAF-V-ZT3); (4) CAF diet-
fed rats diurnally supplemented with GSPE and sacrificed during the
resting/light phase (CAF-GSPE-ZT3); (5) CAF diet-fed rats nocturnally
supplemented with vehicle and sacrificed during the active/dark phase
(CAF-V-ZT15); and (6) CAF diet-fed rats nocturnally supplemented with
GSPE and sacrificed during the active/dark phase (CAF-GSPE-ZT15).
Animals supplemented with vehicle were used to evaluate the impact of
the CAF diet depending on the daily phase. Furthermore, we investigated
the daily phase-dependent effects of GSPE supplementation in CAF diet-
fed rats. Food intake and body weight were recorded weekly during the
whole experimental procedure. One week before the end of the study,
body composition was assessed by nuclear magnetic resonance (NMR)
using an EchoMRI-700™ device (Echo Medical Systems, L.L.C., Houston,

USA). Serum samples were obtained by saphenous venepuncture and
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processed by centrifugation (2,000 g for 15 min). At the end of the
experimental procedure, 17-weeks-old rats were sacrificed by
decapitation according to the ZT, as described above. Liver, white
adipose tissue depots including mesenteric (MWAT), retroperitoneal
(RWAT), inguinal (IWAT) and epididymal (EWAT), and cecum were
collected, weighed and immediately frozen in liquid nitrogen. All the

samples were stored at -80°C until further analyses.

Cecal microbiota was analyzed as previously described in the Materials
and Methods section of the Chapter 1. The assessment of biochemical
and biometric parameters, as well as the statistical analysis of the
results, were performed as described in Materials and Methods section

of Chapter II.

3. RESULTS AND DISCUSSION
3.1 Cafeteria diet distinctively alters host physiology

according to Zeitgeber time.

The comparison of food intake, biometric and biochemical
parameters between ZT3 and ZT15 male F344 rats fed with STD or CAF
diet is shown in Table 1. As expected, CAF diet promoted an increase in
total energy intake regardless the daily phase as compared to STD diet-
fed animals. In fact, the consumption of the CAF diet resulted in a higher
energy intake from carbohydrates, proteins and lipids, while fiber intake
was lower, which is in accordance with a reduction of the cecum weight
when compared to STD controls. Moreover, CAF diet induced a drop in
food efficiency independently of the daily phase. The CAF diet-induced

alterations on food intake led to the development of an obese profile
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within both ZT3 and ZT15 groups. In this sense, CAF diet promoted
changes in all the biometric parameters defining the obese rat
phenotype, including an increment of body weight gain and fat mass,
adiposity index and visceral fat percentage, accompanied by a reduction

on body lean mass.

Surprisingly, differences according to daily phase (light or dark
conditions) were identified in visceral fat, adiposity index, and
percentages of RWAT and IWAT, being lower in ZT3 (resting phase)
compared to Z15 (active phase) independently of the diet. In accordance,
the circadian organization of the metabolic processes is optimized
throughout the day by increasing food intake and energy harvest during
the active phase (ZT15) and mobilizing fat stores in order to sustain
basal metabolic activity during the resting phase (ZT3) [20]. In this
regard, leptin is one of the major regulators of fat deposition and
utilization in adipose tissue, acting as an appetite inhibitor and energy
expenditure promoter [21], and positively correlating with the amount
of stored body fat in both humans and rodents [22,23]. Leptin levels,
altogether with lipid storage, exhibits striking circadian patterns in both
gene expression and protein secretion, which is retained even in altered
metabolic states such as obesity [24,25]. Leptin achrophase (maximum
expression) occurs during the night phase in humans, which might be
associated to a lower degree of fat accumulation and higher mobilization
during the sleep phase [26]. Therefore, the lower adiposity during the
resting phase reported in our study, which occurred independently of
the diet, could be explained by an increased leptin expression and fat

utilization. Alternatively, the major food intake occurring during the dark
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phase may contribute to the increased fat deposition observed in this

period.

However, no differences on body fat and lean mass percentages were
observed depending on the daily phase. In this sense, visceral fat,
adiposity index and percentages of white adipose tissues were measured
at the corresponding daily phase when rats were sacrificed, while body
composition was assessed at the same moment of the day for every
group, thus normalizing the obesogenic effect of the CAF feeding
regardless the daily phase. On the other hand, an increased body weight
gain was reported during the light phase (ZT3) regardless of the diet,
which was due to the inclusion of a couple of low body weight animals in
the CAF diet-fed ZT3 group that finally reached a similar final body
weight that the rest of rats in this group.

In addition, the diminution of lean-to-fat ratio promoted by the CAF diet
was more pronounced during the resting (ZT3) phase than during the
active (ZT15) phase. These results are mostly explained by a high lean-
to-fat ratio in STD diet-fed rats supplemented with vehicle during the
resting phase, whereas CAF diet-fed rats showed similar values. Thus, we
suggest that vehicle (condensed milk:water) delivery during the resting
phase promotes the energy storage in fat deposits, thus counteracting
the leptin-mediated energy expenditure during this period. In this
regard, the consumption of rapidly absorbable carbohydrates contained
in the condensed milk were previously related to an insulin-meditated
suppression of fatty acids release from adipose tissue accompanied by an
increment of fat storage [27]. Moreover, food intake and host’s circadian
rhythms are directly involved in managing the activity of the gut

microbiome [28]. Therefore, it is hypothesized that perturbations of
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circadian clocks by the CAF diet led to disturbances on the rhythmicity of
gut microbiota, which could be indirectly implicated in the observed

differences on host physiology between dark and light phases.

Concerning biochemical parameters, the CAF diet induced
hypertriglyceridemia, hyperglycaemia and hypercholesterolemia
independently of the daily period. Serum glucose levels were raised
during the active phase as compared to ZT3 group regardless of the diet
type, which is in accordance with the daily rhythmicity exhibited in
fasting blood glucose in both mice and rats [29,30], showing a peak at
the beginning of the dark phase [30]. In this sense, it was suggested that
the hepatic intracellular clock may play a crucial role in the fluctuation of
blood glucose because clock genes-deficient mice does not exhibit such
rhythmicity [30]. Overall, the influence of diurnal and nocturnal
conditions on the biometric and biochemical outcomes has been
reported, whereas major indicators of hyperphagia and obesity induced

by the CAF diet were observed regardless the daily phase.
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Table 1. Food intake, biometric and serum parameters in male Fischer
344 rats during resting (ZT3) or active (ZT15) phases fed with a standard
(STD) or a cafeteria (CAF) diet.

7713

ZT15

Two-way

STD CAF STD CAF ANOVA
Food intake (kcal/day)
Total energy intake 60.6 £ 0.97 159 + 3.55 60.6 £ 1.79 151 +5.53 D
Total carbohydrates intake 35.2+0.56 92.8+2.71 35.2+1.04 87.9 +3.34 D
Simple carbohydrates intake 0.00 £ 0.00 52.7 £ 2.27 0.00 £ 0.00 46.6 £ 2.27 D
Lipid intake 10.9£0.17 43.7 £2.33 10.9 £ 0.32 45.6 +2.00 D
Protein intake 14.6 £0.23 18.2 £0.52 14.5 £ 0.43 17.4 +£0.42 D
Fiber intake (g/day) 2.88+0.05 1.88 £ 0.06 2.87£0.08 1.76 £ 0.03 D
Food efficiency 3.35+0.08 2.24+0.21 3.17 £0.19 2.00 £ 0.07 D
Biometric parameters
Body weight gain (g) 128 £3.29 225+17.1 121 £8.00 189 £ 4.16 tD
Fat mass (%) 12.0 £ 0.51 242 +1.73 15.0 £ 0.58 23.5+0.81 D
Lean mass (%) 78.3+0.78 69.7 +1.67 78.2 +0.54 70.2+0.91 D
Lean/fat ratio 6.60 +0.25 3.00 + 0.34* 5.26 £ 0.24 3.03 £ 0.14* t*D
Visceral fat (%) 6.24 +0.17 9.66 +0.43 7.19+0.16 10.1 +£0.24 tD
Adiposity Index 7.63+0.21 12.0 £ 0.63 9.14 £ 0.26 12.9 +£0.37 tD
MWAT (%) 1.51+0.08 2.56+0.13 1.83 £ 0.05 2.70+£0.19 D
RWAT (%) 2.26 £ 0.09 3.20+0.16 2.53+0,09 3.46+0.14 tD
EWAT (%) 2.43+0.10 3.90 + 0.24 2.65+0.12 4,12 £ 0.09 D
IWAT (%) 1.34 £ 0.08 2.33+0.26 1.95+0.18 2.79+0.38 tD
Cecum weight (g) 5.58+0.30 436 +0.21 5.28+0.38 3.54+0.34 D
Serum parameters
Glucose (mg/dL) 150 £ 5.97 202+10.9 159 + 2.69 238+ 13.6 tD
Triglycerides (mg/dL) 134 +£8.21 358 +24.3 144 +10.4 399 + 23.6 D
Total cholesterol (mg/dL) 59.0 + 3.82 948 +7.29 60.4 +3.18 100 +8.99 D

Male F344 rats (n = 8 per group) were fed with STD or CAF diet and sacrificed
at ZT3 or ZT15. Data are expressed as the mean + SEM. D, the effect of diet type;
t, the effect of daily phase; txD, the interaction of daily phase and diet type
(two-way ANOVA, p< 0.05). * The effect of diet within each ZT group (Student’s
t-test, p < 0.05). EWAT, epididymal white adipose tissue; IWAT, inguinal white
adipose tissue; MWAT, mesenteric white adipose tissue; RWAT, retroperitoneal

white adipose tissue.

182



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

Chapter 111

On the other hand, we evaluated the effect of a chronic supplementation
with dietary doses of GSPE in male F344 rats fed with a CAF diet. Here,
we investigated the differences on food intake, biometric measurements
and biochemical parameters according to the treatment with vehicle or
GSPE during the light/resting or dark/active phases, as presented in
Table 2.

Total energy intake, as well as carbohydrate and lipid consumption, was
unaltered by the GSPE supplementation under a CAF feeding. However,
the GSPE-treated rats showed a reduced protein and fiber intake with
respect to the vehicle-treated groups in both daily phases, which could
be due to a lower standard chow consumption (ZT3-VEH: 10.6 * 0.37
g/day; ZT3-GSPE: 7.55 + 0.28 g/day; ZT15-VEH: 8.58 + 0.44 g/day; ZT15-
GSPE: 7.65 £ 0.29 g/day). Even so, highly appetitive ingredients included
in the CAF diet were similarly consumed (data not shown), finally
showing no significant differences on total energy intake. However, GSPE
supplementation tended to decrease energy intake during the resting
phase (ZT3 groups) (Student’s t-test, p = 0.07), which, in turn, was
predominantly explained by a reduced chow intake. In this sense, Ibars
et al. demonstrated that the chronic and diurnal administration of
dietary doses of GSPE reduced the total caloric intake in rats fed with a
CAF diet [31]. In addition, we also observed a lower cecum weight in
GSPE-supplemented groups, which was in accordance with a reduced

total fiber intake.

Moreover, the GSPE treatment consistently reduced the body weight
gain induced by CAF diet regardless the daily phase. However, this body
weight gain limiting effect of GSPE, which is supported by a previous

study using pharmacological doses in CAF diet-fed rats [32], was not
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accompanied by a significant reduction on adiposity; thus it could not be
taken as a beneficial effect for obesity. Altogether, the lowering effects of
GSPE supplementation on protein and fiber consumption, mainly due to
a reduced chow intake, might explain the lower body weight gain, which
was accompanied by a numerically lower lean-to-fat mass ratio as
compared to vehicle-supplemented groups. For this reason, the
differences observed in feeding behaviour might be masking the

previously described beneficial properties of GSPE in our study.

Surprisingly, body weight gain and cecum weight were lower in the
groups supplemented during the active phase. A possible explanation to
this outcome may underlie the water:milk solution used as vehicle,
which is suggested to be not completely utilized when administered
during the resting phase, thus contributing to an increased energy

storage and body weight gain.

No treatment effects were described for biochemical parameters such as
blood glucose, triglycerides or total cholesterol levels. Interestingly,
fasting glucose levels were higher during the active phase (ZT15), which
is in accordance with the previously discussed increment of serum
glucose at the beginning of this period [30]. Overall, the CAF diet-
promoted alterations on physiological, biometric and biochemical
parameters were not counteracted by the chronic administration of low

doses of GSPE.
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Table 2. Food intake, biometric and serum parameters in vehicle- and
GSPE-treated male Fischer 344 rats during resting (ZT3) or active (ZT15)

phases during 4 weeks under a cafeteria (CAF) feeding.

7713

ZT15

Two-way

VEH GSPE VEH GSPE ANOVA
Food intake (kcal/day)
Total energy intake 159 £ 3.55 147 +5.07 151 +5.53 148 + 3.59 n.s
Total carbohydrates intake 92.8+2.71 85.3+3.19 87.9 +3.34 85.6 + 2.55 n.s
Simple carbohydrates intake 52.7 £2.27 48.0 +£3.37 46.6 £ 2.27 46.3+1.60 n.s
Lipid intake 43.7 £2.33 45.1+191 45.6 £ 2.00 45.2 £ 1.04 n.s
Protein intake 18.2 +£0.52 16.6 + 0.49 17.4 +0.42 16.7 £ 0.37 T
Fiber intake (g/day) 1.88 £ 0.06 1.56 £ 0.07 1.76 £ 0.03 1.65 £ 0.07 T
Food efficiency 2.24+0.21 2.09+0.11 2.00 £ 0.07 1.97 £0.10 n.s
Biometric parameters
Body weight gain (g) 225+17.1 193 +7.16 189 + 4.16 182 + 6.64 tT
Fat mass (%) 242 +1.73 254 +1.16 23.5+0.81 244 +1.11 n.s
Lean mass (%) 69.7 £ 1.67 68.4 +0.98 70.2+0.91 69.2 £ 0.99 n.s
Lean/fat ratio 3.00 £ 0.34 2.73+0.15 3.03+0.14 2.89+0.17 n.s
Visceral fat (%) 9.66 +0.43 9.91 £ 0.37 10.1 £ 0.24 10.1+0.31 n.s
Adiposity Index 12.0 £ 0.63 12.2 £ 0.46 12.9 +£0.37 13.2 £ 0.47 n.s
MWAT (%) 2.56+0.13 2.45+0.14 2.70+0.19 2.59+0.21 n.s
RWAT (%) 3.20+0.16 3.42+0.14 3.46+0.14 3.32+0.13 n.s
EWAT (%) 3.90 £ 0.24 4.04 £0.15 4.12 £0.09 422+0.21 n.s
IWAT (%) 2.33+0.26 2.33+0.17 2.79+0.38 3.07 £0.32 n.s
Cecum weight (g) 436 +0.21 3.63+0.19 3.54+0.34 3.22+0.18 tT
Serum parameters
Glucose (mg/dL) 202 +10.9 203 +8.07 238+ 13.6 217 +12.5 t
Triglycerides (mg/dL) 358 +24.3 389 +57.0 399 +23.6 419+ 234 n.s
Total cholesterol (mg/dL) 948 +7.29 93.0+4.18 100 £8.99 103 +7.94 n.s

Male F344 rats (n = 8 per group) under a CAF feeding were supplemented with
vehicle or GSPE during the last 4 weeks of the study and sacrificed at ZT3 or
ZT15. Data are expressed as the mean + SEM. t, the effect of daily phase; T, the
effect of treatment; txT, the interaction of daily phase and treatment (two-way
ANOVA, p< 0.05). * The effect of treatment within each ZT group (Student’s t-
test, p < 0.05). EWAT, epididymal white adipose tissue; IWAT, inguinal white
adipose tissue; MWAT, mesenteric white adipose tissue; RWAT, retroperitoneal

white adipose tissue.
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3.2 Daily oscillations of cecal microbiome are altered by

cafeteria diet.

The assessment of gut microbiota composition in male F344 rats fed
with a STD or a CAF diet within the light (ZT3) or dark (ZT15) phases
revealed that diet significantly contributed to changes on the microbial
phylogenetic structure at genus level (two-way PERMANOVA, p < 0.001)
(Supplementary Figure 1). Importantly, one-way PERMANOVA showed
that gut microbiome composition was significantly different between
ZT3 and ZT15 groups when animals were fed with a STD diet (p = 0.011),
but not with a CAF diet (p = 0.107). In this sense, circadian fluctuations
in the composition of the microbiome have been extensively reviewed in
the last years [33,34]. These changes on microbiota configuration are
associated with time of the day-specific tasks carried by out by the
microbes including detoxification and chemotaxis during the resting
phase, and cell growth, DNA repair and energy harvest during the active
phase [28]. Therefore, microbiome dynamically changes in response to
nutrient availability, thus highlighting a particular metabolic role
performed by the whole community. Interestingly, these daily
oscillations, which are displayed in both rodents and humans
independently on a particular microbiome, rely upon the host’s internal
circadian clocks [35]. Furthermore, the entire gut microbial
communities, particularly its generated metabolites such as short-chain
fatty acids (SCFA), are considered key agents affecting the expression of
host’s circadian clock genes. For instance, high-fat diet was shown to
induce an altered hepatic expression of clock genes in mice, whereas this

feature was not observed in the absence of gut microbiota [36].
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Altogether, among the wide variety of metabolic and behavioural
functions attributed to clock genes, they are known to rapidly adapt the
host-microbiota metabolism to the changing environmental conditions
such as the nutrient availability [37]. In turn, microbiota-derived
metabolites such as SCFAs contribute to the regulation of the energy
homeostasis and eating behaviour [38], thus resulting in a complex
interactive network between diet, gut microbiota and host’s circadian

rhythms.

In the present study, while gut microbiome composition differed
between both phases in rats fed with a STD diet, we showed that CAF
feeding abolished the microbial circadian rhythmicity. Thus, we
suggested that the CAF diet-induced alterations on gut microbial
rhythms and host’s circadian clocks led to the chronodisruption of
feeding patterns, thus favouring hyperphagia and its deleterious

consequences on metabolic health.

Focusing on each daily phase, CAF diet was able to change the gut
microbial composition of both ZT3 (p < 0.001) and ZT15 (p < 0.001)
groups when compared to their respective STD diet-fed controls (One-
way PERMANOVA), without impacting on the bacterial diversity at any
daily phase, as revealed by Shannon Index (Figure 1). In this sense,
bacterial diversity is robustly maintained over the course of the day
within both STD and CAF diet-fed groups despite the alteration of
microbial rhythmicity by the CAF feeding. In this sense, a recent study
concluded that the alteration of microbial rhythms has no influence on
the bacterial diversity in humans and rats [39]. Thus, caution must be

taken when assessing the diminution of alpha-diversity as an
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unavoidable consequence of the disruption of microbial rhythmicity

linked to metabolic diseases.

On the other hand, gut microbiome of vehicle- or GSPE-treated rats
under a CAF feeding was characterized within both light and dark
phases. Despite that no treatment-induced differences on the genera
composition were identified within neither ZT3 nor ZT15 groups, GSPE
tended to modulate the microbial community only within the active
phase (one-way PERMANOVA, p = 0.054) (Supplementary Figure 2). In
this sense, we postulate that GSPE supplementation could be able to
restore the CAF diet-induced disruption on gut microbial composition
when administered during the dark phase, but not during the resting
phase. Moreover, two-way ANOVA revealed a time x treatment
interaction describing changes on Dbacterial diversity (p =
0.029).Therefore, the GSPE-induced changes on Shannon’s diversity
index largely depended on the time of administration, despite that no
significant variations in bacterial diversity were observed within each
daily phase (Student’s t-test). As recently published, a chronic
administration of pharmacological doses of GSPE (500 mg/kg body
weight) caused a depletion of bacterial alpha-diversity in STD diet-fed
rats [40]. However, our results revealed that dietary doses of GSPE did
not promote a diminution on alpha-diversity even when rats were under
a long-term CAF feeding. In summary, F344 rats consistently maintain
the diversity of gut microbiota despite the consumption of a CAF diet and

the GSPE supplementation regardless the daily phase.
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Figure 1. Differences in alpha-diversity among groups assessed through the
Shannon Index. A. Microbial diversity determined during the resting (ZT3) or
during the active (ZT15) phase in male F344 rats fed with a standard (STD) or a
cafeteria (CAF) diet. B. Microbial diversity determined during the resting (ZT3)
or during the active (ZT15) phase in vehicle- and GSPE-treated animals fed with
a CAF diet. Data are expressed as the mean + SEM. txT, the interaction of time
and treatment (two-way ANOVA, p< 0.05). * The effect of diet or treatment
within each daily phase (Student’s t-test, p < 0.05).

3.3 Time-dependent alterations of the main taxa at phylum

level.

Firmicutes was identified as the most abundant phylum, representing
up to 89.9% and 83.0% of the total bacteria within both ZT3 and ZT15
groups fed with a STD diet, respectively. Interestingly, while no
significant differences on the main bacterial taxa were found between
daily phases in rats under a STD feeding, Lentisphaerae (a low-abundant
phylum representing less than 0.01% of the total bacteria) was
significantly decreased in ZT15 compared to ZT3 group (p = 0.004).
Victivallis vadensis is the unique bacterial specie within the phylum of
Lentisphaerae that has been isolated from the gastrointestinal tract in
humans [41,42], which is in accordance with our observations at genus
level, although its impact on the host remains to be determined. Here, we

reported that circadian variations of this unexplored phylum in STD diet-
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fed rats were disrupted by the CAF feeding, showing no differences on its

relative abundance between light and dark phases (p = 0.629).

Two-way ANOVA revealed a significant interaction between time and
diet type (p = 0.018) on the modulation of Bacteroidetes-to-Firmicutes
ratio, which was significantly incremented during the dark phase, but
not during the light phase, by the CAF diet when compared to its
respective STD diet-fed group (Student’s t-test, p = 0.021), as shown in
Figure 2. In accordance with this result, we showed for the first time
that the CAF diet disrupts the diurnal rhythmicity of the main phyla. As
discussed above, host’s circadian clock genes regulate the food
consumption that, in turn, is the primary driver for the changes in
microbiota composition [43]. In addition, the intestinal microbiome is
interconnected with the host’s circadian rhythms, that in turn modulate
the metabolic pathways related to anabolism and catabolism [35].
Therefore, we suggest that the continuous availability and consumption
of energy-dense and highly appetitive foods markedly disrupted the
host-microbiota oscillations by altering microbial communities.
Accordingly, it has been shown that time-restricted feeding partially
restores the microbiome fluctuations over time in diet-induced obese

rodents [44].
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Figure 2. The two major phyla composing the microbiome expressed as the
Bacteroidetes-to-Firmicutes ratio. A. B/F ratio assessed during the resting
(ZT3) or during the active (ZT15) phase in both standard (STD) and cafeteria
(CAF) diet-fed rats. B. B/F ratio assessed in vehicle- and GSPE-treated animals
fed with a CAF diet within both ZT3 and ZT15 groups. Data are expressed as the
mean + SEM. txD, the interaction of time and diet type; txT, the interaction of
time and treatment (two-way ANOVA, p< 0.05). * The effect of diet or treatment
within each daily phase (Student’s t-test, p < 0.05).

On the other hand, during the dark phase (ZT15), GSPE tended to rise the
Firmicutes abundance (VEH: 65.7 + 6.01, GSPE: 80.6 + 2.83, p = 0.059),
while Bacteroidetes tended to drop (VEH: 22.2 + 4.43, GSPE: 11.3 * 2.50,
p = 0.093), while no significant changes were observed during the light
phase (ZT3) (data not shown). Whereas GSPE supplementation at high
doses led to an increment of Firmicutes abundance [40], we
demonstrated that dietary doses of GSPE tended to reproduce this
feature in male F344 rats even under a CAF feeding. Concerning the
modulation of the Bacteroidetes-to-Firmicutes ratio, we reported a
significant interaction between time and treatment factors (two-way
ANOVA p = 0.033). Consistently, this ratio was significantly reduced in
GSPE-treated group during the dark phase as compared to ZT15 controls
(Student’s t-test, p = 0.046). These results suggest that a chronic

administration of GSPE was able to reverse the time-dependent

191



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA DYSBIOSIS IN DIET-INDUCED OBESITY. A FOCUS ON THE INFLUENCE
OF GENETICS, CIRCADIAN RHYTHMS AND POTENTIAL PREBIOTICS.

Andreu Gual Grau

III. Results

alterations of the main taxa induced by the CAF diet. Despite that
compositional changes of gut microbiota in GSPE-supplemented rats
were not linked with improvements on obesity-related parameters in
this study, the beneficial effects of chronic and acute administration of
dietary and high doses of GSPE in diet-induced obese rodents have
widely been reported in the literature. In this regard, the chronic
administration of elevated doses of GSPE (500 mg/kg body weight)
modulated the gene expression patterns in adipose tissue, liver and
muscle, leading to an increased fatty acid oxidation and a reduced
amounts of white adipose tissue under a high-fat high-sugar diet [45].
Interestingly, dietary doses of GSPE (25 mg/kg body weight)
administered to animals fed with a CAF diet normalized major regulators
of lipids metabolism in liver [46], improved glucose homeostasis and
insulin resistance [18], increased the thermogenic capacity and
mitochondrial functions [47] and protected from diet-induced intestinal
alterations [16]. However, consistent differences on animal strains,
length of dietary intervention and duration of treatment may contribute
to explain the absence of beneficial physiologic effects previously
attributed to GSPE. In our metagenomic study, we demonstrated that low
doses of GSPE were able to restore the daily oscillations of the main
bacterial taxa altered by a CAF diet in F344 rats, which could be partially
linked to the GSPE-mediated metabolic responses against diet-induced

obesity described in the literature.

Importantly, we found up to 7 different phyla altered by the CAF feeding
compared to STD controls within each ZT3 and ZT15 groups. As
presented in Figure 3, Firmicutes (p < 0.050), Proteobacteria (p <

0.010), Tenericutes (p < 0.050) and TM7 (p < 0.010) were similarly
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altered by CAF diet in both dark and light phases. The depletion of
Firmicutes, Tenericutes and TM7 relative abundances induced by our

CAF model was counteracted by a significant rise of Proteobacteria

population (p < 0.050).
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Figure 3. Relative abundance of the main phyla influenced by the cafeteria
(CAF) diet within both light (ZT3) and dark (ZT15) phases in F344 rats.
*Significant differences assessed through Welch’'s t-test after Benjamini-
Holchberg FDR correction considering corrected p-values < 0.05.

Altogether with the rise of Bacteroidetes induced by the CAF diet
uniquely detected in during the dark phase, CAF diet promoted a

significant increment of Actinobacteria abundance during the resting
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phase (ZT3), whereas no daily differences were detected between ZT3
and ZT15 groups fed with a STD diet (p = 0.318). Therefore, it is
suggested that the response of this phylum to the dietary intervention is
daily phase-dependent, whereas its maintained abundance in STD diet-
fed rats across daily phases was disrupted by the CAF feeding.
Bifidobacterium is the most studied genus of the Actinobacteria phylum,
showing a high versatility in terms of degrading dietary polysaccharides
and inhibiting the growth of pathogens in both humans and rodents [48-
50]. However, an unclassified Coriobacteriaceae, instead of
Bifidobacterium, was the main responsible for the observed CAF diet-
induced rise of Actinobacteria during the light phase only. High
Coriobacteriaceae abundance was also reported in obesity [51] and after
partial sleep deprivation [52], being the sleep timing a factor that
profoundly contributes to the host’s rhythmicity [53]. Therefore, we
suggest that high occurrences of Actinobacteria, which was detected
during the resting phase, are linked to the CAF diet-induced disturbances

on microbial rhythmicity.

The above reported changes on Lentisphaerae abundance in STD diet-
fed rats according to daily phase were also induced by the CAF feeding.
In this regard, the increased Lentisphaerae occurrence during the resting
phase in STD diet-fed rats was depleted after the consumption of the CAF
diet (p = 0.013), hence contributing to the disruption of the microbiome

rhythmicity.
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3.4 CAF diet distinctively alters gut microbiota according to

daily phase.

In this study, both daily phase (p = 0.018, R = 0.152) and diet (p <
0.001, R = 0.550) significantly contributed to the differences on
microbial populations as revealed by two-way ANOSIM, with the dietary
factor explaining most of these changes. Importantly, global differences
between both light and dark phases in animals fed with a STD diet were
mainly explained by variations on the Lactobacillus occurrence. Here, we
reported that Lactobacillus genus was significantly more abundant
during the resting (ZT3) than during the active (ZT15) phase,
representing up to 5.62% and 1.89% of total bacteria, respectively. In
accordance with these results, certain Lactobacillus species were found
to decline during the active/dark phase and increase during the
resting/light phase in mice [35]. In addition, cyclical oscillations of
Lactobacillus were disturbed under an ad libitum high-fat diet, while
time-restricted feeding restored its diurnal fluctuations resembling to
that observed in the regular chow-fed mice [5]. Because of gut microbes
utilize the complex carbohydrates to generate SCFAs and lactate (lactic
acid bacteria such as Lactobacillus spp.), an oscillatory production
according to the circadian abundance of microbial producers should be
expected. Furthermore, every other day fasting in mice resulted in a shift
in the gut microbiome leading to an elevation of the fermentation
products such as acetate and lactate [54]. In our study, Lactobacillus
genus was identified as the most abundant lactic acid bacteria, therefore
suggested to be the major lactate producer in the gut. Recent literature
support an increasing evidence for lactate acting as a linkage between

neuronal activity and metabolism [55], as well as suggested to be the
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preferred fuel for human brain [56,57]. Therefore, an hypothetical
rhythmicity of lactate production in our study, which has already been
observed in the cecum of mice [58], could be actively contributing to the
maintenance of brain functions essentially during the resting period,
although further research is needed to understand the role of a rhythmic
Lactobacillus abundance and microbiota-derived lactate in the host

metabolism.

Alternatively, the gut microbiome of rats fed with a CAF diet did not
show differences on its phylogenetic structure at genus level between
both light and dark phases, which is in accordance with previous
suggestions postulating diet as a determinant factor in the daily
oscillations of gut microbiome [59]. Therefore, CAF diet is suggested to
strongly disrupt the daily microbiota oscillations at genus level, as
discussed above regarding the phyla composition. In addition, when
compared to STD diet-fed animals, CAF rats displayed changes on genera
abundance according to the daily phase, although some relevant genera
were similarly altered between groups in both active and resting phases,
as presented in Figure 4. In this regard, an unclassified genus belonging
to the Clostridiales order was significantly decreased within both CAF
diet-fed ZT3 (p = 0.003) and ZT15 (p = 0.019) groups compared to their
respective lean controls. In the same way, CAF diet induced a drop on
Dehalobacterium abundance independently of the daily phase. In
contrast, other Firmicutes-belonging genera such as Blautia,
Phascolarctobacterium and rc4-4, altogether with Bacteroides
(Bacteroidetes) and Sutterella (Proteobacteria), were indistinctively

raised by CAF feeding within both light and dark phases.
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Figure 4. Relative abundance of the main genera similarly influenced by the
cafeteria (CAF) diet within both light (ZT3) and dark (ZT15) phases in F344
rats. *Significant differences assessed through Welch'’s t-test after Benjamini-
Holchberg FDR correction considering corrected p-values < 0.05.

In this scenario, CAF diet seems to drive a consistent alteration on gut
microbiome that is maintained throughout the day. However, some of
the bacterial genera were only altered within the active or resting phase
in the CAF diet-fed groups, suggesting that this dietary model also
induces time of the day-specific alterations of the microbial ecosystem.
Among them, genera belonging to Firmicutes phylum comprising
Roseburia (p = 0.045), Allobaculum (p = 0.043) and Ruminococcus (p =
0.012) were increased, altogether with a diminution of Oscillospira (p =
0.048) abundance, in CAF diet-fed rats during the resting phase, but not
during the active phase, as shown in Figure 5. Commonly, most of the

studies evaluating the diet-induced obesity consequences on the
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microbiota composition collect the fecal or cecum samples for
metagenomic analyses during the light/resting period of the animals.
Therefore, diet-induced microbiome alterations observed in ZT3 group
are subjected to be contrasted with the recent literature. However,
several factors such as rat strain, dietary model and feeding duration
difficult the direct comparison between our results and those obtained in
other studies. Interestingly, Ruminococcus genus was previously found
enriched in mice and obese-prone rats fed with a high-fat diet [60,61]. In
contrast, the reported enrichment in Roseburia induced by the CAF diet
during the light phase is in contrast with the literature describing a
dropped abundance of this genus in high-fat diet fed mice [62]. In this
regard, butyrate-producers such as Roseburia spike in response to
available substrates after food intake and decrease as the energy source
is depleted [63]. Therefore, higher Roseburia abundance in CAF diet-fed
rats during the resting phase could be in alignment with an increased

food intake during this period by the CAF group.
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Figure 5. Relative abundance of the main genera distinctively influenced by the
cafeteria (CAF) diet according to light (ZT3) or dark (ZT15) phase in F344 rats.
*Significant differences assessed through Welch's t-test after Benjamini-
Holchberg FDR correction considering corrected p-values < 0.05.

In the ZT3 group, we also reported that CAF diet caused a significant rise
of Parabacteroides (p = 0.045; Bacteroidetes phylum), and Desulfovibrio
and Bilophila (p = 0.043, p = 0.049; Proteobacteria phylum) abundances,
as previously presented in Chapter II. On the other hand, CAF diet-fed

rats showed a significantly increased Butyricimonas (p = 0.042;

Bacteroidetes phylum) occurrence during the active/dark phase (ZT15),
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but not during the light phase, while the occurrences of Odoribacter (p =
0.046) and genera belonging to Firmicutes phyla such as unclassified

Lachnospiraceae (p = 0.046) and Lactococcus (p = 0.049) were dropped.

Overall, we demonstrated that several specific genera levels were
distinctively modulated by the CAF diet according to the daily phase,
thus reflecting that microbial oscillations naturally occurring under a
STD diet were profoundly altered by the CAF feeding. In conclusion, the
daily phase actively contributes to the diet-induced changes of the
microbiota composition, resulting to be determinant for final conclusions
and, consequently, being considered a factor that should be taken into

account in further microbiome-related studies.

In line with the absent differentiation between cecal microbial
populations in CAF diet-fed rats treated with GSPE compared to those
treated with the vehicle (one-way PERMANOVA, p > 0.05), no significant

changes on specific genera were identified at any daily phase.

3.5 Principal component analysis.

The clustering of the samples by diet and daily phase was
investigated through a Principal Component Analysis (PCA), revealing
that diet factor played a key role in the distribution of samples along the
two principal components (PC). Globally, PCA described up to 46.2% of
the overall variation, where rats fed with a STD or CAF diet were
separately represented along the first PC axis (31.8%) as shown in
Figure 6. Furthermore, cecal microbiota samples from CAF diet-fed rats
exhibited a high inter-individual variability than STD controls that, in
turn, is suggested to be the main consequence of the free-choice based

dietary model defining the CAF feeding. On the other hand, PC2
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described the 14.4% of the overall variation, where samples from
active/dark and resting/light phases were mostly located in the lower
and upper parts, respectively. Microbiota samples from STD diet-fed rats
robustly clustered within both light and dark phases, but significant
differences between the two populations, mostly explained by changes
on Lactobacillus abundances, were identified, as discussed above. In this
way, the microbiota composition of CAF diet-fed rats was overlapped in
the right side according to the lack of statistical differences on their
microbiota composition. Therefore, CAF diet was able to strongly
modulate the microbial ecosystems within both light and dark phases in
male F344 rats, while disrupting time of the day-dependent divergences

on the phylogenetic structure of the microbiome.
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Figure 6. Principal component analysis constructed from the relative
abundance of genera representing more than 1% of bacteria at least in two
samples. Circular and squared dots represent standard (STD) and cafeteria
(CAF) diet-fed animals, respectively. Black and white dots discriminate
between active/dark and resting/light daily phases, respectively. PC, principal
component.

On the other hand, the effect of a chronic supplementation with low
doses of GSPE in CAF diet-fed rats on gut microbiota composition did not
show a particular clustering with respect to vehicle-treated rats, as
shown in Figure 7. In light of the non-significant changes on the

microbiota populations revealed by one-way PERMANOVA, the 34.0% of

the overall variation explained by the two principal components (PC1:
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20.9%; PC2: 13.1%) of the PCA was not able to group the samples by the

treatment received.
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Figure 7. Principal component analysis constructed from the relative
abundance of genera representing more than 1% of bacteria at least in two
samples. Circular and squared dots represent the vehicle- and GSPE-treated
animals under a cafeteria (CAF) feeding, respectively. Black and white dots
discriminate between active/dark and resting/light daily phases, respectively.

PC, principal component.

4. CONCLUDING REMARKS

In this study, we observed that gut microbiota composition at genus

level differed between diurnal and nocturnal stages, suggesting a
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naturally occurring microbial rhythmicity when animals were fed under
a chow diet. In this sense, it is well known that rodents with ad libitum
access to normal chow show cyclical feeding patterns, preferably
consuming their diets during the night-time (active phase) [64].
According to this feature, cyclical fluctuations in the relative abundance
of Bacteroidetes and Firmicutes were also observed in chow-fed mice,
while alpha-diversity was shown to fluctuate with the time of the day by
rising during feeding periods and falling with fasting [5]. However, we
did not detect changes on major phyla or alpha-diversity between dark
and light phases in STD diet-fed rats. In this sense, the peaks of
abundance of cyclical phyla might not correspond to our ZT points,
thereby limiting the detection of circadian changes in our study. On the
other hand, diet-induced obesity, as well as the disruption of circadian
rhythms by a continuous exposure to light, are related to a decreased
bacterial diversity [65,66]. However, a similar study analysing the
changes on gut microbiota composition during light or dark phase in
mice fed with a STD or a HFD reported an absence of regular oscillations
in Shannon’s diversity index independently of the diet [67], which is in
accordance with our results. Furthermore, HFD-fed mice showed an
increased Bacteroidetes-to-Firmicutes ratio during the resting stage
[67]. Contrary, we revealed that CAF diet strongly increased this ratio
during the active phase, but not during the resting phase, in F344 rats.
Since no changes were detected in the Bacteroidetes-to-Firmicutes ratio
during the resting phase, it is postulated that the effects of the CAF diet,
mainly detected during the active feeding period, are not constant
throughout the day. In this sense, nutrient availability exerts an
important control over the rhythms of microbial ecosystem in the gut as

previously stated [68].
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Interestingly, the divergent composition of gut microbiota at genus level
between light (ZT3) and dark (ZT15) phases in STD diet-fed rats was not
observed in the CAF diet-fed groups, thus indicating that CAF diet was
able to strongly disrupt the microbial rhythmicity. Remarkably, the
changing abundance pattern observed for Lactobacillus in STD diet-fed
rats was not reported in the animals consuming a CAF diet. In this
regard, it was shown that time-restricted feeding restores the loss of
cyclical rhythmicity in Lactobacillus abundance under a HFD feeding in
mice [5]. This genus mediates the deconjugation of bile acids due to its
bile salt hydrolase (BSH) activity [69]. Moreover, the conjugated tauro-
beta-muricholic acid (TBMCA) is known to act as a potent antagonist of
intestinal FXR in rodents [70]. In this sense, a decreased BSH activity,
which was previously related to anti-obesity effects in mice [71], favours
the intestinal FXR inhibition that, in turn, was shown to prevent obesity-
related metabolic complications [72]. In line with these observations,
elevated Lactobacillus populations in obese and diabetic subjects have
been reported [73]. However, an increased intestinal BSH activity was
demonstrated to significantly reduce weight gain, LDL cholesterol and
liver triglycerides in mice fed chow or high-fat diets [71], in contrast
with the connection between FXR agonists and aggravated disorders in
lipid metabolism in obese mouse models previously shown [74]. Hence,
contradictory evidences on the role of intestinal FXR in obesity and
related metabolic complications claim for further investigation. In
addition, several Lactobacillus species including L. paracasei, L.
rhamnosus and L. acidophilus have shown prebiotic activities in rodents,
even attenuating obesity comorbidities [75,76]. In our study, CAF diet-
induced disturbances on cyclical Lactobacillus abundance reflected the

circadian desynchronization of microbe-host crosstalk, thus possibly
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affecting bile acid metabolism and, in turn, contributing to the disruption
of lipid metabolism and host adiposity. Moreover, we showed that the
dietary effects on gut microbiota composition highly depended on the

time of the day.

On the other hand, dietary doses of GSPE did not promote the recovery
of microbial oscillations under a CAF feeding in male F344 rats. It is
important to note that both rat strain and gender factors also influence
the CAF diet-induced changes on gut microbiota, as previously shown in
Chapter II. Therefore, the absence of changes on specific genera in
response to the GSPE treatment in this study could be conditioned by
multiple factors. In this sense, since both fiber and protein are actively
utilized by the gut microbiota, the decreased consumption of these
macronutrients observed in GSPE-supplemented rats, mainly due to a
reduced chow intake, could be conditioning the GSPE effects in host
physiology and gut microbiome. In our study, satiating properties
previously described for GSPE seemed to suppress chow intake only,
while highly palatable and energy-dense foods were similarly consumed
in both vehicle and GSPE-treated groups. In addition, the decreased body
weight gain observed in GSPE-treated animals was not accompanied by a
reduced adiposity, thereby suggesting a loss of lean mass as revealed by
a numerically lower lean-to-fat mass ratio. Therefore, preventive effects
of GSPE in body weight gain must not be discussed as a beneficial
outcome for diet-induced obesity. Moreover, the lower fiber and protein
intake observed in GSPE-treated animals could be ablating their

potential benefits for host health.

Nevertheless, we demonstrated that dietary doses of GSPE were able to

prevent the CAF diet-promoted increase of Bacteroidetes-to-Firmicutes
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ratio during the active phase. In a previous study [77], Firmicutes were
shown to be negatively associated with adipose tissue weights and
hepatic lipids, and positively correlated with fiber intake. Therefore,
GSPE seems to counteract the CAF diet-induced reduction of Firmicutes
phylum, which is characterized by butyrate-producing bacteria from
non-digestible components of the diet [78], thereby increasing the
bacterial fermentation capacity and the SCFA production during the
active phase. Furthermore, pharmacological doses of GSPE were shown
to up-regulate the expression of intestinal GLP-1 and PYY, thus
promoting satiety and energy expenditure [79]. In fact, enteroendocrine
colonic L-cells produce these regulatory hormones in response to
microbial-derived SCFA [80]. Hence, the preventive effects of GSPE
against CAF diet-induced alterations in the main phyla are hypothesized
to favour the gut microbiota-mediated secretion of satiety signalling
hormones during the active phase in a SCFA-dependent manner. In
addition, the modulatory role of high doses of GSPE on the gut
microbiota of STD diet-fed rats was reported [40], thereby suggesting
that GSPE exerts its above discussed beneficial effects on obesity through
the management of the microbiota-host co-metabolism. Supporting the
time-dependent effects of GSPE on the modulation of gut microbiota
observed in our study, the GSPE administered during the active phase,
but not during the resting phase, demonstrated to enhance
mitochondrial oxidation in the liver in a previous study [81]. Then, GSPE
distinctively affect host metabolism and gut microbiota according to the
time of administration, beneficially altering the microbial ecosystem
when supplemented during the dark phase in CAF diet-fed rats. Further
research is needed to accurately elucidate the prebiotic potential of

dietary doses of GSPE in the management of obesity.
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ABSTRACT

The global prevalence of obesity and related metabolic complications
is continuously increasing, and the gut microbiota has been targeted to
address this challenge. The consumption of prebiotics may help to
prevent or mitigate obesity. In addition, the food industry generates
large amounts of discarded residues that could be revalorized
immediately, thereby reducing their negative economic and ecological
impacts. In this study, we aimed to evaluate the prebiotic capacity of a
broad range of natural ingredients including industrial by-products. For
this purpose, the selected candidates including food skins, husks, shells,
trimming residues, mosses and mushrooms were subjected to in vitro
fermentation with fecal microbiota obtained from lean and obese adults.
The pH changes, gas production and SCFA profiles observed during
fermentation were evaluated as markers of microbial activity. Our
results indicated that pumpkin skin was the most promising ingredient
to be revaluated as a new prebiotic compound, showing pH-lowering
effects accompanied by increased gas and SCFA production over time.
Furthermore, we also demonstrated a high prebiotic potential for
brewers’ spent grain (BSG), whereas certain mushrooms such as
Armillaria mellea and Boletus edulis, Irish moss, plum skin and quinoa
husk, also exhibited prebiotic properties. Importantly, differential SCFA
profiles were identified between obese and lean microbiota after 24 h
fermentation, with major propionate production being observed in
obese microbiota. Potential prebiotic candidates showed similar
fermentation rates between both lean and obese conditions, suggesting
that fermentative processes were mostly substrate-dependent. In

conclusion, this study reveals for the first time that pumpkin skin shows
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a relevant prebiotic potential when fermented with both lean and obese
microbiota. To validate our results, the prebiotic effects of our most
promising candidates should be further evaluated in vivo in animal

models.

Key words: prebiotic ingredients, industrial by-products, lean

microbiota, obese microbiota, in vitro screening, fermentation, obesity.

1. INTRODUCTION

The microbial communities living to mammals’ gastrointestinal tract
provide a wide range of essential metabolites that hosts are not able to
synthetize on their own [1]. Our microbiome takes advantage of the
dietary components that reach the large intestine, such as indigestible
plant polysaccharides, which are primarily transformed into short chain
fatty acids (SCFA) [2,3]. These bacterial products have been related to
multiple beneficial effects on mammalian energy metabolism, mainly
through the signalling of satiety and the enhancement of energy
expenditure, whereas a healthy gut microbiota composition is a key
determinant to its balanced production [4,5]. In this scenario, both
microbes and host co-live in a mutually beneficial symbiosis. However,
exogenous events, such as stress, drugs and diet, can alter the
phylogenetic structure and function of gut microbiota [6,7], leading to

the impairment of host homeostasis.

In recent years, the gut microbiota has been identified as a key element
in the aetiology of obesity [8]. Accordingly, microbiota actively
contribute to host metabolic efficiency by enhancing energy harvest

from the diet [9]. In this sense, the lack of gut microbiota prevents the
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development of diet-induced obesity in rodents [10], whereas obesity-
resistant germ-free mice become obese after receiving a microbiota
transplant [11]. Although human studies have shown controversial
results concerning the contributory role of specific phyla to the obese
phenotype, changes in the prevalence of certain species and the diversity
of bacterial communities between lean and obese individuals have been
widely described [12-14], highlighting the importance of the intestinal
microbiome in obesity progression. Thus, the dietary modulation of the
gut microbiome has become one of the major targets in the prevention of
metabolic diseases [15]. In this regard, the prebiotic potential of some
dietary fibers, which are the main substrates for gut microbiota, has
been reported by several researchers [16,17]. For instance, inulin-type
fructans favour the growth of beneficial bacteria, SCFA production, fat
oxidation and reduced food intake during overweight and obesity [18-

20].

Every year, the food industry generates large amounts of food wastes or
by-products that negatively impact the biosphere because of their poor
oxidative and biological stability [21], representing one major concern
around the world. Currently, the circular economy is emerging as a new
sustainable approach to confront the substantial economic losses for
manufacturing industries related to waste production [22]. In this model,
the demand to optimize the impact of industrial by-products on society
is addressed through the management and revalorization of food wastes
by benefitting from their nutritional properties. In this sense, some food
by-products such as husks, skins, seeds, shells and trimming residues are

mostly composed by highly valuable components, such as
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polysaccharides, proteins, fibers, phytochemicals and bioactive

compounds.

In vitro methods for screening untapped prebiotic candidates enable a
simple and rapid evaluation of its impact on the ecosystem and the
microbial community response. Several publications have obtain
encouraging results in evaluating the potential prebiotic effects of
different industrial by-products, such as coffee wastes [23], fruit peels
[24], soybean Okara [25] and Aloe Vera mucilage [26], using in vitro
fermentation procedures. In this study, we aimed to evaluate the
prebiotic capacity of a wide range of industrial by-products in both
normoweight and obese conditions using an in vitro fermentation
procedure with human fecal samples. To this end, several industrial
residues including husks, shells, skins, grains and branches, as well as

other potentially miscellaneous candidates, were tested.

2. MATERIALS AND METHODS

2.1 Sample preparation.

The industrial by-products used in this screening study included
nutshell (mixed varieties including Alcalde, Onteniente and Baldo II,
Carcagente, Cerda, Escriba and Villena, Tarragoneés, Tarragona, Spain),
rice husk (Montsianell variety, Oryza sativa, El Montsia, Tarragona,
Spain), brewers’ spent grain (BSG) (white IPA-derived residues, Alcover,
Tarragona, Spain), pumpkin skin (Curcubita maxima, La Pobla de
Montornes, Tarragona, Spain), olive press cake (OPC) (Arbequina
variety, Oleo europea, Tarragones, Tarragona, Spain), stevia branches

(Stevia rebaudiana bertoni, Balaguer, Lleida, Spain), quinoa husk
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(Quenopodium quinoa, Almenar, Lleida, Spain), and plum skin (Prunus
domestica, Lleida, Spain). We also tested the potential prebiotic activity
of some miscellaneous ingredients including fungus (Boletus edulis,
Ripolles, Girona, Spain; Armillaria mellea, Solsones, Lleida, Spain) and
Irish moss (Chondrus crispus; A Corufia, Galicia, Spain). All products were
accurately selected according to their nutrient composition, essentially
pointing up the fiber content shown in the literature, and the products
were obtained from local manufacturers as detailed above. Inulin
(Orafti® HP, BENEO GmbH, Germany) and cellulose (C6288, Merck,
Spain) were used as positive and negative controls, respectively. All
samples were stored at -802C upon arrival until they were manually
grounded, crushed with a grinder and lyophilised. Dry samples were
stored at room temperature, properly protected from light and

preserved from moisture in a desiccator.

2.2 Invitro digestion.

Prior to the fermentation procedure, an in vitro gastrointestinal
digestion was conducted to simulate the mammalian conditions after
food intake, which was performed as previously described [27] with
slight modifications. Briefly, lyophilised samples were diluted with pH
7.0-controlled 1X phosphate buffer saline (PBS) at a 3:50 (weight-to-
volume) ratio and subsequently heated to 372C for 10 min. During the
entire procedure, samples were maintained under magnetic stirring and
temperature-controlled conditions (372C). The oral phase was simulated
by adding 50 uL of a-amylase from human saliva (A1031, Merck, Spain)
and incubating for 15 min. To reproduce the gastric phase, the pH was
set to 2.0 £ 0.1 with HCl, 250 pL of 1 mg/mL pepsin from porcine gastric

mucosa (P7012, Merck, Spain) was added and the solution was
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incubated for 30 min. During the intestinal phase, pH was readjusted to
6.9 £ 0.1 with NaOH before adding 1 mL of 50 mg/mL pancreatin from
porcine pancreas (P7545, Merck, Spain) and incubated for 3 h. Samples
were transferred into dialysis membranes with a 1000 Da cut off
(Spectra/Por 1000 Da MWCO Dialysis Tubing, Spectrum Laboratories
Inc., UK) as previously described [28]. The dialysis procedure was
performed to reflect the absorption of low-molecular-weight compounds
before reaching the large intestine during digestion. After 24 h under
constant water circulation, the digestion residues were lyophilised and
kept into a desiccator at room temperature until they were used for in

vitro fermentation.

2.3 Donors and fecal sample collection.

Fecal samples from male adult volunteers between 30 and 50 years-
old were collected for in vitro fermentation. Subjects were excluded if
they met any of the following criteria: recent use of antibiotics or
nutraceutics, chronic alcohol intake, and presence of gastrointestinal
pathologies. All procedures were approved by the Ethics Committee on
Clinic Investigation from the Hospital Sant Joan, Reus, Spain. Six adult
volunteers were included in the study, including three normoweight
(BMI = 20-25 kg/m?) and three obese (BMI = 30-35 kg/m?) individuals.
Donors were previously instructed to defecate directly into a sterile
recipient and quickly placed into an anaerobic bag system (Bio-Bag type
C, BD, Germany) including an anaerobic sachet to ensure the
maintenance of a CO: atmosphere. The samples were immediately
refrigerated and brought to the laboratory within the next 12 h. Once

obtained, fecal samples were pooled according to groups (normoweight
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or obese), and the inoculum was freshly prepared for in vitro

fermentation as described below.

2.4 Fermentation protocol.

The in vitro fermentation experiment was performed under strict
sterile conditions at 372C and mostly maintained an anaerobic
atmosphere during the entire procedure. The fermentation media was
composed of 2 g peptone water (CM0009, Oxoid, United Kingdom), 2 g
yeast extract (Y4250, Merck, Spain), 100 mg sodium chloride (S5886,
Merck, Spain), 40 mg potassium phosphate dibasic (121512, PanReac
AppliChem, Germany), 40 mg potassium phosphate monobasic (131509,
PanReac AppliChem, Germany), 10 mg magnesium sulphate
heptahydrate (230391, Merck, Spain), 10 mg calcium chloride dehydrate,
2 g sodium bicarbonate (S5761, Merck, Spain), 2 mL Tween 80 (P4780,
Merck, Spain), 0.5 g bile salt (B8631, Merck, Spain) and 50 mg hemin
(H9039, Merck, Spain). The pH was set to 7.0 + 0.1 before adding 4 mL of
0.025% resazurin (R7017, Merck, Spain), which acts as an indicator of
anaerobic conditions through colour change. The fermentation media
was autoclaved, and 10 pL of vitamin K1 (v3501, Merck, Spain) was
added prior to starting the experimental procedure. Fifty milligrams of
each digestion-derived product was placed into sterile Hungate tubes
(2047-16125, Bellco Glass Inc., USA) with rubber and screw caps. Then, 4
mL of media along with 100 pL of oxyrase (30620059-1, bioWORLD,
USA), which removes the oxygen from the environment, was added at
each fermentation tube and kept in an anaerobic atmosphere for 30 min
at 379C for its hydration. To prepare the inoculums, pooled fecal samples
were diluted into PBS 0.1 M at 10% (w/v), maintained at 37°C under a

flux of CO2 gas to ensure anaerobic conditions, and finally filtered
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through a sterile 1 mm nylon mesh (FMNY 250, Filter Lab, Spain). Once
the residues were properly hydrated, 1 mL of inoculum was added to
each tube using a syringe, going through its rubber cap. Triplicates for
each condition were maintained in a shaking water bath at 372C for 0 h,
4 h or 24 h until 200 pL of copper sulphate (209198, Merck, Spain) at
2.75 mg/mL was added to inhibit further fermentation.

2.5 Insitu determinations.

Total gas volume was measured by inserting an empty graduated
syringe through the rubber cap and measuring the plunger displacement
after 24 h of fermentation. At the corresponding time point, all reactions
were inhibited as described above and 400 pL per tube were aliquoted
into 1.5 mL sterile tubes and frozen at -802C for further metabolomic
analysis. Finally, pH was measured with a pH Meter (PHS-3D, Shanghai

San-Xin Instrumentation, Inc., China) previously calibrated.

After in vitro fermentation, the supernatants obtained were subjected to
metabolomic analysis using nuclear magnetic resonance 1H (1H NMR).
Three hundred pL of the fermented solution was centrifuged to eliminate
particulates (21000 g, 25 min, 4°C). Then, 400 uL of 0.05 M PBS buffer in
D20 (pH 7.2, TSP 0.7 mM) was added, vigorously vortexed, sonicated
until complete homogenization and centrifuged (14000 g, 5 min, 252C).
For NMR measurement, 600 pL of the upper phase was placed into a 5
mm O0.D. NMR tube. 1H NMR spectra were recorded at 300 K on an
Avance III 600 spectrometer (Bruker, Germany) operating at a proton
frequency of 600.20 MHz using a 5 mm PBBO gradient probe. One-
dimensional (1D) 1H pulse experiments were carried out using the

nuclear Overhauser effect spectroscopy (NOESY- Noesyprld pulse
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programme in Bruker). Solvent presaturation with an irradiation power
of 160 uW was applied during recycling delay (5 s) and mixing time (100
ms). The 90° pulse length was calibrated for each sample and varied
from 10.31 to 11.12 ms. The spectral width was 9.6 kHz (16 ppm), and a
total of 256 transients were collected into 64 k data points for each 1H
spectrum. The exponential line broadening applied before Fourier
transformation was 0.3 Hz. The frequency domain spectra were
manually phased and baseline-corrected using Topspin software (v. 3.2,
Bruker). Metabolite identification and quantification were performed
using HMDB, AMIX 3.9 (Bruker) and Chenomx ® software spectra

databases.

2.6 Statistical analysis.

All results are expressed as the mean * standard error of the mean
(SEM). Because the fermentation procedure was not performed on all
samples at the same time, the negative control was properly used to
correct the pH measurements and SCFA results, which were expressed
as the relative variation within each time point. To assess significant
differences regarding the relative variation of the measurements
between ingredients and our positive control (inulin), statistical analyses
were based on repeated measures ANOVA within each condition
(normoweight or obese microbiota). In the case of a significant
ingredient x time interaction, the main effects within each time point
were studied through one-way ANOVA followed by Sidak post hoc test. A
probability of p < 0.05 was considered to be statistically significant.
Statistical analyses were performed using SPSS 22 software (SPSS, Inc.,

Chicago, IL, USA). Principal component analysis (PCA) was performed
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through the multivariate modelling of metabolomics data in MATLAB

(MathWorks) using in-house scripts as previously described [29].

3. RESULTS

3.1 pH changes and total gas production.

Overall, the pH changes were closely related to those observed in gas
production. Repeated measures ANOVA revealed a significant ingredient
x time interaction (p < 0.01) explaining the pH variation within both
normoweight and obese conditions (Figure 1). After 4 h of fermentation
and focusing on normoweight samples, pumpkin skin induced the
highest pH decrease (18%), followed by quinoa husk, plum skin and BSG
(16%, 15% and 11%, respectively). In this instance, other substrates
such as Armillaria mellea and Boletus edulis caused a slight drop in pH
that was significantly higher than that promoted by nutshell, rice husk
and Irish moss, which showed the largest pH values. However, these
values were all significantly different from those obtained with inulin,
which induced a decrease in pH of 29%. Importantly, pumpkin skin
triggered the highest pH decrease (17%) in obese fecal samples after 4
hours of fermentation, showing no significant differences when
compared to inulin (23%). In addition, substantial pH-lowering effects
were also attributed to BSG (12%), plum skin (10%) and quinoa husk
(9%).

After 24 h of fermentation, the pH decreased up to 32% and 29% when
inulin was included as a fermentable substrate in normoweight and
obese conditions, respectively (Figure 1). Overall, the pH-lowering

effects observed in normoweight fecal samples at 4 h were maintained
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after 24 h by pumpkin skin, plum skin and BSG ingredients. In addition,
other ingredients showing marginal pH-lowering effects at 4 h drove an
important decrease in pH at the end time point, such as Armillaria
mellea, Boletus edulis and Irish moss, within both normoweight and
obese conditions. However, nutshell, rice husk, OPC and stevia branches
did not induce changes in pH during the entire fermentation period

within either normoweight or obese individuals.
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Figure 1. Normalized pH values of the fecal slurries after 0 h, 4 h and 24 h of in
vitro fermentation using fecal inoculums from lean (A) and obese (B)
individuals. The pH measurements obtained from ingredient fermentation
were properly corrected by negative controls within the same time point and
expressed as the relative pH variation. Data are expressed as the mean * SEM
(n = 3). Ingredient x time interactions were assessed using repeated measures
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ANOVA. The main effects were evaluated and different letters represent
significant differences among ingredients within each time point (one-way
ANOVA followed by Sidak post hoc test). AM. Armillaria mellea; BE, Boletus
edulis; BSG, brewers’ spent grain; IM, Irish moss (Chondrus crispus); NS,
nutshell, OPC, olive press cake; PluS, plum skin; PS, pumpkin skin; QH, quinoa
husk; RH, rice husk; SB, stevia branches.

In vitro fermentation of fecal samples from both normoweight and obese
individuals induced gas production at the end of the incubation period
(24 h), which acted as an indicator of particular fermentation rates
depending on the tested substrates, as shown in Figure 2. Prominently,
Armillaria mellea and pumpkin skin showed the highest fermentation
rate within normoweight conditions, reaching 42.2% and 34.7% of the
total amount of gas produced by the positive control and significantly
differing from the rest of the ingredients. Moreover, quinoa husk, Boletus
edulis and BSG produced 18.6%, 16.7% and 13.4% of the total gas
volume generated by inulin, respectively, showing no significant
differences between them. In contrast, nutshell generated significantly
lower amounts of gas than the other substrates, whereas rice husk, OPC,
stevia branches and Irish moss did not promote gas production after 24
h of fermentation. Similarly, the highest gas production within the obese
condition was observed for pumpkin skin (33.1%), Armillaria mellea
(27.9%), Boletus edulis (25.3%), BSG (23.9%), plum skin (17.3%) and
quinoa husk (13.6%) after 24 h (Figure 2). Finally, Irish moss and
nutshell were identified as the ingredients inducing the lowest gas
production, while no gas generation was detected when rice husk, OPC
or stevia branches were used as fermentable substrates, as previously

described within normoweight conditions.
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Figure 2. Absolute gas production measured after 24 h of in vitro fermentation
using fecal inoculums from lean (A) and obese (B) individuals. Data are
expressed as the mean + SEM (n = 3). Different letters represent significant
differences among ingredients (one-way ANOVA followed by Sidak post hoc
test). AM. Armillaria mellea; BE, Boletus edulis; BSG, brewers’ spent grain; IM,
Irish moss (Chondrus crispus); NS, nutshell, OPC, olive press cake; PluS, plum
skin; PS, pumpkin skin; QH, quinoa husk; RH, rice husk; SB, stevia branches.

3.2 SCFA production.

The relative amounts of SCFAs produced after 0 h, 4 h and 24 h are
presented in Table 1. Overall, we found ingredient-dependent significant

variations in the SCFA butyrate, propionate and acetate production over
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time in both normoweight and obese conditions (p < 0.001, repeated

measures ANOVA).

Focusing on normoweight samples (Table 1.1), pairwise comparisons
revealed that pumpkin skin, BSG and stevia branches promoted a similar
generation of total SCFAs than inulin at 4 h, although it was not
maintained at the end time point (24 h). Surprisingly, pumpkin skin and
BSG induced a greater increase in butyrate production than inulin after 4
h, denoting significant differences. In addition, while BSG fermentation
resulted in a lower butyrate concentration after 24 h, pumpkin skin
maintained an elevated butyrate formation emerging as the only
ingredient showing no significant differences when compared to inulin.
On the other hand, stevia branches were the unique ingredient
presenting an increment of butyrate similar to that induced by our

positive control after 4 h of fermentation.

Inulin fermentation did not yield propionate production after 4 or 24 h.
Most of the ingredients also showed a lack of propionate formation
during the first 4 h of fermentation, whereas nutshell, stevia branches
and pumpkin skin did not differ from inulin at the end of the study. Other
ingredients including Armillaria mellea, Boletus edulis and Irish moss,
significantly differed from the inulin control because of an increase in
propionate generation at 24 h. Furthermore, the concentration of acetate
followed an inulin-like pattern only when pumpkin skin was used as a
fermentable substrate, showing acetate overproduction within the first 4
h of fermentation. However, this effect was not maintained after 24 h,
where acetate production induced by all of the ingredients significantly

differed from that promoted by inulin.
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In obese fecal samples, BSG, pumpkin and plum skins, quinoa husk and
mushrooms increased the total SCFA production after 4 h of
fermentation, following an inulin-like pattern. After 24 h, Armillaria
mellea, Boletus edulis and Irish moss maintained an elevated generation
of SCFAs, showing no significant differences with respect to inulin, as
presented in Table 1.2. At 4 h, five ingredients, including BSG, pumpkin
skin, Irish moss, rice husk and stevia branches followed an inulin-like
butyrate generation. Although the rise of butyrate levels after 24 h in the
inulin group was not reproduced by any ingredient, a numerically
greater butyrate production was observed with pumpkin skin, BSG,
Armillaria mellea, Boletus edulis and plum skin compared to less effective

ingredients such as nutshell, rice husk, OPC and stevia branches at 24 h.

In contrast to that observed in fecal samples from normoweight
individuals, inulin fermentation of obese microbiota led to a rise of
propionate production. Moreover, BSG, pumpkin skin, quinoa husk and
plum skin promoted the generation of propionate paralleled to inulin
after 24 h. The same ingredients also induced the production of acetate

after 4 and 24 h, presenting no differences with inulin.
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3.3 (Clustering Analysis.

Metabolomic techniques allowed for the wide-range identification
and quantification of metabolites resulting from in vitro fermentation in
a comprehensive approach, thereby revealing particular metabolomic
profiles. PCAs constructed from metabolomic profiles were useful to
identify clusters within each condition after 4 and 24 hours of in vitro
fermentation (Figure 3). These analyses revealed that inulin generated
the most dissimilar metabolic pattern at every time point within both
conditions. Concerning normoweight fecal samples, PCA explained up to
59% of the overall variation (PC1: 32.5%; PC2: 26.5%) after 4 hours of
fermentation as shown in Figure 3A. Among all the ingredients tested,
quinoa husk, plum and pumpkin skins, Armillaria mellea and BSG shaped
the closest clusters to positive control samples. Consistently, ingredients
showing no relevant impact on pH or gas production such as nutshell,
rice husk, OPC and stevia branches were clustered together nearby to
cellulose. Indeed, the clustering patterns after 24 h of fermentation,
where 43.8% and 20.8% of the total variation were explained by PC1
and PC2, respectively, revealed that pumpkin skin exhibited the most
inulin-like displacement along the PC2 axis (Figure 3B).

Fermentation of obese fecal samples revealed several clusters after 4 h,
as presented in Figure 3C, where PC1 and PC2 explained up to 38.7%
and 29.7% of the overall dissimilarities, respectively. According to the
clustering obtained within the normoweight individuals, pumpkin skin
and inulin closely clustered at this time point, revealing a highly similar
metabolic pattern after fermentation. Moreover, BSG was also associated
with both pumpkin skin and inulin along the PC1, while Boletus edulis
clustered separately throughout the PC2. As also observed within
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normoweight samples, such ingredients as nutshell, stevia branches, rice
husk and OPC, which showed no significant variation in fermentation
rates compared to cellulose, clustered alongside the negative control.
After 24 h of fermentation, the positive control clearly differed from the
rest of the ingredients, showing only close distances with the metabolic
profiles generated after using the pumpkin skin as a fermentable source
(Figure 3D). In this case, 34.5% of the overall variation explained by PC1
defined substantial differences regarding the fermentable susceptibility
of ingredients, where the presence of mostly non-fermentable substrates
was intensified on the left side. Finally, 28.8% of the total dissimilarities
explained by PC2 elucidated that the metabolic profiles generated by

Boletus edulis strongly differed from the positive control.
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Figure 3. Principal component analysis constructed from the fecal slurries
metabolic profiles. Clustering analyses included all the ingredients tested and
both positive (inulin) and negative (cellulose) controls. In vitro fermentations
with fecal inoculum from lean individuals at 4 h (A) and at 24 h (B), as well as
from obese individuals at 4 h (C) and at 24 h (D) are included. AM. Armillaria
mellea; BE, Boletus edulis; BSG, brewers’ spent grain; IM, Irish moss (Chondrus
crispus); NS, nutshell (NS), OPC, olive press cake; PC, principal component
(axis); PluS, plum skin; PumS, pumpkin skin; QH, quinoa husk; RH, rice husk;
SB, stevia branches.
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4. DISCUSSION

Using a validated procedure for the in vitro fermentation of human
fecal samples, we investigated the pH changes, gas production and
metabolomic profiles generated by distinct ingredients. Gut microbial
fermentation of indigestible plant polysaccharides produces a wide
range of acidic end metabolites, such as SCFAs and lactate. Then, changes
in pH can provide relevant information regarding the fermentation rate
occurring in a system, while gas production is concomitant with
fermentative processes acting as the main marker of complex
carbohydrate utilization by gut microbiota. Moreover, metabolomic
techniques revealed the specific contributory role of each ingredient on

the resulting metabolic profiles after being exposed to fecal microbiota.

According to the literature [30], inulin induced an important drop in pH
and a high gas production after being fermented with both normoweight
and obese microbiota, whereas cellulose is known to be poorly
fermented by the gut microbiota. In humans, a lower colonic pH has been
suggested to play a determinant influence on the microbiota composition
and function by favouring the occurrence of butyrate-producing bacteria
such as Roseburia spp. [31]. In fact, this genus was found to be increased
in subjects consuming high amounts of indigestible polysaccharides [32].
Otherwise, an increment in the populations of Bacteroides spp., which is
robustly adapted to low-fiber diets [33] and previously found increased
in diet-induced obese rodents [34], was reported when the pH increased
from 5.5 to 6.5, highly correlating with a an increment of propionate
production [35]. Thus, the pH-lowering effect, which is linked to the
SCFA production as a result of microbial fermentation of dietary

compounds, contributes to the overall microbiota composition and, in
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turn, is prevents the overgrowth of pathogenic bacteria, such as
Enterobacteriaceae and Clostridia [36]. In this regard, pumpkin skin,
which caused the largest drop in pH and promoted butyrate production,
is suggested to be preferably utilized by the favoured butyrogenic
bacteria. Concerning this ingredient, high mucilage content was
previously assessed in pumpkin skin peel extract [37]. In parallel,
mucilage-containing plants have been shown to improve the glycaemic
and lipid control in diabetic patients [38]. The prebiotic properties of
different mucilage sources have been elucidated in bacterial cultures by
favouring the growth of beneficial bacteria and promoting SCFA

production [26,39,40].

On the other hand, we hypothesized that insoluble fibers, which are
highly present in pumpkin skin [41], could partially mediate the
prebiotic-like effects described for this ingredient. For many years,
insoluble fibers have been considered inert bulking compounds unable
to be utilized by gut microorganisms [42]. However, it has been stated
that insoluble fibers should not be considered to be non-fermentable
carbohydrates [43], whereas a current revision concluded that
“insoluble” and “soluble” fiber classification may not be sufficient to
explain fermentation performances [44]. In this sense, insoluble fibers
more effectively suppressed high-fat diet-induced obesity than soluble
fibers in mice, which was accompanied by an active modulation of gut
microbiota [45], thereby supporting our hypothesis. Furthermore,
although pumpkin oils have been widely studied, showing beneficial
effects on dyslipemia in mice [46], and pumpkin seed mixtures showed
anti-atherogenic, hypolipidaemic and immunomodulatory effects in rats

[47], the prebiotic potential of pumpkin skin has not been previously
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evaluated. In this sense, the demonstrated acetogenic effect of pumpkin
skin, together with a significant rise in butyrate and propionate
production in normoweight and obese microbiota, respectively, reveal
for the first time its strong prebiotic potential in both lean and obese

subjects.

Among the rest of the ingredients, the mushrooms Armillaria mellea and
Boletus edulis showed noticeable pH lowering effects together with high
gas and propionate production under lean and obese conditions, which
are suggested to be promising ingredients with prebiotic activity. In this
sense, many species of mushrooms have been previously reported to be
a potential source of dietary fiber with high beta-glucan content [48],
which were linked to several metabolic and physiological benefits, such
as cholesterol lowering effects [49]. The resulting SCFA production from
the fermentation of beta-glucans in the large intestine, particularly
propionate, was suggested to directly mediate its described
hypocholesterolaemic effects [50]. Interestingly, BSG, a source of beta-
glucans, and pumpkin skin fermentation also led to the generation of
propionate within obese conditions. Propionate production is postulated
to be a microbiota-derived response due to its anti-obesity properties
[51,52]. In this sense, propionate can induce intestinal gluconeogenesis,
which is related to the suppression of the appetite through signalling
pathways [53], conferring protection to the host from diet-induced
obesity as previously shown [54]. Moreover, BSG also contains
noteworthy amounts of arabinoxylans [55], which have been shown to
impact the gut microbial ecosystems and stimulate the production of
SCFAs [56]. In this instance, the potential prebiotic effects of BSG were

also explained by a high butyric acid production, although it was lower
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than inulin. Consistently, previous studies have shown an association
between the consumption of arabinoxylans and the stimulation of
butyrate-producing bacteria [57]. Clinical interventions have
demonstrated that the dietary intake of fermentable carbohydrates is
linked to changes in gut microbial ecosystems, thus enhancing the
production of butyrate and reporting beneficial consequences to the host
[58-60]. For instance, butyrate has been widely shown to combat distal
inflammatory bowel diseases by the inhibition of proinflammatory
cytokines [61] and to promote the apoptosis of colon carcinogenic cells
[62]. In this sense, recent literature has attributed prebiotic properties to
BSG, such as an increased cecal and fecal bacterial diversity [63] and an
active modulation of microbiota composition towards a higher butyric
acid formation [64]. Altogether, our observations were validated by the
clustering obtained from metabolomic profiles, thereby confirming
recent studies attributing prebiotic capacities to BSG [57,65] and

introducing pumpkin skin as a promising candidate.

On the other hand, the diminution of pH induced by Irish moss (Chondrus
crispus) in the obese condition, which was accompanied by gas and SCFA
production, suggests a prebiotic potential for this ingredient. In this
regard, chronic supplementation with C. crispus triggered an increase in
the beneficial bacteria Bifidobacterium accompanied by high
concentrations of fecal SCFAs in normoweight rats [66]. Likewise, the C.
crispus-enriched diet also increased the production of SCFAs in layer
hens [67]. Overall, whereas previous studies support our results, we
demonstrated that C. crispus was able to mediate prebiotic-like effects in
microbiota samples from obese individuals. In contrast, the absence of

pH or gas production during the fermentation period observed in
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nutshell, rice husk, OPC and stevia branches incubations suggested
either a depressed bioavailability or a low concentration of fermentable
compounds contained in these ingredients. Other ingredients tested in
this study, such as quinoa husk and plum skin, slightly modulated the
production of the main SCFAs, despite the significant differences found
when compared to inulin. These observations were accompanied by a
moderate decrease in pH and a favoured gas production within both
obese and normoweight conditions. Thus, although no clear evidence
was found concerning a prebiotic activity attributable to these
ingredients, further research on these substrates would be optimal to

validate our results.

The gut microbiota from lean and obese subjects have been previously
shown to differentially contribute to the fermentation of certain fibers
[68], suggesting that the utilization rate of dietary fibers strongly
depends on the phylogenetic structure of the microbiome. Our study
revealed that the highest gas production was observed within
normoweight conditions, suggesting that microbiota from lean
individuals predominantly favoured the fermentation of our tested
substrates. In this respect, microbiota from obese subjects has been
associated with enhanced energy extraction from the diet [11,69],
whereas a previous study showed no differences in gas production
induced by inulin between lean and obese microbiota [70]. Additionally,
the pH-lowering effects induced by inulin under both normoweight and
obese conditions suggested that fermentation was similarly occurring.
Therefore, caution must be taken when interpreting total gas production
as an absolute indicator of fermentation in this study. The ingredients

promoted a similar pattern of gas production and pH-lowering effects
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within both lean and obese microbiota, indicating that fermentation is

mostly substrate-dependent.

Inulin, BSG and pumpkin skin induced an early increase in total SCFA
levels, especially within normoweight fecal samples. Noticeably, relative
butyrate amounts induced by these ingredients were higher in lean than
obese individuals, which is in accordance with enhanced butyrate
production after inulin fermentation by lean microbiota [68]. Thus, it is
suggested that the intrinsic microbiota composition of lean subjects
could favour the beneficial effects of highly fermentable substrates.
Moreover, although butyrate was the main end-product of inulin
fermentation, differential patterns concerning the generation of acetate
and propionate were also observed between both lean and obese
subjects. Hence, the increase in propionate production found after early
inulin fermentation under obese conditions contrasted with the
predominant formation of acetate in fecal samples from lean individuals.
This finding is in accordance with a favoured propionate production
previously described for obese microbiota in humans [68,71].
Furthermore, an increased generation of propionate in obese compared
to normoweight fecal inoculums was also previously observed after in
vitro fermentation of fibers [72]. While Firmicutes are considered
butyrate-producers, propionate is the main product of microbial species
belonging to Bacteroidetes [31]. Moreover, as discussed above, the
growth of propiogenic bacteria is favoured by less acidic pH, which is
mainly found in the distal parts of the large intestine, where non-
digestible substrates are limited. Taken together, the results of this study
suggest that an increased propionate production in obese fermentation

is associated with a predominant propiogenic bacterial ecosystem,
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which, in turn, could be explained by different reasons: a lower
consumption of non-digestible dietary compounds, upper pH conditions,
and a microbiota-derived response to obesity. Accordingly, increased
propionate production was mainly detected in obese but not in
normoweight microbiota fermentation. Therefore, while fermentation
rates have been proposed to be substrate-dependent, we also suggest
that SCFA profiles generated by inulin and potential prebiotics highly
rely on the intrinsic microbiota composition and function. However,
further studies are needed to elucidate the critical role of the lean or

obese microbiome in the fermentation of non-digestible compounds.

Overall, the present in vitro fermentation study evaluated a wide range
of ingredients that could potentially show prebiotic activity within both
lean and obese human microbiota. Pumpkin skin revealed an inulin-like
response of the microbiota within both lean and obese conditions,
showing that this by-product could be considered one of the most
promising ingredients to be revaluated as prebiotic foods. Furthermore,
we reported a relevant prebiotic capacity for BSG defined by inulin-like
SCFA production in obese and normoweight fecal microbiota. Other
ingredients, such as Armillaria mellea and Boletus edulis, followed by
Irish moss, plum skin and quinoa husk, revealing substantial increments
in the fermentation rates and changes in SCFA production, are also
proposed to become potential prebiotics. The comparison between
obese and lean microbiota fermentations suggested that fermentation
rates were substrate-dependent, while SCFA profiles strongly relied on
microbial action. In this sense, obese microbiota preferably produced
propionate in detriment of butyrate, suggesting a higher butyrogenic

activity in lean microbiota. Finally, the prebiotic potential described for
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these industrial by-products can contribute to their revalorization,
thereby alleviating the negative impact of food industry wastes on the
ecosystems and countries’ economies. Future in vivo studies are needed
to further explore the fermentation mechanisms, the prebiotic capacities
and the health benefits linked to these ingredients, especially with

regard to obesity treatment and prevention.
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GENERAL DISCUSSION

Over the last decade, human microbiota has been defined as a new
revolutionary organ constituted by trillions of cells that exhibits exceptional
attributes. By containing 150 more genes than the host, the microbiome exerts
a wide variety of metabolic functions and significantly contributes to the
maintenance of the body homeostasis [1,2]. Despite that microbial niches are
extensively scattered throughout biological cavities in the body, most research
have focused on the study of gut microbiota. Due to its noteworthy importance
in the digestion of dietary compounds reaching the large intestine, along with
the subsequent production of a broad spectrum of absorbable and functional
metabolites, the gut microbiota has been strongly related to the promotion of
health. Consequently, abnormalities in the composition and activity of gut
microbial ecosystems have been shown to contribute to the development of

several diseases, including obesity [3].

The evidence linking the gut microbiota with the genesis of obesity is based on
various mechanisms including an enhanced energy harvest from the diet, a
decreased fiaf-mediated inhibition of lipoprotein lipase (LPL) leading to an
increased adiposity [4], a reduced fatty acid oxidation in peripheral tissues
through the down-regulation of AMPK activity [5], an impaired bile acid
metabolism [6], changes in satiety-regulating hormones [7], and an increased
gut barrier permeability leading to LPS-mediated low-grade inflammation
that, in turn, may alter food intake regulation [8,9]. Remarkably, gut
microbiota is at the intersection between environmental factors and host. In
this sense, external cues, particularly diet, are considered the main effectors

on the establishment of microbial phenotypes [10].
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Dysbiosis, as the persistent imbalance in the phylogenetic structure of the gut
microbiota, has been repeatedly reported in DIO animal models [11-14],
whereas a specific microbiome pattern for obesity has not been reported to
date. In this context, the first aim of this thesis was to characterize and
compare the impact of three different dietary models of DIO -including CAF,
HF and HFS diets- on gut microbiota and host phenotype in rats, as well as to
describe associations between microbial changes and metabolic status

(Chapter ).

High-fat or high-energy diets are the most common dietary models used to
evaluate the obesity-associated microbial phenotype in experimental animals.
However, food overconsumption and a rapid onset of obesity and related
metabolic complications are strongly promoted by free-choice dietary models
such as the CAF diet, which are known to accurately reflect the typical
Western-style diets in modern societies [11]. In our study, the increased body
weight gain observed in HF and HFS groups, which is mainly explained by an
increased total energy intake, was not accompanied by a significant higher
adiposity, thus suggesting the development of an overweight phenotype. In
contrast, the undisciplined and imbalanced consumption of the CAF diet,
which was composed of highly palatable and energy-dense foods, promoted
severe obesity and gut microbiota dysbiosis. In this sense, the slightly reduced
microbial diversity uniquely induced by the CAF diet was in accordance with
previous observations in both obese humans and rodents [15-17]. However,
all of three hypercaloric diets were suggested to induce a loss of microbial
activity, as revealed by the decreased transformation from primary to
secondary bile acids, thus altering bile acid pool, whose maintenance is
essential for an optimal regulation of microbial populations, glucose and lipid

metabolism [18]. Relevantly, the dysbiosis of gut microbiota was also reflected
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by increased urinary markers of metabolic inflammation and oxidative stress
in the CAF diet-fed rats, but not in the HF or HFS groups. In this regard, the
dietary interventions triggered similar clusters concerning both gut
microbiome and urinary metabolome, where diets based on semi-purified
ingredients nearly assembled, thus evidencing the close relationship between
microbiota dysbiosis and metabolic disruption, which mostly occurred in the

CAF diet-fed group.

Some meta-analyses have concluded that there is no consistence linking the
Bacteroidetes-to-Firmicutes ratio with an obese profile, at least in humans
[19,20]. In our study, both obesity development and an increment of the
Bacteroidetes-to-Firmicutes ratio were observed in CAF diet-fed rats, but not
in HFS group, although CAF and HFS diets had a similar macronutrient
composition. Therefore, it is postulated that hyperphagia, which was uniquely
promoted by CAF diet, altogether with the presence of additives and Maillard
reaction products present in industrialized foods, are the main responsible for
the disruption of the gut microbial ecosystem. Indeed, the differences in the
type of ingredients present at each diet could also explain the conflicting
effects between CAF and semi-purified high-energy diets on gut microbiota
dysbiosis. For instance, the consumption of milk-derived fat-based diets was
previously demonstrated to increase the occurrence of Bacteroidetes [21],
thus supporting our observations in CAF diet-fed rats. In addition, the
reduction of Firmicutes, which are known as positive fermenters containing
the major butyrate-producing species [22], in favour of Bacteroidetes phylum
might also contributes to the reduced breakdown of non-digestible
carbohydrates and SCFA production. Altogether, total food intake,

macronutrient composition and the presence of non-energetic components
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such as additives are suggested to directly and strongly impair the

homeostasis of gut microbiota and host phenotype.

The link between SCFAs, microbiota dysbiosis and the development of obesity-
related complications is a key feature to contextualize our results. In this
sense, non-digestible carbohydrates reaching the large intestine are primarily
metabolized by gut microbes, thereby generating SCFAs that are involved in
the regulation of energy homeostasis [23]. Relevantly, the low and similar
content of total fiber contained in both low-fat and high-fat semi-purified diets
could explain the lack of differences in gut microbiota and total SCFAs
amounts among these dietary models. In contrast, the overconsumption of
highly appetitive foods in detriment to chow feed in CAF diet-fed rats, which
was the unique source of fiber in the STD controls, was associated with the
decreased SCFA production. Then, SCFA production highly relied on the
amount of dietary fermentable substrates reaching the large intestine. The
decreased generation of SCFAs could lead to the impairment of energy
homeostasis and satiety control, thus contributing to increase fat deposition in
both adipose tissue and liver, as previously stated [24,25]. Accordingly, the
lower consumption of dietary fiber and the consequently reduced SCFAs
production observed in LF diet-fed animals when compared to STD group
might be associated with the observed higher visceral fat in these animals,
which constitutes a central component of MetS. For this reason, the selection
of matched control diets is crucial for a proper physiological and metabolic

evaluation of DIO.

The beneficial effects of SCFA have been broadly accepted. However, human
obesity is associated with a high SCFA concentration in feces [26]. Here, the
scientific interpretation of high fecal SCFA amounts observed in obesity is

limited because of overall SCFA turnover including absorption and peripheral
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metabolism has not been explored [27]. Moreover, an enhanced adherence to
the Mediterranean diet was associated with an elevated SCFA production in
humans [28]. In our study, CAF feeding resulted in lower fecal SCFA amounts,
which was explained by the reduced fiber consumption in favour of energy-
dense foods. Therefore, CAF DIO in animal models fails to reproduce the
increased SCFA concentrations observed in human obesity [30]. In this regard,
the higher capacity to extract nutrients from the non-digestible foods in
rodents than humans may contribute to enlarge the differences on SCFA
production [31]. For this reason, a direct parallel between DIO animal models
and human obesity concerning microbiota-derived metabolites must be done
carefully. Remarkably, our study demonstrated that CAF diet promoted robust
changes on gut microbiota that, in turn, correlated with most of the
physiologic, biochemical and metabolomic markers of severe obesity,

including a drop on cecal SCFA levels.

Interestingly, CAF diet promoted a higher propionate production, which is
known to down-regulate appetite by promoting the secretion of PYY and GLP-
1 via GCPR [29], thus suggesting a microbiota-derived response to counteract
overfeeding. However, the increased propionate production in CAF group did
not compensate the dramatic drop on butyrate and acetate levels, thus
suggesting a compositional switch of gut microbiota from a butyrogenic to a

propiogenic environment.

Beyond the recognised influence of diet on gut microbiota composition, the
relevancy of host genetics in the microbiome should not be underestimated.
Whereas human genetics have a minor role in determining microbiome
composition under a shared common environment [32], the knowledge of
environmental and genetic interactions contributing to microbial dysbiosis is

essential for developing adequate strategies to combat obesity. In this sense, a
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study using more than 100 strains of mice revealed strong relationships
between genotype and gut microbiota plasticity after a HFS feeding [33]. In
addition, the sex-dependent configuration of the gut microbiota may be
potentially contributing to the established sexual dimorphism in the onset of
several common diseases, including obesity [32]. In this line, gut microbiota
dysbiosis was found more pronounced in women than in men at high BMI
[34]. Accordingly, a recently proposed microbiome-based mechanism
elucidated the important role of sex hormones in the sexual dimorphism for
MetS in mice [35]. Altogether, the microbial signatures and metabolic
consequences of DIO may rely upon genetic factors. However, genetic
influences in the CAF diet-induced microbiota alterations have not been
previously evaluated. For this reason, the second aim of this thesis was to
investigate the impact of strain and gender factors on the physiologic
disturbances and microbiota dysbiosis promoted by the CAF diet (Chapter II).
Hence, we carried out a study using both Wistar and F344 rats chronically
exposed to STD or CAF diet in order to examine the role of strain in DIO,
whereas sex-specific physiologic and microbial signatures were examined in

both male and female F344 rats under STD or CAF feeding.

One of the most interesting findings of this study was that while the
acquirement of an obese profile was identified in both Wistar and F344 rats,
CAF diet-induced changes in the gut microbiota composition were highly
dependent on the rat strain. In this regard, Bacteroidetes-to-Firmicutes ratio
was profoundly altered by the CAF diet in Wistar, but not in F344 rats, which
is in line with the inconsistent relationship between this ratio and obesity
[20]. Moreover, gut microbiota dysbiosis was more pronounced in Wistar than
in F344 rats under a CAF feeding when evaluating bacterial genera. For

instance, we revealed a strong increase in the prevalence of taxa involved in
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the utilization of animal fat (Bacteroides) and simple carbohydrates
(Prevotella) in CAF diet-fed Wistar animals. Here, we examined the differences
on food intake as a possible causative factor explaining these divergent
results. Importantly, the greater total energy intake observed in CAF diet-fed
F344 as compared to Wistar rats was mainly due to an increased chow
consumption, which represented the main source of protein and fiber,
whereas the consumption of energy-dense foods were similar in both Wistar
and F344 animals. This feature is suggested to result in a less detrimental
impact of CAF diet on the gut microbiome of F344 rats, which, for instance,
presented a higher occurrence of beneficial butyrate-producing genera such as
Roseburia as compared to CAF diet-fed Wistar animals. Moreover, the higher
increase of Prevotella abundance in Wistar than F344 rats under a CAF feeding
was in accordance with a deficient protein intake, as previously reported [37].
Therefore, food intake could act as a confounder factor by masking the strain-
dependent gut microbial changes in response to the CAF diet. Beyond the
dietary influence on the establishment of gut microbial phenotype, it is also
widely established that gut microbiota affects the feeding behaviour through
the regulation of hormones controlling energy homeostasis [38]. Therefore,
our results might be explained by bidirectional interactions between feeding
behaviour and gut microbiota composition, which are particular of each rat

strain.

Focusing on the gender-dependent response to the CAF diet, a greater dietary
impact on host biometric parameters was described in female than male
animals, whereas the development of an unhealthy metabolic profile was
more pronounced in male rats. In previous studies, a diminished body fat mass
was determined in female mice when compared to males after a HFD feeding,

which was in line with the protective role of ovarian hormones against fat
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accumulation [39], and with the lower susceptibility of females to HFD-
induced obesity [40]. In addition, ovariectomy eliminated the protection
against body weight gain in female mice [40]. However, a previous study
revealed a higher increment of adipose tissue weights in female than in male
Wistar rats under a CAF feeding accompanied by a decreased adiponectin
production [41], which is involved in the fatty acids breakdown [42]. In our
study, the higher percentage of body fat mass found in females regardless the
diet is in accordance with an improved lipid storage and low fat mobilization
as compared to male rats [39,43]. Interestingly, these features seemed to be
magnified by the consumption of the CAF diet, where females showed a
greater decrease in the body lean mass percentage and a higher increase in
RWAT as compared to males. Therefore, it is like the preventive effects of
estrogens in response to HFD do not occurred under the CAF feeding, which is
suggested to be lastly driven by the disruption of gut microbiota. Interestingly,
a greater adipose tissue expandability and enlargement of adipocytes were
suggested to protect females from obesity-associated metabolic disorders
[44,45], which is in accordance with the less detrimental impact of the CAF

diet on circulating triglycerides in females than males.

In accordance to our results, we suggest that the CAF diet-induced dysbiosis,
which was more evident in female than in male F344 rats, altered the balanced
homeostasis between estrogens, bile acids and gut microbiome. In this sense,
the disrupted hormonal control exerted by estrogens upon bile acid
metabolism, which, in turn, affects the gut microbiota composition, is
postulated to contribute to the microbial dysbiosis predominantly observed in
female F344 rats. In addition, the higher vulnerability of male rats to CAF diet-
induced body weight gain and metabolic alterations was in accordance with a

previous study in HFD-fed rats [46]. Notably, different diets, time of exposure
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and animal models makes difficult the direct comparison with other studies.
Here, we conclude that CAF diet-induced changes on gut microbiota
composition in F344 rats depend on the gender influence, where estrogens
play an important role in the regulation of bile acid metabolism and,

consequently, in the establishment of the microbial community.

To continue exploring the impact of obesity on gut microbiota and host
physiology, we aimed to evaluate the CAF diet-induced disturbances on
microbial rhythmicity, and to examine the prebiotic potential of dietary doses
of GSPE, equivalent to human consumption of proanthocyanidins in a normal
diet [47,48], in counteracting microbiota dysbiosis and host physiologic and

metabolic disruptions (Chapter III).

Gut microbiota is known to present circadian fluctuations throughout the day,
thereby cyclically altering the relative abundance of commensal bacteria to
optimize its functions according to the daily phase [49]. Despite some authors
reported daily fluctuations in the occurrence of Bacteroidetes and Firmicutes
phyla [50], we were unable to detect these changes in STD diet-fed F344 rats.
As a possible explanation to this controversy, it is suggested that our ZT points
could not correspond to the peaks of abundance of cyclical phyla, thus limiting
the detection of its rhythmic behaviour in our study. Nevertheless, we
reported significant differences on the overall gut microbiota composition
between light/resting and dark/active phases in STD diet-fed F344 rats, which
were mainly explained by a changing abundance of Lactobacillus genus. Our
results were in accordance with previous studies showing an increased
abundance of certain Lactobacillus species during the light/resting phase [51].
In this sense, lactate, the main bacterial product of this genus and considered
the preferred fuel for brain [52], could be also presenting a rhythmic

production, as previously observed in mice [53], thus contributing to the
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maintenance of brain functions during the resting period, when the dietary

energy supply decreases.

Most importantly, we revealed that CAF diet was able to disrupt the
microbiota rhythmicity, since no differences on gut microbiota composition of
CAF diet-fed animals were observed between resting and active phases.
Therefore, the alterations on microbial rhythms could be implicated in the CAF
impact on host physiology. Interestingly, the CAF diet promoted distinct
microbial disturbances according to daily phase, thus emphasizing the
importance of the time of the day when evaluating the effect of a dietary
intervention on gut microbiota. In this regard, CAF diet increased the
Bacteroidetes-to-Firmicutes ratio during the active phase, but not during the
resting phase, in F344 rats. This feature is suggested to result from the
continuous availability and consumption of energy-dense and highly
appetitive foods, thus disrupting the maintenance of major phyla observed in
STD diet-fed rats throughout the ZT points. On the other hand, it is also
suggested that CAF dietary components reaching the distal part of the
intestine predominantly occurred during the active phase, thus highly

favouring the Bacteroidetes prevalence at this ZT point.

At deep taxonomic levels, Oscillospira was significantly depleted, while
Roseburia and Ruminococcus were increased, by the CAF diet during the
resting phase only. For instance, this increment in Roseburia is postulated as a
microbial adaptation to the diurnal food intake occurring in CAF diet-fed rats.
In line with these outcomes, we propose for the first time that the CAF diet
disrupts the diurnal rhythmicity of the gut microbiome, which is essential for

the maintenance of host homeostasis [54].
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Unfortunately, the chronic supplementation with dietary doses of GSPE, which
was previously shown to modify the gut microbiota composition in rodents
[55,56], was unable to restore the CAF diet-induced disruption of gut
microbiota at genus level. However, we demonstrated that GSPE prevented
the CAF diet-promoted increase in Bacteroidetes-to-Firmicutes ratio during
the active phase, thus positively influencing host-microbiota co-metabolism.
Interestingly, high doses of GSPE were previously shown to regulate appetite
by favouring the secretion of intestinal GLP-1 and PYY [57], which, in turn, are
managed by gut microbiota-derived SCFAs [58]. Therefore, it is postulated
that GSPE effects on major phyla, mainly by promoting the occurrence of
fermentative Firmicutes, could favour the secretion of satiety regulatory
hormones in a SCFA-mediated manner. Altogether, the GSPE-mediated
prebiotic effects were highlighted during the active phase, whereas its
previously described influence on host metabolism is postulated to be

partially driven through the management of gut microbiome.

Importantly, and in contrast to our expectations, the consumption of fiber and
protein was reduced in GSPE-treated rats regardless the daily phase, which
was mainly explained by a decreased chow intake. In this sense, the prebiotic
potential of GSPE in counteracting CAF diet-induced dysbiosis at genus level
could be masked by an altered protein and fiber intake in the GSPE-
supplemented groups. Moreover, the protective role of GSPE against body
weight gain observed in our study was not accompanied by a reduced
adiposity, and thus, might not be discussed as a beneficial effect for DIO.
Therefore, further research is needed to accurately elucidate the microbiota-

mediated effects of GSPE in the management of obesity.

Once we had exhaustively evaluated the impact of DIO on gut microbiota, we

wanted to go further. From a comprehensive view of dietary therapy as the
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most effective tool to modulate gut microbiota, especially in the field of
obesity-related dysbiosis, we focused on the research of untapped and
potentially valuable prebiotic ingredients. For this purpose, we performed an
in vitro fermentation study using a wide range of industrial by-products and
natural ingredients to evaluate their prebiotic capacity in human fecal samples

from normoweight and obese individuals (Chapter IV).

In this study, the prebiotic capacity of the ingredients was evaluated through
the measurement of pH-lowering effect, gas generation, and SCFA production,
altogether with an integrative approach of the metabolomic profiles resulting
from the in vitro fermentation. Importantly, the favouring effects of inulin-type
fructans on the growth of beneficial bacteria, SCFA production, fat oxidation
and control of food intake in obesity, prompted us to utilize this compound as
a positive control to evaluate the prebiotic capacity of our substrates [59,60].
First of all, we revealed distinct fermentative capacities of gut microbiota from
obese and normoweight individuals. In this sense, obese microbiota preferably
generated propionate, which has been previously found increased in obese
individuals as a microbiota-derived response due to its anti-obesity properties
[61], instead of acetate. This result is in accordance with a higher acetate-to-
propionate ratio found in lean compared to obese volunteers reported in the
literature [30]. Interestingly, acetate is able to cross the blood-brain barrier
and reduce appetite [62], and to improve glucose and lipid metabolism in
white adipose tissue [63]. Thus, SCFA profiles highly relied on the intrinsic
microbiota composition and function, suggesting a major prevalence of

propiogenic bacteria in obese conditions.

Relevantly, we observed that in vitro fermentation occurred in a substrate-
dependent manner. In this sense, we showed for the first time the strong

prebiotic potential of pumpkin skin. This ingredient exerted an inulin-like
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effect on fermentation measurements, including the decrease of pH, gas
generation and SCFA production. Hence, pumpkin skin is postulated as one of
the most promising ingredients to be potentially revaluated as a prebiotic
food. In addition, we confirmed recent studies attributing prebiotic activities
to BSG [64,65], showing that SCFA production is favoured by both lean and
obese microbiota fermentation. In this sense, it is suggested that BSG potential
benefits are mediated by its high content in arabinoxylans and, subsequently,
to the stimulation of butyrate-producing bacteria, as previously shown [66].
Despite that the prebiotic potential of these ingredients should be further
evaluated in vivo in animal models, we successfully identified prebiotic
candidates including pumpkin skin, BSG, Armillaria mellea and Boletus edulis,

Irish moss, quinoa husk and plum skin.

Altogether, the implication of gut microbiota on DIO has been extensively
evaluated in this thesis. First, we reported that CAF diet, in contrast to HF and
HFS diets, robustly impacts on the physiologic, metabolic and microbial
profiles of rats, thus promoting the development of severe obesity and
microbiota dysbiosis. Moreover, the CAF diet-induced changes on gut
microbiota are influenced by rat strain, thus evidencing that direct
extrapolation of DIO effects on gut microbiome between different rat strains
must be carefully done. On the other hand, the CAF diet-induced dysbiosis is
suggested to strongly disrupt the hormonal control exerted by estrogens in
female F344 rats, which was in line with a higher increase in the percentage of
RWAT and a higher decrease of body lean mass as compared to males. In
addition, GSPE was able to counteract the CAF diet-promoted disturbances on
the abundances of the main phyla during the active phase, although no
evidences supporting the recovery of gut microbial rhythmicity, which was

found disrupted by the CAF feeding, were obtained. Finally, we have
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addressed the potential prebiotic capacity of previously untapped natural
ingredients, thus revealing for the first time that pumpkin skin, among others,
is readably fermented by the gut microbiota and promotes the production of
beneficial SCFAs. Overall, although more studies are necessary to elucidate the
mechanisms underlying the diet-induced disruption of microbiota-host co-
metabolism, this thesis provides a detailed evaluation of gut microbial

signatures related to DIO in rats.
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CONCLUSIONS

The main conclusions of this thesis are:

1. The intake of CAF, HF and HFS diets distinctively alters gut microbial
ecosystem, metabolic status and host phenotype in male Wistar rats,
leading to robust and similar clusters on intestinal microbiome and

urinary metabolomic profiles according to the dietary intervention.

2. CAF diet promotes severe gut microbiota dysbiosis, disrupts bile acid
metabolism and SCFA production, and triggers an increased urinary
excretion of uremic toxins and metabolites associated with oxidative

stress and inflammation.

3. Semi-purified feed-based diets result in overweight phenotypes
characterized by modest body fat accumulation, without promoting
relevant alterations on the gut microbial ecosystem and urinary

metabolome.

4. Wistar rats are more susceptible to CAF diet-induced dysbiosis of gut
microbiota than F344 rats, while strain-dependent differences on chow

intake might act as a confounder factor.

5. The negative impact of the CAF diet on body lean mass and RWAT
weight, as well as on gut microbiota composition, is more pronounced

in female than male F344 rats.

6. Consumption of the CAF diet disrupts the rhythmicity of gut microbiota
in male F344 rats mainly by altering the cyclical Lactobacillus

abundance, whereas the diet-induced alterations on the main phyla are
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10.

more pronounced during the active phase than during the resting

phase.

Daily supplementation with dietary doses of GSPE (25 mg/kg body
weight) counteracts the CAF diet-promoted increment of
Bacteroidetes-to-Firmicutes ratio during the active phase, without
inducing beneficial effects for the host’s metabolic and physiologic

status.

The in vitro fermentation of pumpkin skin, brewers’ spent grain,
Armillaria mellea, Boletus edulis, Irish moss, plum skin and quinoa husk
by human fecal microbiota decreases the pH and triggers the
generation of gas and SCFAs, thus disclosing a prebiotic potential for

these natural ingredients.

Pumpkin skin promotes the largest drop in pH and the highest butyrate
production within both normoweight and obese conditions, generating
the closest metabolomic profiles to those derived from inulin

fermentation.

Gut microbiota from obese individuals favours the generation of
propionate in vitro, whereas total SCFA, butyrate and acetate
production is mostly favoured when fermentable substrates are

exposed to a lean microbiome.
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V. Conclusions

CONCLUSIONS

Les principals conclusions d’aquesta tesi son:

1.

El consum d’'una dieta CAF, HF i HFS altera de manera diferent
'ecosistema bacteria, I’estat metabolic i el fenotip de 'hoste en rates
Wistar mascle, revelant una agrupacié consistent i similar dels perfils
microbia intestinal i metabolomic urinari d’acord amb la intervencié

dietetica.

La dieta CAF indueix una disbiosi severa de la microbiota intestinal,
altera el metabolisme dels acids biliars i la produccié6 de SCFA, i
desencadena un increment de l'excrecié urinaria de toxines

urémiques i metabolits associats amb I’estres oxidatiu i la inflamacié.

Les dietes semi-purificades indueixen un fenotip de sobrepes
caracteritzat per una modesta acumulacié de greix corporal, sense
promoure alteracions rellevants en l’ecosistema bacteria i en el

metaboloma urinari.

Les rates Wistar s6n més susceptibles a la disbiosi de la microbiota
intestinal induida per la dieta CAF, si bé el diferent consum de pinso

entre soques pot actuar com un factor de confusio.

L’'impacte negatiu de la dieta CAF sobre la massa magra corporal i el
pes del RWAT, aixi com sobre la composici6 de la microbiota

intestinal, és més pronunciat en femelles F344 que en mascles.

El consum d’una dieta CAF interromp la ritmicitat de la microbiota

intestinal en rates F344 mascle, essencialment per l'alteracié de
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10.

280

I'abundancia ciclica de Lactobacillus, mentre que les alteracions
induides per la dieta sobre els principals filum s6n més pronunciades

durant la fase activa que durant la fase de repos.

La suplementacio diaria amb dosis dietetiques de GSPE (25 mg/kg pes
corporal) neutralitza l'increment del rati Bacteroidetes/Firmicutes
induit per la dieta CAF durant la fase activa, sense induir efectes

beneficiosos sobre I’estat fisiologic i metabolic de I'hoste.

La fermentaci6 in vitro de la pell de carbassa, el bagas de cervesa,
Armillaria mellea, Boletus edulis, 1a molsa d’Irlanda, la pell de pruna i
la pellofa de quinoa amb microbiota fecal humana indueix una
reducci6 del pH i desencadena la formacid de gas i SCFAs, revelant aixi

un potencial prebiodtic per a aquests ingredients naturals.

La pell de carbassa produeix la major disminucié de pH i la major
producci6 de butirat tant en condicions de normopeés com d’obesitat,
generant el perfil metabolomic més semblant al que se’'n deriva de la

fermentacié de la inulina.

La microbiota intestinal d’individus obesos afavoreix la generacié de
propionat a nivell in vitro, mentre que la produccié de SCFA totals,
butirat i acetat es troba afavorida quan els substrats sén fermentats

per la microbiota procedent d’individus normopes.
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The host and its gut microbiota co-live in a mutually beneficial
relationship, while the disruption of this equilibrium has been related
to pathological states like obesity. Remarkably, gut microbial dysbiosis
has a multi-factorial origin beyond the strong impact of diet. In this
thesis, we deeply evaluated the influence of genetics, circadian
rhythms and potential prebiotics in obesity from a metagenomic
perspective.

N
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Firstly, we characterized the impact of Westernized and semi-purified
diets on gut microbiota and host phenotype in Wistar rats, thus
identifying cafeteria diet as the most effective dietary model for
inducing severe obesity and gut microbiota dysbiosis. Furthermore,
the cafeteria diet caused a strong disruption of bile acid metabolism,
SCFA production and urinary metabolome. By contrast, semi-purified
diets promoted a modest fat accumulation and minor changes on gut
microbiome. Then, the influence of strain and gender upon the
microbial responses to cafeteria diet was addressed. Wistar rats were
more susceptible to cafeteria diet-induced microbial dysbiosis than
F344 animals, which was characterized by an increased
Bacteroidetes-to-Firmicutes ratio, whereas obesity development
similarly occurred in both strains. In addition, F344 females developed
more severe alterations on biometric parameters and gut microbiota
than males under a cafeteria feeding.

o

We further evaluated the impact of cafeteria diet and grape seed
proanthocyanidins on circadian rhythms of gut microbiota. Whereas
the cafeteria diet disturbed the naturally occurring microbial
rhythmicity, mainly by altering the cyclical abundance of Lactobacillus,
grape seed proanthocyanidins, which can be metabolized by intestinal
microbes, restored the microbial signatures of dysbiosis during the
active period.

Finally, we investigated the prebiotic capacity of several natural
ingredients in an in vitro fermentation study with human fecal
microbiota. Here, pumpkin skin promoted the largest drop in pH and
an inulin-like metabolomic profile in normoweight and obese fecal
samples, thus revealing for the first time its prebiotic potential.
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