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Abstract: Obesity currently represents a major societal and health challenge worldwide. Its preva-
lence has reached epidemic proportions and trends continue to rise, reflecting the need for more
effective preventive measures. Hypothalamic circuits that control energy homeostasis in response
to food intake are interesting targets for body-weight management, for example, through interven-
tions that reinforce the gut-to-brain nutrient signalling, whose malfunction contributes to obesity.
Gut microbiota–diet interactions might interfere in nutrient sensing and signalling from the gut to
the brain, where the information is processed to control energy homeostasis. This gut microbiota–
brain crosstalk is mediated by metabolites, mainly short chain fatty acids, secondary bile acids or
amino acids-derived metabolites and subcellular bacterial components. These activate gut–endocrine
and/or neural-mediated pathways or pass to systemic circulation and then reach the brain. Feeding
time and dietary composition are the main drivers of the gut microbiota structure and function.
Therefore, aberrant feeding patterns or unhealthy diets might alter gut microbiota–diet interactions
and modify nutrient availability and/or microbial ligands transmitting information from the gut to
the brain in response to food intake, thus impairing energy homeostasis. Herein, we update the scien-
tific evidence supporting that gut microbiota is a source of novel dietary and non-dietary biological
products that may beneficially regulate gut-to-brain communication and, thus, improve metabolic
health. Additionally, we evaluate how the feeding time and dietary composition modulate the gut
microbiota and, thereby, the intraluminal availability of these biological products with potential
effects on energy homeostasis. The review also identifies knowledge gaps and the advances required
to clinically apply microbiome-based strategies to improve the gut–brain axis function and, thus,
combat obesity.
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1. Gut and Brain Control of Energy Homeostasis

The gastrointestinal tract is a huge sensory organ able to transmit nutrient-related
information to the brain where diverse endocrine and neural inputs converge to ultimately
control feeding behaviour and whole-body energy homeostasis through efferent outputs.
Nutrient sensors are receptors that bind molecules derived from the macronutrient diges-
tion. They are located in enteroendocrine cells (EECs), which are the primary chemosensory
cells in the gut, and are in direct contact with the luminal environment [1]. The activation
of nutrient sensors of EECs initiates the secretion of gut hormones that in turn trigger the
downstream processes required to maintain energy homeostasis postprandially. The most
extensively studied gut hormones are cholecystokinin (CCK), gastric inhibitory polypep-
tide (GIP), mainly secreted in the upper part of the intestine, and glucagon-like peptide-1
(GLP-1) and peptide tyrosine tyrosine (PYY), mainly secreted in the distal part [2]. EECs
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specifically sense carbohydrates, proteins and lipids through a diverse repertoire of nutrient
sensors. Among others, sodium/glucose cotransporter 1 (SGTL1) mediates carbohydrate
sensing, mainly sensed in the form of glucose, and, then, induces GIP and GLP-1 secretion;
calcium-sensing receptor (CaSR) senses dietary amino acids and, then, secretes CCK and
GLP-1; and G-protein coupled receptor (GPR) 120 (FFAR4), GPR40 (FFAR1) and GPR119
sense products from lipid digestion and induce the secretion of CCK, GIP, GLP-1 and
PYY [1,3]. EECs are in close proximity to vagal afferent nerve terminals in the lamina
propria, which express intestinal hormone receptors. Enteroendocrine hormones secreted
after a meal activate nutrient-sensing signalling via endocrine routes, when gut hormones
reach the brain or other organs through systemic circulation, or via paracrine routes, when
hormones stimulate vagal afferents nearby in the intestinal mucosa and, then, the signal
reaches the brain.

The arcuate nucleus (ARC) of the hypothalamus is accessible to humoral signals since
is not fully protected by the blood–brain barrier [4]. The ARC contains two subpopulations
of neurons; those expressing anorexigenic propiomelanocortin (POMC), the precursor
of α-melanocyte-stimulating hormone (αMSH), and the cocaine and amphetamine reg-
ulated transcript (CART); and those neurons expressing the agouti gene-related peptide
(AgRP) and neuropeptide Y (NPY) [5]. The activation of the POMC/CART neurons after
feeding induces the release of α-melanocyte stimulating hormone (α-MSH) that binds
to melanocortin 4 receptor (MC4R) in the paraventricular nucleus (PVN) where the in-
formation is integrated to suppress food intake and regulate body weight [6]. Thus, the
increased levels of gut hormones such as CCK, GLP1 or PYY after a meal reach, via en-
docrine routes, the ARC to suppress food intake [7]. Via paracrine routes, gut hormones
can stimulate vagal afferents [8], which are bipolar neurons whose somas converge in the
nodose ganglion and their proximal extensions terminate in the nucleus of the solitary tract
(NTS) in the brainstem [9]. This, together with the hypothalamus, represents an important
integrative gut–brain hub. The NTS also contains POMC neurons and, through monoamine
neurotransmission, transmits sensory information to upstream brain areas including the
PVN and the dorsal vagal complex (DVC) that send efferent outputs involved in the vago–
vagal reflex [5]. In summary, there are different paths for transmitting nutrient signals
to the brain. The hypothalamus senses nutrients through the action of enteroendocrine
hormones released in the intestine, which reach the brain by humoral pathways [10–12],
that is through the circulatory system, or by paracrine pathways, that is by activating the
nerve terminals of intestinal vagal afferents, which are the main focus of the present review.

The increased intake of energy-dense and palatable foods impairs the brain circuits
controlling energy homeostasis, whose deficient response to nutrient signals alters feeding
behaviour, which contributes to obesity. Accordingly, the restoration of nutrient signalling
via the gut–brain axis represents a promising strategy to improve the central control of
energy homeostasis in response to meals and, thus, help combat obesity [13–15]. The gut
microbiota is a biological factor that might directly or indirectly influence nutrient-sensing
and, theoretically, its modulation could aid in the restoration of gut-to-brain communication
and maintaining energy homeostasis. The role of gut microbiota in obesity has been proven
through faecal transplantation experiments, which produce the metabolic phenotype of
the donor in the recipient organism [16]; however, the mechanisms by which microbiota
influence energy homeostasis and body-weight regulation are not yet fully understood.
Western diets, rich in saturated fat and simple sugars, alter the gut ecosystem reducing
bacterial diversity and increasing the abundance of potential pathogens [17]. This, in turn,
could alter the metabolism of macronutrients and, thereby, the ligands available for nutrient
sensors in the intestinal lumen as well as the presence of structural microbial components
that might also act as ligands of sensors that mediate the gut-to-brain communication.
Sensors of microbially produced metabolites and bacterial components are located in EECs,
vagal afferents and, occasionally, in the hypothalamus and can be activated by ligands
reaching the brain through the systemic circulation. These receptors sense microbial-
derived metabolites such as short chain fatty acids (SCFAs), secondary bile acids (BAs) and
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amino acid-derived metabolites and subcellular bacterial components such as caseinolytic
peptidase B (ClpB), lipopolysaccharide (LPS) or muramyldipeptide (MDP).

Here, we review the role of dietary factors, including feeding patterns and diet
composition, in modulating gut microbiota structure and function and potentially affecting
gut-to-brain nutrient sensing, mainly via endocrine and neural routes. We also compile
evidence of microbial molecules able to modulate specifically hypothalamic-mediated
control of the energy homeostasis, placing special emphasis on their role in regulating food
intake and, thereby, obesity.

2. Circadian Rhythms, Eating Patterns and Gut Microbiota in Energy
Homeostasis Control

Most of the physiological functions display circadian rhythms. At cellular level,
these are governed by clock proteins that generate self-sustained daily oscillations of the
biological processes that allow cells to anticipate and thus to optimally respond and adapt
to environmental variations [18,19]. In mammals, most cells throughout the body express
clock genes that elicit autonomous circadian oscillations [20]. The hypothalamic clock
located in the suprachiasmatic nucleus acts as a master pacemaker that synchronizes the
secondary clocks [21,22]. Eating behaviour and energy metabolism show a well-defined
circadian pattern through the day. In humans and rodents, the timed feeding patterns are
governed by metabolic hormones and nutrients [23] and shift certain secondary clocks
without affecting the suprachiasmatic nucleus, whose circadian oscillations are mainly
governed by light–dark cycles [24,25]. Circadian rhythmicity, specially that affecting eating
behaviour, is required to maintain energy homeostasis. Indeed, humans with disrupted
circadian rhythms have higher risk of developing obesity and type 2 diabetes (T2D) [26,27]
and mistimed eating increases adiposity in rodents [28] and also favours obesity and
increases postprandial glycaemia in humans [29,30].

Circadian rhythmicity is involved in gut microbiota–host interactions. Gut microbiota
play a role in maintaining the circadian rhythms of the host, including those related to
eating patterns and energy homeostasis, and vice versa. The abundance of bacterial species,
as well as of their derived metabolites, vary throughout the day, suggesting associations
between gut microbes and eating behaviours in humans [31]. A recent study by Reitmeier
et al. [32] supports the link between diurnal fluctuations of the gut microbiota and metabolic
health in humans. The authors identified these diurnal oscillations in faecal samples of
three independent large-scale population studies and detected aberrant oscillations in
subjects with metabolic disorders such as obesity or T2D [32].

2.1. Gut Microbiota Influences Circadian Rhythms Affecting Metabolism

The influence of gut microbiota on the host circadian rhythms and on energy metabolism
has been demonstrated in peripheral tissues such as the gut, liver or white adipose tissue. In
mice, gut microbiota is required to maintain the circadian rhythmicity of the expression of
the Toll-like receptors (TLRs), through which the microbiota-associated molecular patterns
(MAMPs) communicate with the intestinal epithelial cells (IECs) of the host [33]. The
absence of gut microbiota impairs the circadian clock of the IEC leading to an increased
synthesis of ileal corticosterone, which impairs systemic metabolic homeostasis. This
is evidence for the role of the microbiota–IEC dialogue oscillation during the day in
metabolic health maintenance [33]. Similarly, germ free mice show altered expression
of circadian-related genes in liver and white adipose tissue [34]. Microbiota-derived
molecules, especially those that activate aryl hydrocarbon receptor (AHR) and pregnane
X receptor (PXR), are crucial to maintain the rhythmicity and sexual dimorphism of the
growth hormone secretion, which maintains rhythmic gene expression and metabolome in
liver in a sex-dependent manner [34].

2.2. Eating Patterns, Gut Microbial Diurnal Oscillations and Energy Homeostasis

The eating rhythms of the host cause microbiota oscillations, which seem flexible
and able to adapt to the nutritional environment. Mice deficient in the clock gene Per1/2
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or mice submitted to an experimental “jet-lag” show altered eating rhythms throughout
the day linked to aberrant microbiota fluctuations [35]. Time-restricted feeding of Per1/2
knock-out mice partially restores the microbiota oscillations, proving that eating behaviour
is the main driver of microbiota diurnal oscillations [35]. A fat-rich diet also blunts the
cyclical changes of the gut microbiota [36,37] and, consequently, their derived-metabolites,
thus affecting host metabolism. For instance, the fluctuations of species belonging to the
family Lachnospiraceae and their derived metabolite butyrate disappear under a high
fat diet (HFD), which affects hepatic clock genes and metabolism [36]. Additionally, the
spatial distribution of microbes in the gut seems to follow daily fluctuations. In rodents,
bacterial adherence to the intestinal epithelium and their proximity to the mucosal surface
are higher in the dark than in the light phase and, over the course of the day, some bacterial
species show oscillations of epithelial adherence, findings that are dependent on feeding
time [38]. Importantly, the nutrient-induced microbiota oscillations throughout the day
lead to fluctuations of luminal and serum metabolites, such as amino acids and polyamines,
responsible for the circadian hepatic transcriptome required for physiological processes
such as detoxification functions [38]. Eating rhythmicity persists in antibiotic-induced
microbiota depletion [38] but obese-associated hyperphagia might be transmissible through
gut microbiota transplants to germ-free mice; this occurs in hyperphagic TLR5 knock-out
mice [39] although not in ob/ob mice. This suggests that eating rhythmicity is driven mainly
by the host circadian clock machinery driving endocrine hormone secretion, but nutrient
signalling could also be modulated by gut microbiota activated pathways.

Interestingly, the diurnal bacterial growth dynamics, which are controlled by bacterial
quorum sensing, availability of nutrients, gut motility and immunity, apparently overlap
with host-feeding cycles [40]. In this regard, a bacterial growth-based model of appetite
control has been proposed, in which the exponential and stationary growth phases of
the bacteria are associated with satiety-induced signals of the prandial and postprandial
phase, respectively, while the decline growth phase is coupled with hunger-related signals,
defining intermeal intervals [40]. Therefore, to understand how the gut microbiota shapes
eating rhythms it is necessary to investigate the bacterial growth fluctuations parallel
to the generation of dietary and bacterially derived ligands of nutrient sensors able to
centrally control energy homeostasis (such as SCFAs, secondary BAs or amino acid-derived
metabolites—see Section 4 for details). For instance, ClpB, an antigen mimetic of αMSH
produced by Escherichia coli [41], activates host satiety pathways following nutrient-induced
bacterial growth [42]. Similarly, nutrient-induced bacterial growth might enhance the gen-
eration and release of bacterial ligands, such as cell wall and membrane components (e.g.,
lipopolysaccharide, LPS, or muramyldipeptide, MDP) or quorum sensing molecules, which
in turn activate nutrient sensing pathways in the gut. Although the causal link between
the diurnal oscillations of these molecules and feeding rhythms has yet to be proven, LPS
and MDP are known to suppress food intake through immune sensing pathways linked
to satiety and sickness behaviour [43–45]. Through an immune-related cascade in which
LPS and MDP bind to TLR4 and NOD2, respectively, both molecules seem to modulate
GLP-1-mediated signalling [46–48]. Nevertheless, the extent to which nutrient-induced
bacterial growth and the consequent release of LPS or MDP synchronize meal-related host
rhythms under physiological conditions is still unknown. Indeed, the effects of LPS and
MDP on feeding behaviour have mainly been described in the context of bacterial infection,
where these bacterial molecules reach the systemic circulation. However, their role as
modulators of nutrient signalling in the gut, for instance as GLP-1 secretagogues, remains
mostly unexplored. In this regard, LPS could act as an inducer of GLP-1 secretion when
administered orally only if the gut barrier integrity is impaired [46]

3. Diet Composition Influences Gut Microbiota and Gut-to-Brain Nutrient-Sensing

Adherence to a particular dietary pattern, such as a Western, vegetarian or Mediter-
ranean diet, or dietary interventions characterized by large variations in the macronutrients
proportions, such as high protein or high fat (ketogenic) diets, impacts gut microbiota
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composition and function [49–51]. The composition in macronutrients of these diets ex-
erts an important effect on the availability of microbially derived ligands of dietary and
non-dietary nature in the luminal content able trigger gut-to-brain sensing routes and
controlling food intake and energy metabolism (summarized in Table 1). The availability of
these ligands depends on multiple biological processes, including the microbiota-mediated
catabolism of ingested nutrients and their absorption by enterocytes.

Most of the simple carbohydrates, proteins and fats are absorbed in the proximal
regions of the small intestine while indigestible complex carbohydrates, the preferred
carbon source of gut microbiota, reach the colon, favouring the growth of anaerobic
bacteria and species diversity. The gut microbiota structure and composition are flexible,
showing rapid adaptations to macronutrient shifts (24–48 h) that remain for short periods
while more permanent changes might require longer adherence to a dietary pattern [52,53].
When the dietary macronutrient composition is high in non- or low-fermentable nutrients
(e.g., lipids or proteins) these macronutrients overwhelm their intestinal absorption and
reach the colon, where they are used by the best adapted microbes with the subsequent
shift in their ability to activate gut nutrient sensing routes.

Although the diet per se modulates the energy metabolism, here we focus on effects
possibly mediated by the interactions between the gut microbiota and the main macronutri-
ents of different diets for which there is substantial scientific evidence. A special emphasis
is placed on those interactions that potentially affect gut-to-brain nutrient sensing and,
thereby, energy homeostasis.

3.1. Western Diets

Over the last two decades, the dietary patterns of modern societies have exhibited
a shift towards a diet low in fibre and high in saturated fats, simple sugars and refined
foods, termed the “Western diet” [54]. The Western diet is frequently associated with
altered eating patterns, leading to hyperphagia and obesity onset. Specifically, the over-
consumption of saturated fats and simple sugars in Western diets contributes to impair
eating behaviour as a consequence of an overstimulation of the nutrient sensing routes that
disturbs how brain senses these nutrient-related signals to control food intake patterns.
Particularly, the intake of dietary fats amplifies meal sizes in humans; this phenomenon is
exacerbated in obese subjects [55] that also showed reduced PYY secretion following a lipid
load [56,57]. Studies in obese individuals reported increased postprandial levels of GLP-1
and CCK and occasional reductions of GLP-1 secretion [58,59] while investigations in
rodents demonstrated that HFD diminished the sensitivity of GLP-1 and CCK contributing
to alter eating behaviour and energy homeostasis [60,61]. In addition to the effects on
eating behaviour, mouse studies also demonstrate that diets rich in saturated fats impair
the enteric detection of glucose required to induce glycogen depots in muscle through a
GLP-1 receptor mechanism in the arcuate NPY-expressing neurons [62].

Sugar-enriched foods also contribute to increasing weight gain as demonstrated by the
meta-analyses of randomised controlled intervention trials and observational studies [63].
Excessive intake of sugar is associated with overeating due to impaired hedonic and
homeostatic brain circuits [64–66] related to defective gut-to brain glucose sensing. In
lean humans, calories from dietary sugars negatively correlate with glucose-induced GLP-
1 secretion and positively with dorsal striatal food cue reactivity to palatable food [67].
Obesity in combination with increased dietary sugars has an additive effect reducing
circulating levels of GLP-1 after a glucose load [68]. Functional magnetic resonance imaging
also reveals that, compared with lean individuals, obese subjects show altered sucrose-
related functional connectivity of lateral hypothalamus and NTS with reward-related brain
areas resulting in reduced sucrose-associated hedonic responses [69] while studies in mice
indicate that the Western diet impairs glucose sensing in POMC-expression neurons [70].

Together with the altered feeding behaviour and energy homeostasis, the Western diet
also decreases the bacterial diversity in the human gut, partly due to its reduced content
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of complex carbohydrates [71] and especially if diets are rich in high saturated fatty acids
(SFAs) [72].

Compared with children from rural areas of Africa, European children eating a typical
Western diet showed a higher abundance of Firmicutes with an overrepresentation of
Faecalibacterium, while genera from Bacteroidetes, such as Alistipes and Prevotella, are
increased and decreased, respectively [50]. These associations can reflect a metabolic
adaptation of the intestinal bacteria to a new nutritional environment. How gut microbiota,
through their interactions with Western diet-derived nutrients (i.e., saturated fats and
simple sugars), influences the pool of bacterial-derived metabolites potentially activating
gut nutrient sensing routes to control eating patterns and energy homeostasis is in an early
stage of investigation. Herein, we compile associative studies in humans and mechanistic
studies in rodents which provide evidence of these interactions affecting the central control
of energy homeostasis.

In humans, short-term adaptations of the gut microbiota to an animal-based diet
consist of a predominance of bile-tolerant microorganisms such as Alistipes or Bilophila and
a decrease in bacteria adapted to metabolize dietary plant polysaccharide such as Roseburia,
Eubacterium rectale and Ruminococcus bromii [53]. In vitro human gut simulator assays have
demonstrated the predominance of lipid degradation-related genes and the downregulation
of carbohydrate degradation genes, along with an increase in Gammaproteobacteria and the
genera Alistipes and Bilophila in bacterial communities exposed to a fat-based medium [73].
In mice, a SFAs-enriched diet, especially high in palmitic acid, boosts overgrowth of
Bilophila wadsworthia, which aggravates the HFD-induced metabolic disturbances [74]. The
increased abundance of B. wadsworthia seems to be a secondary consequence of the SFAs
on BAs metabolism [75]. Specifically, the SFAs-enriched diet increases the host production
of BAs conjugated with taurine, which increase the fitness and growth of B. wadsworthia,
while inhibiting other bacteria. B. wadsworthia also exacerbates the HFD-induced decrease
in deoxycholic acid (DCA) and hyodeoxycholic acid (HDCA), secondary BAs that mediate
gut nutrient sensing routes [75] (see Section 4 for details).

Studies in mice fed saturated fat-enriched diets combined with microbiota transplants
or antibiotic treatments have provided insights into the causal relationship between specific
bacterial genera or species and nutrient sensing routes involved in the central control of
glucose homeostasis. For instance, the abundance of Lactobacillus gasseri (which is reduced
by Western diets) helps to sense oleic and linoleic acid in the small intestine to ultimately
reduce hepatic glucose production through downregulation of the bile acids receptor
farnesoid acid receptor (FXR) and upregulation of the long-chain acyl-CoA synthetase-
3 (ACSL3) [76]. In addition, the Western diet-induced lactobacilli decrease seems to be
involved in the defective GLP-1 receptor/nitric oxide synthase (nNOS)-mediated signalling
in response to oral glucose load to centrally control insulin secretion and gastric emptying,
a process initiated by LPS and MDP [47].

Western diet also provides an excess of non-absorbable glucose and fructose to the
small intestine and subsequently reach the colon. Gavage of [13C]fructose in mice reveals
that high doses of fructose saturate the fructose-to-glucose conversion in the small intestine,
enhancing fructose utilization by the microbiota in the colon via the hexokinase pathway
to further generate tricarboxylic acid cycle (TCA) intermediates, such as essential amino
acids (valine and leucine) and SCFAs (succinate, butyrate and acetate) [77,78]. In addition,
sucrose-derived glucose and fructose in the colon downregulate a gene involved in gut
bacteria colonization, reducing the fitness of bacterial species such as Bacteroides thetaio-
taomicron associated with a lean phenotype by some studies [79]. The Western diet-induced
decrease in the abundance of Lactobacillus spp. in the small intestine also impairs the
glucose transporter SGLT1 and the GLP-1 receptor-mediated glucose sensing in the gut
required to centrally control energy homeostasis in rats [80].
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3.2. Vegetarian Diets

Vegetarian diets largely vary in composition according to the interindividual choice
of foods. Commonly, they are devoid of meat and can include eggs and dairy products
(lacto-ovo-vegetarian, lacto-vegetarian or ovo-vegetarian); exclude eggs and dairy products
(vegan diets) or only include vegetables, fruit, nuts, seeds, legumes and sprouted grains
(raw vegan diet) [81].

Compared with omnivorous diets, individuals adhering to vegan or vegetarian diets
show less uncontrolled eating and emotional eating [82]. In the short-term, compared
with a processed meat meal, a plant-based tofu meal enhances the secretion of GLP-1 in
T2D individuals with a concomitant increase in satiety and a reduction of triglycerides in
plasma [83,84].

Deciphering which are the vegetarian/vegan diet-associated nutrients and molecules
that facilitate the gut-to brain nutrient sensing would provide valuable knowledge for
designing effective anti-obesity dietary interventions for subjects who chose this dietary
pattern. Overall, well-implemented vegetarian diets meet or exceed the recommended
fibre intake [81,85]. A comparative study demonstrated that while the daily intake of
sugars does not differ between vegan, vegetarian and omnivorous diets and the intake
of proteins shows slight differences, subjects who adhered to a vegetarian/vegan diet
consumed fewer calories and saturated and monounsaturated fats and higher amounts
of dietary fibre [86], pointing out a main role of fibres in the ability of plant-based diets to
modulate the gut–brain axis.

Dietary fibres, complex carbohydrates unable to be digested and absorbed in the upper
part of the human intestine and which pass to the distal part, serve as substrate for intestinal
microbes [87]. These complex polysaccharides, highly abundant in plant-based diets, per se
display protective effects against the progression of obesity; moreover, new investigations
suggest that the gut microbiota might be an intermediate player of the fibre benefits. Fibre
fermentation generates diverse molecules including lactate, pyruvate and succinate as
well as the SCFAs including acetate, propionate and butyrate in a molar ratio of 60:20:20,
approximately [88]. Specifically, acetate is produced by phosphate acetyltransferase and
acetate kinase; propionate is catalysed via the succinate, acrylate and propanediol pathways;
and butyrate is produced by phosphate butyryltransferase and butyrate kinase [89].

Overall, an overrepresentation of the genera Prevotella and Ruminococcus is present in
faeces of humans who adhere to plant-based diets [90]. Interventional studies in humans
also show that different types of fibres favour the growth of bacteria with the enzymatic
machinery directly involved in their fermentation. For instance, the abundance of Bifi-
dobacterium spp., whose genome encodes transporters and enzymes involved in complex
carbohydrate catabolism [91], are increased in the human colon as a result of dietary supple-
mentation with inulin-type fructans [92], resistant starch [93], galactoologosacharides [94]
or arabyno-oligosaccharides, which also increase Prevotella [95,96]. Some studies also asso-
ciate the bifidogenic effect of the inulin-type fructans supplementation with improvements
in oral glucose tolerance in obese women and reductions in body weight z-score in obese
children [92]. Nonetheless, most of the human studies only show associations between
specific bacterial taxa and metabolic benefits, and further studies are needed to demon-
strate causality. Thus, it is also possible that the microbiota-mediated metabolic benefits of
prebiotic fibres could depend on the initial microbiota configuration of the human subject
and its capability to enhance the production of enough fermented products (e.g., SCFAs or
others) and that this variation explains the inconsistency of the results across intervention
trials [96,97].

Nevertheless, some studies in germ-free mice intentionally colonized with specific mi-
crobiotas have already demonstrated that, for example, plant-based diets induce microbiota-
dependent benefits. In particular, Prevotella copri seems to mediate the fibre-induced glucose
tolerance improvement as revealed by a study conducted in germ-free mice colonized
with the gut microbiota from individuals that favourably respond to barley kernel-based
bread consumption [98]. An important route of communication between the gut and the
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brain is the intestinal gluconeogenesis that, via portal glucose sensing, is essential for
maintaining the postprandial regulation of the hypothalamic energy homeostasis control,
including food intake and endogenous production of glucose [99]. It seems that P. copri
could modulate the gut–brain axis to centrally control glucose homeostasis antagonizing
the effects of other intestinal bacteria. Particularly, P. copri seems to limit the effects of Bac-
teroides thetaiotaomicron on energy metabolism impairment, possibly due to the ability of the
latter bacterium to reduce colonic gluconeogenesis [98]. This idea was later demonstrated
by de Vadder et al. 2016 [100] who evidenced the capacity of the P. copri colonization in
mice to increase the intraluminal content of succinate, which could be used as substrate
for the intestinal gluconeogenesis to then reduce hepatic glucose production via portal
glucose sensing.

3.3. Mediterranean Diet

The Mediterranean diet is characterized by a high-level consumption of fruits, vegeta-
bles, grains, and fish and seafood as the main animal protein [101,102]. Scientific evidence
supports that most of the benefits, mainly cardiovascular, of the Mediterranean diet are
attributed to the high content of monounsaturated fatty acids (MUFAs), mainly oleic acid;
ω-3 polyunsaturated fatty acids (PUFAs), mainly α-linolenic acid, eicosapentaenoic acid
and docosahexaenoic acid; polyphenols, flavonoids and non-flavonoids, and fibre [103,104].

Contrary to SFAs, unsaturated fats are associated with metabolic benefits [105,106]
and, accordingly, the Mediterranean diet is considered adequate to promote metabolic
health without restricting total fat intake. Oleic and α-linolenic acid are GLP-1 secret-
agogues [107–109] and initiate lipid sensing routes to centrally control the endogenous
production of glucose [110].

Dietary polyphenols present in vegetables and fruits might also display protective
effects against obesity by the modulation of the hypothalamic function. Polyphenols can
reach the brain and also initiate gut nutrient sensing routes. In the gut, polyphenols are
able to induce the secretion of GLP-1, and PYY [111] in postprandial periods favouring
the insulin-mediated glucose-lowering effects [112,113]. Whether or not these effects are
mediated by the central nervous system should be further ascertain.

The Mediterranean diet also shapes the gut microbiota and the associated metabolome.
Obese individuals adhere to a Mediterranean diet for 2 years show increases in the gen-
era Bacteroides, Prevotella, and Faecalibacterium, and most importantly of Roseburia and
Ruminococcus and the species Parabacteroides distasonis and Faecalibacterium prausnitzii [114].
Compared with Western diet non-human primate’s consumers, Mediterranean diet con-
sumers also show higher levels of genera Lactobacillus, Clostridium and Oscillospira [115].
The overrepresentation of these gut bacteria species could represent an adaptation of the
microbial ecosystem to the higher preabsorptive abundance of PUFAs, polyphenols and
complex carbohydrates, not absorbed in the upper gut, and thus able to interact with intesti-
nal bacteria to modulate the pool of nutrient and microbe-derived metabolites activating
the gut–brain axis.

Studies in mice reveal that, compared with saturated fats, intake of polyunsaturated
fats limit the progression of obesity and induce different changes to the gut microbiota
composition [116,117]. Overall lipids are not primarily digested by intestinal microbes but
lipid-induced gut microbiota changes can equally influence how the gut senses nutrients.
Lactobacillus spp. might be overrepresented under a diet rich in linoleic acid since they
specifically develop resistance to its toxicity [118] and also use this ω6 fatty acid to pro-
duce PUFAs-derived metabolites such as 10-hydroxy-cis-12-octadecenoic acid (HYA) [119].
HYA improves metabolic health, suppressing food intake through lipid sensing-mediated
signalling in L cells, in which GPR40 and/or GPR120 activation induces GLP-1 secretion in
mice [119]. In addition, gut bacteria might influence lipid sensing routes and the expor-
tation of fatty acids to extra-intestinal tissues by influencing the fatty acid storage in the
enterocyte. For instance, Lactobacillus paracasei and Escherichia coli decrease the intestinal
secretion of the absorbed oleic acid but through different metabolites derived from the
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fermentation of complex carbohydrates [120]. Specifically, intestinal storage of oleic acid is
promoted by L. paracasei-produced L-lactate by inhibiting malonyl-CoA-induced fatty-acid
beta oxidation, a route activated by E.coli-produced acetate, which increases oleic acid
degradation [120].

Additionally, gut microbiota favours the bioavailability of polyphenols from food
in the intestinal lumen through complex multienzymatic reactions [121] modulating the
polyphenol-associated gut nutrient sensing. To date, the identification of bacteria species
specifically modulating polyphenol metabolic routes is under an early stage of investigation.
Nevertheless, some evidence is available indicating, for instance, that Bacillus subtilis,
which protects against obesity in mice [122], may produce protocatechuic acid from dietary
quercetin in the human gut, which can virtually bind to the GLP-1 receptor as predicted by
molecular docking simulations [123].

3.4. Diets Based on Macronutrients Ratio Variations

Herein we review the effects of diets used for weight loss, which are based on varia-
tions of the macronutrients proportions, such as high protein diets and low carbohydrate-
high fat diets. We also focus on the potential role of these diets in the postprandial modula-
tion of the gut–brain axis by changes in the pool of microbial and nutritional ligands in the
intestinal lumen derived from the dietary macronutrients.

High protein diets are characterized by an increased intake of food rich in proteins
(25–35% of energy compared with 12–18% of the standard protein diets) [124] and fre-
quently associated with reduced carbohydrate consumption. These type of diets seem to
be appropriate to rapidly induce weight loss [125]. Indeed, high protein diets positively
regulate energy metabolism since, compared with other macronutrients, proteins strongly
induce satiety and stimulate intestinal gluconeogenesis and thermogenesis [99,126]. Never-
theless, in the long-term, diets with different macronutrients ratios but the same energy-
restricted content have similar effects on body weight maintenance, which could also be
due to a poor long-term adherence to all diets [127–129].

In normal weight or obese human subjects, high protein meals induce the greatest sati-
ety compared with isocaloric diets with high content of carbohydrates or fats, an effect that
is dependent on PYY, the secretion of which is preferentially enhanced by proteins [130].
In addition to gut hormones, high protein diets modulate the gut–brain axis to control
food intake and energy metabolism by stimulating the intestinal gluconeogenesis from
postprandial to postabsorptive periods [99]. Digested peptides in the upper gut antagonize
the µ-opioid receptors in the spinal and vagal afferents of the portal vein, a signalling that
centrally activates the intestinal gluconeogenesis involved in the glucose sensing-induced
food intake suppression [131,132]. Additionally, enriched-protein meals are a source of glu-
coneogenesis substrates for the gut such as glutamine and glutamate [99]. Compared with
carbohydrates and fats, proteins also have the highest effect inducing thermogenesis [126].
Although the underlying mechanisms needs to be clarified specifically for proteins, some
studies have identified thermogenesis-dependent gut–brain axis mechanisms mediated
by gut hormones. For instance, GLP-1 centrally enhances thermogenesis through sym-
pathetic efferents [133] and the duodenal hormone secretin postprandially activates the
thermogenesis to induce satiety [134].

High protein diets also increase the amount of amino acids that can be fermented
by gut microbiota in the colon to obtain energy and to produce nutrient sensing ligands.
These include amino acid-derived SCFAs, branched chain fatty acids (BCFAs: isobutyrate,
2-methylbutyrate and isovalerate) and other molecules derived from tryptophan or gluta-
mate, among others.

Compared with carbohydrates, the fermentation of proteins produces fewer SCFAs,
although it still contributes substantially to microbial organic acid production. Amino
acid-derived acetate is produced from glycine, alanine, threonine, glutamate, lysine and
aspartate; butyrate is produced from glutamate and lysine and propionate from threo-
nine [135].
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Tryptophan is also biochemically transformed by gut microbiota, leading to the pro-
duction of either serotonin (5-HT), indole, kynurenine or other derivative compounds [136].
Intestinal bacteria modulate the production of 5-HT in the gut directly or indirectly through
microbe–host interactions. Members of the gut microbiota also possess tryptophanase
activity, mediating the conversion of tryptophan into indole, which serve as interspecies
signalling molecule that control bacterial physiology [137]. Indole-producing bacteria
include, among others, species belonging to Bacillus, Clostridium, Enterococcus, Bacteroides,
Enterobacter, E. coli, Prevotella, Shigella and Vibrio [138]. In addition, the gut microbiota
modulates the expression of the rate-limiting host enzyme involved in the conversion of
tryptophan to kynurenine, indoleamine 2,3-dioxygenase (IDO1), thus influencing the levels
of kynurenine and its derivatives such as kynurenic acid [139]. Although some of these
compounds might be toxic, such as indoxyl sulphate and quinolinic acid [140,141], others
can potentially activate 5-HT receptors, aryl hydrocarbon receptor (AhR), and GPR35,
which affect energy homeostasis (see Section 4 for details).

Intestinal bacteria can also decarboxylase glutamate, producing γ-aminobutyric acid
(GABA) via the enzymatic activity of the glutamate decarboxylase, which helps to maintain
the intracellular pH of the bacteria [142]. Strains belonging to the genera Lactobacillus,
Bifidobacterium, Lactococcus, Streptococcus, Escherichia, Listeria, and Aspergillus have been
reported to produce GABA [143–145], which also modulate nutrient sensing in the gut (see
Section 4 for details).

Nevertheless, few studies address associative or causative links between the gut
microbiota and high-protein diets on the control of food intake and energy homeostasis via
the gut–brain axis.

Overall, diets high in proteins and low in carbohydrates reduce faecal abundance
of SCFAs; i.e. butyrate [146], acetate and propionate [147,148], while increasing branch
chain fatty acids; i.e., 2-methylbutyrate [146], isobutyrate and isovalerate [53,148,149].
Additionally, high intake of dietary proteins often increases the levels of kynurenic acid
and indoxyl sulphate in plasma [150].

Concerning the effects on gut microbiota composition, interventional studies in hu-
mans with high protein diets initially suggest that variations (such as reductions of Bifi-
dobacterium, Roseburia and Eubacterium rectale), were a consequence of the reduced intake
of dietary fibres or the caloric restriction associated with these interventions [151]. More
recent studies comparing the effects of different protein sources suggest that proteins also
play a direct role in driving at least microbial-mediated metabolite changes with potential
health impacts [146]. This study shows associations between bacterial abundance and fae-
cal metabolites in overweight subjects conducting a 3-week high-protein diet intervention
(either soy- or casein-based diet). For example, the study identified a positive correla-
tion between Oscillospira and Odoribacter and amino acid-derived bacterial metabolites
measured by targeted metabolomics and 1H nuclear magnetic resonance [146].

In humans, protein intake is positively associated with ClpB-like gene function [152]
and in vitro studies demonstrate that, compared with other macronutrients (D-fructose
and oleic acid), E.coli requires protein supplementation (bovine serum albumin) to increase
the mRNA and protein levels of ClpB, which induces a dose-dependent stimulating effect
on PYY secretion [153]. However, future investigations are needed to assess whether
postprandial increases in ClpB coupled with bacterial growth account for the PYY-mediated
food intake suppression in high protein diets in humans [130].

Larger-scale human interventions are needed to elucidate to what extent changes in
microbiota-derived metabolites from dietary proteins affect nutrient sensing and, ultimately,
control energy homeostasis, with an especial emphasis on intestinal gluconeogenesis and
gut-mediated enhancement of thermogenesis. This will shed light on the link between
protein-derived microbial metabolites and high protein-associated weight loss. Further-
more, additional studies are needed to assess the risk and benefits of high-protein dietary
interventions in improving metabolic health, since these reduce butyrate production (the
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main energy source for colonic enterocytes) and increase levels of mucosal and renal toxic
compounds (e.g., tyrosine-derivate p-cresol and indoxyl sulphate) [151,154].

Low carbohydrate diets are frequently defined as diets with less than 20% of calories
from carbohydrates with high content of fats (55–65%) and occasionally high in proteins
(25–30%) [155]. These types of diets include ketogenic diets, frequently characterized by
high content of fats, which were originally used to treat epilepsy due to their associated
anticonvulsant effect driven by the increased production of ketone bodies and the modula-
tion of GABA neurotransmission and mitochondrial metabolism [156]. Currently, these
diets are also conceived for weight loss purposes. The metabolic benefits of ketogenic
diets are based on their reduced capacity to postprandially increase glycemia and insuline-
mia and the concomitant enhancement of cellular catabolic routes using fats as the main
source of energy. Accordingly, fat depots are reduced and gluconeogenesis, followed by
ketogenesis, are also enhanced to supply glucose to cells [157]. These diets are effective to
rapidly lose weight although long-term adherence poses challenges due to their associated
contraindications [158]. Some studies reveal that ketogenic diets also induce less hunger
and reduce the desire to eat in humans when comparing the appetite assessments before
and during adherence to the diet [159]. Low carbohydrate diets also induce satiety in T2D
patients [160] and, compared with diets with high content in carbohydrates, have lower
capacity to stimulate food intake-related brain areas [161]. Nevertheless, the exact underly-
ing mechanisms of the satiety effects caused by these diets remained elusive, especially
those possibly dependent on gut microbiota.

Some studies indicate that diet-induced ketogenesis seems to mediate the reduced
circulating levels of ghrelin associated with lower appetite in overweigh/obese individuals
following a low energy diet [162] although ketone bodies inhibit the GLP-1 release by
the EECs [163] and directly activate orexigenic hypothalamic routes in the brain [164].
Similar to SCFAs, ketone bodies also initiate GPR41 and GPR43 signalling to control
energy metabolism. In particular, the acetate binds to GPR43 to induce lipid utilization
in plasma [119] and β-hydroxybutyrate antagonizes GPR41 in sympathetic neurons to
attenuate the sympathetic mediated metabolism [165]. To date, how these ketone bodies
impact on the hypothalamus via the GPR41/43 has not been explored.

Ketogenic diets also change the gut microbiota structure and function in obese in-
dividuals with an overall decrease in butyrate and butyrate-producing bacteria, such as
Roseburia spp. and Eubacterium rectale and Bifidobacterium spp. These changes are mainly
attributed to the reduced content of the diet in complex carbohydrates and the concomitant
reduction of SCFAs production [148].

Since ketogenic diets are also diets rich in fats, the identification of the main mech-
anisms through which these diets impact on the gut–brain axis through gut microbiota-
dependent mechanisms is complex. These mechanisms could be related to the reduction
of SCFAs generated in the gut by the intestinal microbiota. Nevertheless, the role of other
specific gut microbiota adaptations to these diets in shaping the specific pool of bioactive
ligands and the existence of potential interactions with the levels of ketone bodies and their
effects remain to be investigated.

In this regard, it is unknown whether the ketogenic diet-associated gut microbiota play
a causative role in the postprandial control of the gut–brain axis. A recent study conducted
in humans and mice identified that, compared with a conventional HFD, a ketogenic diet,
high in fats and low in proteins, specifically reduces species from the genus Bifidobacterium
by a direct effect of intestinal ketone bodies inhibiting their growth [166]. Additionally, the
ketogenic diet displays metabolic improvements in mice, although these were attributed
to a protective effect on the intestinal immunity rather than to the modulation of the
gut–brain axis [166]. A direct role of ketogenic diets modulating the gut–brain axis was
evidenced in another study in mice demonstrating that a carbohydrate-restricted diet with
high content of fats favours cross-feeding between Akkermansia muciniphila and Parabac-
teroides, resulting in a reduced gamma-glutamyltranspeptidase activity in faeces driving
an increased GABA/glutamate ratio in the hippocampus that in turn confers protection
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against refractory epilepsy [167]. Although how ketogenic diets centrally control energy
homeostasis through gut microbiota-mediated mechanisms remains uncertain, given the
role of GABAergic neurotransmission on the central control of energy homeostasis and
food intake (see Section 4 for details) it seems plausible that ketogenic diet modulates the
gut–brain axis in postprandial periods by a similar gut microbiota-dependent mechanism
operating in the hypothalamus. On the other hand, the gut microbiota, by modulating the
lipid metabolism, seems to influence the circulating levels of β-hydroxybutyrate, which
exerts neuroprotective effects on the brain, although this effect has not been explored for
its relationship with metabolic health [168].

4. Microbial Ligands Mediating Gut–Brain Communication and Energy Homeostasis

Here, we review the microbial products, including bacterial metabolites and bacterial
cell components, that might impact on brain functions by modulating nutrient sensing
signalling through enteroendocrine humoral and neural pathways, and could contribute
to controlling energy homeostasis (Figure 1, Table 1). Beyond the control of food intake,
gut microbiota might influence the whole-body energy metabolism by modulating the
parasympathetic and sympathetic efferent tone [47,169], although this mechanism has been
the subject of far fewer studies. Thus, this section focuses on the role of gut microbiota in
controlling food intake and energy homeostasis, mainly through effects on the hypothalamus-
mediated food-intake suppression and, specially, in the postprandial periods.
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Figure 1. Bacterially produced metabolites from dietary nutrients and structural components of non-dietary origin modulate
food intake in the brain (hypothalamus) through humoral and/or enterodocrine and neural signalling pathways. Here, we
represent the pathways by which bacterial metabolites and non-dietary bacterial components (LPS, MDP and ClpB) induce
an anorexigenic response in postprandial periods and a long-term food intake control. 5-HT3R, 5-hydroxytryptamine
type 3 receptor; aa, amino acid; AgRP, agouti gene-related peptide; AHR, aryl hydrocarbon receptor; BA, bile acids; ClpB,
caseinolytic peptidase B; GLP-1, glucagonlike peptide-1; GPR41/FFAR3, free fatty acid receptor 3; GPR43/FFAR2, free
fatty acid receptor 2; IEC, intestinal epithelial cells; LPS, lipopolysaccharide; MDP, muramyldipeptide; NOD2, Nucleotide-
binding oligomerization domain 2; NTS, nucleus tractus solitarius; PYY, peptide YY; POMC, proopiomelanocortin; SCFA,
short-chain fatty acids; TGR5, takeda G protein-coupled receptor 5; TLR, Toll-like receptor.
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Table 1. Main microbially derived ligands of dietary and non-dietary nature involved in gut-to brain nutrient sensing and control energy homeostasis.

Dietary
Nutrients

Gut Bacterial-Derived
Ligand Bacterial Producers Bacterial-Producing

Enzyme Receptor Pathway Function References

Fermentable
carbohydrates

SCFAs (acetate,
propionate, butyrate)

Prevotella [90],
Ruminococcus [90],
Bifidobacterium sp. [91],
Prevotella [95,96]

Phosphate
acetyltransferase and
acetate kinase for
acetate

FFAR2/GPR43 (L cells) Humoral pathway

Food intake suppression, ARC
neuronal activation, increase in
acetyl-CoA carboxylase activity
and AMPK inducing an
increase in POMC and
reduction in AgRP expression,
leptin release from adipocytes

[89,170–173]

Enzymes involved in
succinate, acrylate and
propanediol pathways
for propionate

FFAR3/GPR41 (L cells,
enteric neurons, nodose
ganglion neurons)

Humoral pathway, gut
nutrient sensing
pathways (GLP-1, PYY)

Food intake suppression, leptin
release from adipocytes, control
of postprandial glucose, control
of intestinal gluconeogenesis

[89,132,173–177]

Phosphate
butyryltransferase and
butyrate kinase for
butyrate

FFAR3/GPR41 (L cells,
enteric neurons, nodose
ganglion neurons)

Gut nutrient sensing
pathways (GLP-1, GIP,
vagal afferents)

Food intake suppression,
stimulation of POMC
expression, suppression of
AgRP expression, suppression
of orexigenic neurons activity

[89,178–181]

Bile acids (BAs)
(involved in
lipid digestion)

Secondary BAs

Members of the genera:
Lactobacillus [182–184],
Bifidobacterium [182,185],
Enterococcus [186,187],
Clostridium [182,188],
Listeria [182,189],
Bacteroides [182]

Bacterial bile salt
hydrolases (BSH)
(deconjugation of
primary BA to
secondary BA)

TGR5 (L cells, vagal
afferents, nodose
ganglion neurons,
hypothalamic neurons)

Humoral pathway, gut
nutrient sensing
pathways (GLP-1, PYY,
5-HT, vagal afferents)

Food intake suppression in
synergy with CCK1R
activation, activation of
POMC/CART-expressing
hypothalamic neurons, glucose
homeostasis, 5-HT3R activation
in intestinal vagal afferent
terminals (probably
modulating food intake)

[190–200]

Proteins

Indole

Members of the genera:
Bacillus, Clostridium,
Enterococcus, Bacteroides,
Enterobacter, Escherichia,
Prevotella, Shigella and
Vibrio [138]

Tryptophanase
(tryptophan to indole) AHR (L cells) Gut nutrient sensing

pathways (GLP-1)
Contribution to eating patterns
unknown [136,201–203]

GABA

Members of the genera:
Lactobacillus,
Bifidobacterium,
Lactococcus,
Streptococcus, Escherichia,
Listeria, and Aspergillus
[143–145]

Glutamate
decarboxylase
(glutamate to GABA)

GABAA, GABAB (L
cells, vagal afferents)

Gut nutrient sensing
pathways (potentially
through vagal afferents)

Contribution to nutrient
sensing in the brain unknown [142,204–207]
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Table 1. Cont.

Dietary
Nutrients

Gut Bacterial-Derived
Ligand Bacterial Producers Bacterial-Producing

Enzyme Receptor Pathway Function References

Bacterial cellular
components

ClpB (mimetic of
α-MSH)

Order Enterobacteriales,
including E. coli strains
and Hafnia genus [208]

- Unidentified
Humoral pathway, gut
nutrient sensing
pathways (PYY)

Food intake suppression by
increasing POMC and
decreasing AgRP expression,
enhancement of POMC
neuronal activity

[41,42,154,209–211]

LPS Gram-negative
bacteria [212] -

CD14/TLR4 (enteric
neurons, nodose
ganglion neurons)

Humoral pathway, gut
nutrient sensing
pathways (GLP-1 and
potentially through
vagal afferents)

Reduction of food intake,
enhancement of
GLP-1-induced NO production
in enteric neurons (possibly
contributing to an anorexigenic
shift in neuropeptides
expression), satiogenic effect
probably by changes in
hypothalamic cytokine
expression, increase nodose
ganglion neurons excitability

[43,45,47,213–218]

MDP

Gram-positive bacteria
(minor component in
Gram-negative bacteria)
[219]

-
CD14/NOD2/TLR2
(L-cells, enteric
neurons)

Humoral pathway, gut
nutrient sensing
pathways (GLP-1)

Reduction in food intake,
enhancement of
GLP-1-induced NO production
in enteric neurons, glucose
tolerance

[43,45,47,213–217,220]
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4.1. Short Chain Fatty Acids

The function of SCFAs in protecting against metabolic alterations of diet-induced
obesity is relatively well-established. Supplementing diet with fermentable carbohydrates,
such as inulin, oligofructose or pectin, reduces food intake and improves HFD-induced
glucose intolerance and weight gain in rodents and humans [170,221–225]. These effects
are associated with SCFA production.

Although the three main SCFAs activate both GPR43/FFAR2 and GPR41/FFAR3,
acetate is a potent agonist of FFAR2 [226], whereas propionate and butyrate have higher
affinity for FFAR3 [226]. Both receptors are expressed in L-cells [227,228], and FFAR3 has
been detected in enteric neurons [229] and in nodose ganglia cells [230]. Besides being
agonists of FFAR2 and FFAR3, all SCFAs and lactate can potentially affect food intake
by inhibiting the signalling of the orexigenic hormone ghrelin. In Hek293a cells stably
expressing human growth hormone secretagogue receptor type 1a (GHSR1a), the three
SCFAS (acetate, propionate, butyrate) and lactate reduced the Ca2+ influx in presence
of ghrelin and showed antagonistic GHSR-1a properties as they attenuated the ghrelin-
mediated receptor internalization [231]. As this SCFAs-mediated signalling is still under
an early stage of investigation (revised by [232]), here we focus on the role of SCFAs in
food intake suppression, acting as FFAR2/FFAR3 agonists.

SCFAs are known to regulate food intake by modulating hypothalamic function, either
reaching systemic circulation to the brain or via nutrient signalling mediated directly by
GLP-1 and PYY generated in EECs or via vagal afferents. Among SCFAs, acetate seems to
reach the brain through systemic routes, while propionate and butyrate mainly activate
gut nutrient sensing pathways.

The analysis of biodistribution of 11C-acetate infused in the mouse colon indicates that
acetate crosses the blood–brain barrier and reaches the hypothalamus, suppressing food in-
take short-term [171]. Moreover, acetate from fermentable fibre increases the hypothalamic
neuronal activation in the ARC, but not in the ventral medial hypothalamus (VMH) or the
PVN [170,171]. These changes are accompanied by an increase in hypothalamic activity of
acetyl-CoA carboxylase and AMP-activated protein kinase (AMPK), subsequently inducing
a downstream acute rise in POMC expression and reduction in AgRP expression [171,172].
In addition, systemic acetate enhances leptin release from adipocytes, possibly via an as yet
undetermined FFAR2-dependent mechanism [173], thus contributing to a shift towards an
anorexigenic neuronal activation pattern in the ARC [233]. Contrary to the abovementioned
control diet-based research, a study in rats indicates that, under an energy-dense diet, gut
microbiota enhance the production of acetate from glucose and fatty acids, contributing to
diet-induced obesity [234]. Indeed, HFD increases acetate levels in the intestinal lumen and
also systemically results in hyperphagia and an enhanced parasympathetic tone in β-cells,
which impairs glucose stimulating insulin secretion [234]. The role of acetate in signalling
through gut nutrient sensing routes is less evident. Some studies reveal that acetate does
not stimulate GLP-1 or PYY secretion [171,235] and others report acetate-induced PYY
secretion in the distal, but not proximal colon in a small cohort of obese humans without
exploring its effects on food intake [236,237].

In overweight humans, the acute administration of inulin-propionate ester, which
enables propionate delivery in the colon specifically, increases the postprandial secretion of
GLP-1 and PYY along with reduced food intake, together with a non-significant trend to
decrease long-term energy intake [225]. In mice, propionate also robustly stimulates both
GLP-1 and PYY secretion either in vivo or in primary murine colonic cultures, probably
via a FFAR2-dependent mechanism [174]. Additionally, propionate acts as a food intake
suppressor through independent mechanisms of the endocrine actions of gut hormones.
Indeed, independently of changes of the circulating levels of GLP-1 and PYY, non-obese
healthy men receiving inulin-propionate showed reduced ad libitum food intake and lower
oxygen level-dependent signal in reward-related brain structures [238]. Thus propionate
can impact on brain function through vagal afferents innervating the gut and the portal vein.
In this regard De Vadder and colleagues demonstrated that luminal propionate controls
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the postprandial levels of glucose through a gut–brain loop [175]. In particular, this process
is initiated by the propionate-induced activation of FFAR3 expressed in the afferents of the
portal vein, which leads to the activation of neurons in brain regions receiving vagal and
spinal inputs, i.e., DVC, spinal C1 segment and the parabrachial nucleus (PBN), respectively,
as well as in the hypothalamic areas receiving inputs from DVC and PBN, i.e., PVN, the
lateral, hypothalamus (LH) and the ARC. Apparently, propionate centrally controls the
intestinal gluconeogenesis, a process that induces metabolic benefits [132,176], including
the reduction of the endogenous production of glucose independently of insulin [175].

Furthermore, like acetate, elevated plasma propionate levels induce leptin release
from adipocytes via the somewhat controversial FFAR2- or FFAR3-dependent mecha-
nism [173,177], promoting hypothalamic anorexigenic neuronal activation [233].

Among the three main SCFAs, butyrate may be the strongest stimulator of anorex-
igenic peptides [178] and the most potent suppressor of food intake [179]. In obese and
healthy humans, all three main SCFAs separately administered increase plasma levels of
PYY in both fasting and postprandial conditions [236]. In mice, oral, but not intravenous,
administration of butyrate reduces food intake, according to decreased neuronal activity
in NTS and DVC [180]. Additionally, butyrate influences the hypothalamic circuitry, sup-
pressing the activity of orexigenic neurons [180], decreasing AgRP expression [181] and
enhancing POMC expression [181]. In addition, subdiaphragmatic vagotomy eradicates
the anorectic effects of butyrate, suggesting that the vagal nerve is necessary to convey the
short- and long-term satiety signalling of acute or chronic administration of butyrate in the
context of obesity [180]. Moreover, intraperitoneal butyrate induces activation of nodose
ganglia neurons [179]. Intestinal butyrate may transmit satietogenic signals by stimulating
GLP-1 and GIP secretion in L-cells and K-cells, respectively [178], and these effects are
probably reinforced by ghrelin inhibition [181]. It is not clear whether butyrate induces PYY
secretion, since studies report no changes [181], decrease [235] or slight increase [178] in
PYY release as a result of butyrate increase in the caecal content of animals orally receiving
a probiotic, a pea protein supplementation or oral butyrate administration. Furthermore, it
is not yet clear whether butyrate-induced gut hormone secretion is mediated by a FFAR3-
dependent mechanism [178,181]. Therefore, the evidence about the mechanism through
which SCFA are involved in satiety signalling is not fully consistent, probably due to
experimental differences, for instance, in hormone measurement timings, types of dietary
fibre supplementation, administration site and the use of different animal models.

4.2. Microbial Metabolites of Bile Acids

Bile acids (BA) are steroid acids synthesized in the liver from cholesterol, conjugated
to either taurine or glycine and postprandially released in the duodenum to facilitate the
absorption of dietary lipids and fat-soluble vitamins [239–241]. The majority of primary
BA secreted in the intestine are actively reabsorbed in the ileum and transported back
through the portal circulation to the liver (enterohepatic circulation) [242]. The remaining
small portion of primary BA are deconjugated and dehydroxylated in the ileum and
colon by intestinal bacteria into secondary BAs [243,244], mainly DCA and lithocholic acid
(LCA) in humans and rodents, and murideoxycholic acid in rodents [239,245]. Bacterial
bile salt hydrolases (BSH) are essential enzymes for deconjugation of primary BA to
secondary BAs [190]. In humans, BSH genes and enzymes have been characterized in Gram-
positive bacterial species of the genera Lactobacillus [182,183,190], Bifidobacterium [184,190],
Enterococcus [185,186], Clostridium [187,190] and Listeria [188,190] and in Gram-negative
bacteria of the genus Bacteroides [189,190].

Besides their role in lipid digestion, BAs have recently been characterized as ligands
of takeda G protein-coupled receptor 5 (TGR5), regulating lipid and glucose metabolism
once activated [246–248]. Dietary macronutrients and feeding patterns influence the com-
position and secretion of bile acids, respectively, and thus the microbiota-mediated bile
acids’ effects on the host. Interventional studies in humans reveal that a fibre-rich low-fat
diet is associated with low levels of all secondary BAs, and both glycine- and taurine-
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conjugated bile acids in faeces [249]. By contrast, a high fat diet increases the abundance of
unconjugated and secondary BAs (DCA, TDCA, 12keto-LCA, 3b-DCA and TLCA) coupled
with changes in species belonging to the genera Bacteroides, Clostridium, Bifidobacterium and
Lactobacillus and a positive correlation between Bacteroides and DCA [250].

Studies in humans and rodents report that microbial BAs modulate energy home-
ostasis directly by reaching the brain through systemic circulation and/or activating gut
nutrient sensing routes. The main functional effects of BAs reported are on feeding be-
haviour or glucose homeostasis. Plasma BAs levels notably rise postprandially in hu-
mans [251,252] and rodents [253], thus fluctuating in the systemic circulation along with
the circadian rhythm upon food intake, suggesting a role of BA as lipid-sensing molecules
and short-term satiety signals that reach the brain through a humoral route. Diet fat content
is positively associated with plasma BAs concentrations in humans [252] and mice [191],
and with hypothalamic BAs concentrations in mice [191]. Interestingly, DCA and other
BAs have been detected in the rat brain [254,255], and their levels are positively correlated
with plasmatic levels [254], indicating that secondary BAs may reach the brain from the
intestine by diffusion across the blood–brain barrier [254]. Accordingly, TGR5 expression
has been detected in neurons [192] and more recently in the hypothalamus related to
glucose metabolism [191]. Altogether, this evidence suggests secondary BAs generated by gut
microbiota activity potentially play a role in the direct control of hypothalamic function.

In addition, secondary BAs activate enteroendocrine and/or neural gut nutrient
sensing routes. Studies in mice demonstrate that downregulation of TGR5 in the context
of diet-induced obesity impairs glucose tolerance [193] and increases food intake coupled
with a substantial decrease in the plasma levels of GLP-1 and PYY [194,195]. By contrast,
TGR5 overexpression in mice improves oral glucose tolerance by inducing a marked
enhancement of the postprandial secretion of GLP-1, probably due to increased BAs
flow after a highly lipidic meal, [193]. Gut bile acid sensing is also supported by other
in vitro [196] and in vivo [195,197] studies in mice showing that secondary BAs trigger GLP-
1 and PYY secretion from EECs via TGR5 activation. Human colonic GLP-1-producing
EECs also express TGR5, the activation of which by TDCA increases the secretion of
GLP-1 [256]. Importantly, obese subjects with or without diabetes show an impaired
BA metabolic pathway [256] which might contribute to aberrant GLP-1 secretion [257].
Similarly, experiments in mice demonstrate that secondary BAs induce the secretion of
5-HT [198] subsequently activating 5-HT3 receptors on vagal afferent terminals [199].
The impact of secondary BAs resulting from gut microbiota activity on the brain is still
understudied [247] but secondary BAs, through TGR5-GLP-1 and/or 5-HT gut sensing
pathways, can potentially modulate food intake and energy homeostasis via efferent
routes. Specifically, the role of secondary BAs in inducing satiety through TGR5-activation
in vagal afferent neurons has been demonstrated. Indeed, TGR5 expression has been
detected in the nodose ganglia cells colocalizing with CCK-1R in rats [200]. Moreover, vagal
TGR5 mediates DCA-specific activation of POMC and CART-expressing neurons, but not
orexigenic neurons, in the hypothalamus resulting in reduced spontaneous postprandial
food intake [200]. Additionally, silencing TGR5 and CCK-1R in the nodose ganglia has an
additive effect increasing spontaneous food intake and suggesting a synergistic effect of
BA and CCK in hypothalamic short-term satiety signalling via the vagal pathway [200].

Therefore, the bacterial BAs bioconversion capacity may have a strong impact on the
intestinal availability of secondary BAs [258,259]. Subsequently, the postprandial enhance-
ment of the TGR5-mediated signalling may be affected by these secondary BAs generated
in the intestine as well as by the BAs pool that reaches the brain [247], contributing to the
modulation of hypothalamic function. However, to our knowledge, there are currently
no studies reporting the effects of specific bacterial species or strains on BA sensing to
centrally control energy homeostasis.
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4.3. Amino Acid Derived Metabolites

In the gut, as well as in the brain, 5-HT is synthesized from tryptophan [260], an
essential amino acid obtained from dietary proteins [261]. Studies in rats demonstrate
that 5-HT is released by enterochromaffin cells (ECs) in response to nutrient stimuli such
as carbohydrates, glucose or lipids [262,263]. 5-HT binds to 5-HT3 receptors in the vagal
afferents, acting thus as sensory transducers [262]. Functionality, the activation of 5-HT
signalling in vagal afferents mediates glucose induced inhibition of gastric emptying
and lipid-induced food intake suppression, which occurs simultaneously with CCK1
signalling [263,264]. Similarly, in humans, inhibition of 5-HT3 receptor increases the liquid
meal ingested [265].

Hafnia alvei, E. coli K-12 and species and strains of the genera Lactococcus, Lactobacil-
lus, Streptococcus and Klebsiella have been shown in vitro to synthesize 5-HT from trypto-
phan [266]. The mechanisms by which gut bacteria directly synthesize 5-HT are not clearly
established as bacteria lack tryptophan hydroxylase 1 (TPH1), an essential enzyme for 5-HT
biosynthesis. Therefore, an alternative mechanism has been proposed, in which tryptophan
is decarboxylated to tryptamine [267]. The role of gut microbiota as an enhancer of 5-HT
biosynthesis and release from ECs may partly occur through host–microbe interactions me-
diated by bacterial structural components or metabolites according to certain reports. For
example, Escherichia coli modulates the host tryptophan hydroxylase-1 activity, enhancing
the synthesis of the 5-HT precursor 5-hydroxytryptophan (5-HTP) and the extra-cellular
levels of 5-HT through interaction with secreted host derived factors [268]. This strain
also contributes to 5-HT clearance by its uptake into enterocytes through the serotonin
transporter SERT, which is required for completion of the serotonin circuit synthesis. Other
studies show that spore-forming microbes from a healthy human increase 5-HT in colon
and blood, through a process that seems to involve host interactions with bacterially pro-
duced metabolites such as deoxycholate and SCFAs [269,270]. Probably acting through
SCFAs, gut microbiota upregulates the expression of THP1 in colonocytes as demonstrated
by the colonization of germ-free mice with mouse or human gut microbiota [270].

A recent study reveals that ECs differentially express chemical sensors according to
their spatial location in the gut. Surprisingly, in the small intestine, ECs do not express
nutrient sensors but might indirectly release 5-HT in response to nutrient stimuli through
the paracrine action of GLP-1, from the neighbour EECs [271]. By contrast, compared
with small intestine ECs, colonic ECs present higher expression of microbial sensors such
as TGR5, which binds to secondary BAs; GPR132, to acyl amides and lactate; GPR35, to
aromatic acids, OLFR558, to isovalerate and FFAR2, to SCFAs, all able to trigger 5-HT
release [271]. Accordingly, gut microbiota, through their metabolites, would induce the
release of 5-HT in colon and indirectly in the small intestine by stimulating GLP-1 secretion.
In fact, although 5-HT cannot cross the blood–brain barrier [139], peripheral 5-HT has
been demonstrated to reduce food intake [272–274], suggesting an alternative signalling
pathway for the effects of gut-derived 5-HT on the regulation of appetite [275,276].

Studies indicate that, in contrast to 5-HT, its precursor 5-HTP can cross the blood–brain
barrier, probably leading to 5-HT production in the brain [139,277,278] and accounting for
the role of gut-derived 5-HTP in eliciting satiety. In fact, 5-HTP biosynthesis is enhanced in
ECs by gut microbiota-derived SCFAs by upregulating expression of TPH1 as indicated
above [278]. Thus, these findings support a role of the gut microbiota-induced 5-HT and
5-HTP in food intake, although further investigations are needed to specifically identify
the postprandial microbially produced metabolites and structural products potentially
influencing feeding behaviour via this route.

Tryptophan can be fermented into indole [201] which is a ligand of aryl hydrocarbon
receptor (AHR), a transcription factor that regulates gene expression. In vitro experiments
with GLUTag cell lines show that activation of AHR with an agonist increases the expression
of proglucagon as well as GLP-1 secretion [202]. In line with this, experiments with primary
mouse colonic L cells demonstrate that indole elicits rapid GLP-1 release during short
exposure but that release is inhibited over longer periods and at lower doses [203]. How
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these actions are coordinated with eating patterns remains unknown; however, the authors
proposed that indole at low concentration suppress GLP-1 from L colonic cells but induces
an opposite effect in response to high-protein diet. Although indole-mediated nutrient
sensing signalling is in an early research stage, the evidence above suggests that AHR might
act as a sensor of microbially produced metabolites capable of triggering GLP-1-mediated
nutrient signalling from the L cells of the gut to the brain.

In mice, obesity has been associated with increased intestinal IDO1, an enzyme
catalysing tryptophan degradation via the kynurenine pathway, thus limiting the bacterial
production of indole from tryptophan and increasing kynurenine and its derivatives such
as kynurenic acid [279]. In mice, intraperitoneal administration of kynurenic acid induces
energy expenditure without affecting locomotion or food intake [280]. This effect seems to
be dependent on the activation of GPR35 in the adipose tissue [280], a receptor that has also
been detected in sensory neurons of the extrinsic intestinal innervations [281], suggesting
that kynurenic acid could play a role in gut-to-brain sensory transmission, which is as
yet unexplored.

To our knowledge, so far, studies are lacking on the impact of GABA produced by
gut microbes from the dietary amino acid glutamate on the gut–brain communication and,
thus, on the control of energy homeostasis. Therefore, the pathways by which microbially
produced GABA may influence the hypothalamus function can only be hypothesized
from unconnected observations. GABA is the main inhibitory neurotransmitter in the
central nervous system. Peripheral GABA cannot cross the blood–brain barrier [282], but
activates gut nutrient sensing signalling pathways. First, GABA has been demonstrated to
stimulate GLP-1 release from the EECs line GLUTag [204]. Moreover, GABAB receptors are
expressed along the gastrointestinal tract [283,284], and co-localized with 5-HT-producing
cells identified as morphologically similar to EECs [284], probably inhibiting 5-HT-release
by ECs [285]. Second, GABA transmits sensory information by activating GABAA [205]
and GABAB receptors [206] expressed in vagal afferents or by secreting exosomes from
GABA-stimulated intestinal cells that, in turn, activate neurons [207]. Nonetheless, specific
studies are needed to understand the contribution of gut microbiota-derived GABA to
nutrient sensing from the gut to the brain and, thus, to the control energy homeostasis in
both lean and obese subjects.

4.4. Cellular Components of Gut Bacteria

Certain cellular components of intestinal bacteria stimulate gut-to-brain routes of
communication, which may be involved in the central control of energy homeostasis,
especially through food intake modulation. This is the case for protein fragments of gut
bacteria displaying molecular mimicry with human appetite-regulatory peptides and
neuropeptides; i.e., protein fragments of the human α-MSH sequence being identical to gut
bacterial-derived proteins from E. coli, Bifidobacterium longum, Bacillus cereus, and certain
enteropathogenic bacterial strains [286]. In particular, ClpB produced by E. coli K12 is a
mimetic of the anorexigenic peptide α-MSH [41], which has a discontinuous five-amino
acid overlap containing part of the α-MSH sequence [287]. ClpB is a heat-shock protein
with ATPase and chaperon activity mediating the resolubilization of heat-denaturated
protein aggregates, thus having a protective function for bacterial cell-induced damage.
More recently, the α-MSH-like motif identified within ClpB protein has been confirmed to
be specific to the order Enterobacteriales and conserved among its taxa, including E. coli
strains and Hafnia genus [209].

Recent preclinical and clinical studies have demonstrated the effectiveness of ClpB
protein on modulating energy homeostasis. In humans, shotgun metagenomic analysis of
faeces revealed that gut microbiota ClpB gene, which is associated with decreased weight
gain [152], was lower in obese compared to lean individuals [152]. In obese mice, oral
administration of the native E.coli K12 strain, unlike the ClpB-deficient strain, decreased
body weight gain [209], while its food-intake suppression activity was lost when the ClpB-
deficient E. coli was administrated [41]. In addition, intragastric administration of Hafnia
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alvei HA4597, a ClpB-producer, reduces caloric intake and increases lipolytic effects in
ob/ob mice coupled with reduced fat mass and body weight gain in both genetically and
diet-induced obese mice [209]. Along with the aforementioned effects, Lucas et al. found
a decrease in glycaemia, plasma cholesterol and alanine aminotransferase, a marker of
obesity-induced steatohepatitis [208]. Mechanistically, ClpB modulates the hypothalamic
circuit that controls food intake. In particular, AgRP expression is decreased in obese
mice administered the ClpB-producer H. alvei [209], while in an animal model of anorexia
increased ClpB plasma levels were associated with increased POMC expression [210].
Moreover, bdnf mRNA levels increased in mice receiving E. coli proteins collected at
stationary phase, which include ClpB [42]. These findings prove the contribution of ClpB
in upregulating the expression of hypothalamic anorexigenic neuropeptides.

In addition, it is known that ClpB transmits nutrient information from the gut to the
brain, directly reaching the hypothalamus when traveling in the systemic circulation, or
indirectly by the activation of gut nutrient sensing signalling. The presence of ClpB has been
reported in the plasma and in the hypothalamus of rodents and healthy humans [211,288].
Moreover, ClpB protein plasma levels in obese mice are increased by treatment with the
ClpB-producer H. alvei HA4597, in accordance with food intake reduction [209] and patients
with eating disorders show elevated ClpB plasma concentrations compared to healthy
individuals [288]. Ex vivo electrophysiological experiments also reveal that ClpB from
the stationary stage of E.coli directly stimulated the firing rate of POMC neurons, while
systemic administration of E.coli in the stationary stage increased cFos immunolabelled
POMC neurons in the ARC and VMH [42].

ClpB has also been found in the colon of mice, rats, and healthy humans [211]. ClpB
stimulates PYY secretion in cultured rat intestinal mucosa in a dose-dependent man-
ner [211] and the ClpB-induced PYY secretion may be enhanced by nutrient-induced bacte-
rial growth [42]. Accordingly, in response to food intake, ClpB initiates a PYY-mediated
endocrine or neural nutrient sensing signalling that ultimately regulate the hypothalamic
function in suppressing food intake. However, the receptor linking the ClpB agonist with
PYY secretion has yet to be identified [153].

A synthetic fragment of ClpB has partial agonist activity on MC3R and MC1R, but not
on MC4R [287], whose activation by α-MSH induces PYY secretion [289]. However, the
ability of the ClpB-α-MSH-like motif to activate MCRs [287] supports a spatial complemen-
tarity of bacterial-derived ClpB and MCRs and, therefore, further investigations regarding
the receptors by which ClpB drives its satiating effects are required.

Overall, ClpB is suggested to have a satietogenic effect by systemic and/or neu-
ral/endocrine routes. By a systemic route, plasmatic ClpB depends on the quantity of
ClpB-producing bacteria in the intestine and, therefore, plasmatic ClpB might be a long-
term satiety signal by modulating hypothalamic neuropeptide expression, ultimately
influencing meal patterns. By a neural/endocrine route, ClpB might also be a short-term
meal termination signal by stimulating release of satiety hormones in the intestine.

Some studies also indicate that LPS and MDP may play a role as food intake modula-
tors. LPS is the outer membrane’s major component of Gram-negative bacteria [290]. In
obesity, LPS plasma levels are increased due to elevated gut permeability [212], leading to
the low-grade inflammation characterizing this metabolic disorder [291]. MDP is a minor
component of the peptidoglycan of the cell wall of Gram-negative and more abundant in
Gram-positive bacteria [219]. Under normal conditions, MDP is released constantly from
degraded gut bacteria [45]. LPS and MDP are CD14/TLR4 and NOD2 agonists, respectively,
and both enhance GLP-1-induced nitric oxide production in enteric neurons [47], which
may contribute to satiety signalling to the hypothalamus by promoting a shift towards
anorexigenic neuropeptides expression [213]. Moreover, MDP activates NOD2 expressed in
L-cells to induce GLP-1 release in healthy, but not diet-induced obese mice [220]. Although
these effects have been related to glucose tolerance [220] MDP-induced GLP-1 release
should also be studied for its effects on food intake.
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Interestingly, several studies with rodents report clear effects of LPS and MDP on satiety.
Acute or chronic intraperitoneal injections of LPS or MDP reduce food intake [43,45,214,215].
Some studies have found LPS to induce stronger anorexigenic effects in the brain compared
to MDP [44,216,292]. The satiety-producing potential between both bacterial components
is probably explained by their different abilities to enhance cytokine expression in the
hypothalamus [216], since no changes have been detected in the expression of the neu-
ropeptides POMC, NPY or leptin after LPS or MDP administration to the brain [216].

The anorexigenic effects of LPS and MDP seem to be mediated by CD14 for both and by
TLR4 for LPS and TLR2 for MDP [217]. The LPS from E. coli isolated from healthy humans
has been demonstrated to increase murine nodose ganglia neurons excitability in vitro via
a TLR4-dependent mechanism [218], suggesting that the intestinal-derived LPS effects on
hypothalamic regulation of food intake is mediated by vagal afferent neurons. In contrast
to these findings, subdiaphragmatic vagal deafferentation in rats did not suppress food
intake reduction after intraperitoneal injection of LPS or MDP, suggesting that peripheral
administration of both bacterial components enhances appetite reduction via a humoral but
not vagal pathway [214]. Moreover, MDP gavage in rats has no effects in MDP circulating
levels nor in feeding patterns, while intraperitoneal MDP reduces food intake, indicating
the importance of the humoral pathway for MDP satiety signalling [45]. However, intestinal
MDP translocation should be specifically investigated to better define the underlying
mechanisms of intestinal-derived MDP on appetite regulation.

Lugarini et al. found that LPS and MDP suppress food intake in obese rats to a
similar extent as in non-obese rats [215], suggesting that both bacterial components exert
anorexigenic effects regardless obesity. However, the doses of injected LPS and MDP in this
study may not reflect the amount of LPS and MDP crossing the intestinal epithelial barrier,
whose integrity depends on the metabolic state [212]. Further investigation is required to
fully unravel the mechanisms and pathways through which intestinal structural bacterial
components reach the hypothalamic centre of appetite regulation under healthy and
pathological conditions in vivo.

5. Tackling Obesity with Gut Microbes Mediating in Gut–Brain Communication

Hyperphagia and obesity are caused by defective sensitivity in the hypothalamus
or in food reward brain areas to peripheral signals reflecting the nutritional status of
the body. Current antiobesity drugs mainly target the central nervous system to sup-
press appetite. Monotherapies including the agonist of 5-HT2C receptor, lorcaserin, or
the protease-resistant long-acting GLP-1, liraglutide, as well as combinational therapies
of stimulators of noradrenaline or serotonine-release combined with sympathomimetic
anticonvulsant or opiod receptor antagonist are currently approved for treating obesity and
T2D, combined with exercise and a balanced diet [14,15,293]. As emerging pharmacothera-
pies, gut peptides acting as potential agonists of lipid sensing and bile acids receptors and,
thereby, as secretagogues are being preclinically and clinically tested as potential drugs
to improve metabolic disturbance, especially T2D [294]. Notably, bariatric surgery is the
most effective therapy for treating obesity, producing important and sustained weight-loss.
This is conducted only in a limited number of subjects with a body mass index (BMI) > 40
and also implies surgical risks [295,296]. It is hypothesized that, rather than mechanical
alterations, bariatric surgery alters gut signals sensed by the brain, including amplifica-
tion of postprandial secretion of gut hormones, resulting in a beneficial impact on energy
homeostasis [13]. Research is underway to advance the clinical management of obesity
with less invasive pharmacotherapies, which mimic the molecular adaptations of bariatric
surgery, including those based on gut–peptide combinatorial strategies [13]. However,
the applicability of new drugs is frequently limited by unwanted side effects and safer
alternatives are being considered, such as devices to modulate the vagal nerve [14].

In the light of this review, the gut microbiota represents a potential target for favourably
regulating gut–brain communication and thereby controlling food intake, energy home-
ostasis and obesity. Indeed, the supplementation of key intestinal bacteria could increase
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the microbiota-derived bioactive molecules acting as enhancers of gut hormone secretion
and as vagal afferent stimulators, optimizing the response to nutritional clues via gut–brain
signalling in obesity. Notably, promising studies have revealed that the gut microbiota
might act in harmony with the postprandial processes in the gut that control food intake,
as occurs for bacterial-produced ClpB.

Currently, microbiome-based approaches, including faecal microbiota transplantation
(FMT) and the administration of intestinal bacteria (probiotics or bio-therapeutic products),
are being explored for their impact on gut microbiota structure and function for therapeutic
or preventive purposes.

The clinical applicability of FMT to treat obesity is being explored in experimental
clinical trials. To date, a couple of studies have been completed and indicate that the
microbial shift towards a lean-like profile induced by the oral administration of capsules
containing the faecal microbiota from lean donors was not associated with metabolic
benefits in the recipients [297,298]. By contrast, an improvement in insulin resistance
was observed in male volunteers with metabolic syndrome after a duodenal infusion
of gut microbiota from lean donors obtained from small intestine biopsy species [299].
Nevertheless, investigations in this field provide limited data regarding how the microbiota-
based approaches specifically control the gut–brain axis in obesity [300].

New indigenous intestinal bacterial species are also being identified and tested for
their potential use as next generation probiotics or live biotherapeutic products [301] to
maintain metabolic health and combat obesity. This strategy may also contribute to pro-
gressing towards the development of safer and more effective microbiome-based strategies
for the clinical management of obesity as compared to FMT [302]. Some examples of
these new bacterial species and strains are Eubacterium hallii L2–7, Akkermansia muciniphila
ATCC® BAA-835™ or Bacteroides uniformis CECT 7771. These were initially selected based
on associations between an increased abundance of the bacterial species and a healthy
metabolic phenotype in a substantial number of human studies. To date, the clinical effi-
cacy in overweight volunteers has already been demonstrated for A. muciniphila (clinical
trial no. NCT02637115). The pasteurized A. muciniphila significantly improved metabolic
parameters (insulin sensitivity, insulinemia and cholesterol) and tended to reduce body
weight and fat mass [303]. Nonetheless, the investigations on the mechanisms by which
these bacteria induce their benefits have mainly focused on the regulation of immune
pathways involved in obesity-associated inflammation, generally resulting in metabolic
improvements in preclinical trials [304]. Although evidence of the possible action of these
bacteria through the modulation of the gut–brain axis is scarce [305–307], preclinical studies
demonstrated that A. muciniphila administration to obese mice increases the intestinal pro-
duction of the endocannabinoid, 2-arachidonoylglycerol (2-AG); and the endocannabinoid
analogue, oleoylglycerol (2-OG) [305]. These ligands can modulate the secretory function
of L cells and, theoretically, the activity of vagal afferents [308,309].

Other emerging strategies to identify new probiotics or live bio-therapeutic products
tend to mimic drug discovery approaches. In this case, the selection of effector intestinal
bacteria is based on in silico predictions (computational molecular modelling) of their
capacity to produce bioactive molecules [310]. Based on this strategy, the strain Hafnia alvei
4597 was selected to provide the protein ClpB, a bacterial mimetic ofα-MSH, which induced
satiety. This discovery was based on the initial detection of α-MSH reactive autoantibodies
in plasma of humans and rodents [311] and in the in silico screening of the presence of ClpB
in members of the family Enterobacteriaceae, including the genus Hafnia [312]. Studies
in obese mice demonstrated that the administration of Hafnia alvei 4597 suppressed food
intake and improved the metabolic disturbances associated to obesity [209]. Clinical studies
in humans to show the efficacy are underway (clinical trial no. NCT03657186).

In spite of this progress, further advances are still needed to increase the effectiveness
and clinical applicability of microbiome-based strategies. In fact, interindividual variabil-
ity of the human host and its gut microbiota could change the response to these thera-
pies [313]. Therefore, efforts are also underway to develop precision probiotics through
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a deep understanding of their mode of action and the factors influencing the individual
host response [310]. This requires the integration of the person-specific genotypic and phe-
notypic variables, including microbiome data (strain-level composition, transcriptomics,
metabolomics, etc.), that may help to predict the health outcomes of a specific intervention.
This strategy may also be applied to the identification of personalized microbiome-based
strategies that improve nutrient sensing routes and, thus, control energy homeostasis. To
this end, further efforts are needed for the identification of cross-feeding pathways between
different intestinal bacteria of a specific host and the resulting dietary and bacterial-derived
effector molecules, considering the person’s meal timings and dietary composition.

Author Contributions: Writing—Original Draft: M.R.-P., C.B.-V., I.L.-A., Y.S.; Writing—Review and
Editing: Y.S., M.O., R.L.-G.; Figures: M.O., R.L.-G.; Funding Acquisition: Y.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work is supported by grant AGL2017-88801-P from the Spanish Ministry of Science
and Innovation (MICINN, Spain). The Marie Sklodowska-Curie grant agreement No. 797297 (M.R-P),
the FPI grant of I.L.-A., the FPU grant of R.L. and the Juan de la Cierva contract of M.O. and the
contract of C. B-V for promotion of youth employment in R+D+I from MICINN (Spain) are fully
acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reimann, F.; Tolhurst, G.; Gribble, F.M. G-Protein-Coupled Receptors in Intestinal Chemosensation. Cell Metab. 2012, 15, 421–431.

[CrossRef] [PubMed]
2. Gribble, F.M.; Reimann, F. Function and mechanisms of enteroendocrine cells and gut hormones in metabolism. Nat. Rev.

Endocrinol. 2019, 15, 226–237. [CrossRef]
3. Psichas, A.; Reimann, F.; Gribble, F.M. Gut chemosensing mechanisms. J. Clin. Investig. 2015, 125, 908–917. [CrossRef] [PubMed]
4. Bennett, L.; Yang, M.; Enikolopov, G.; Iacovitti, L. Circumventricular organs: A novel site of neural stem cells in the adult brain.

Mol. Cell. Neurosci. 2009, 41, 337–347. [CrossRef]
5. Cone, R.D. Anatomy and regulation of the central melanocortin system. Nat. Neurosci. 2005, 8, 571–578. [CrossRef]
6. Dietrich, M.; Horvath, T.L. Hypothalamic control of energy balance: Insights into the role of synaptic plasticity. Trends Neurosci.

2013, 36, 65–73. [CrossRef] [PubMed]
7. Strader, A.D.; Woods, S.C. Gastrointestinal hormones and food intake. Gastroenterology 2005, 128, 175–191. [CrossRef]
8. Wang, Y.B.; De Lartigue, G.; Page, A.J. Dissecting the Role of Subtypes of Gastrointestinal Vagal Afferents. Front. Physiol. 2020, 11,

11. [CrossRef]
9. Berthoud, H.-R.; Neuhuber, W.L. Functional and chemical anatomy of the afferent vagal system. Auton. Neurosci. 2000, 85, 1–17.

[CrossRef]
10. Cruciani-Guglielmacci, C.; Fioramonti, X. Editorial: Brain Nutrient Sensing in the Control of Energy Balance: New Insights and

Perspectives. Front. Physiol. 2019, 10. [CrossRef]
11. Duca, F.A.; Yue, J.T. Fatty acid sensing in the gut and the hypothalamus: In Vivo and in vitro perspectives. Mol. Cell. Endocrinol.

2014, 397, 23–33. [CrossRef]
12. Blouet, C.; Schwartz, G.J. Hypothalamic nutrient sensing in the control of energy homeostasis. Behav. Brain Res. 2010, 209, 1–12.

[CrossRef] [PubMed]
13. Clemmensen, C.; Müller, T.D.; Woods, S.C.; Berthoud, H.-R.; Seeley, R.J.; Tschöp, M.H. Gut-Brain Cross-Talk in Metabolic Control.

Cell 2017, 168, 758–774. [CrossRef] [PubMed]
14. Gautron, L.; Elmquist, J.K.; Williams, K.W. Neural Control of Energy Balance: Translating Circuits to Therapies. Cell 2015, 161,

133–145. [CrossRef]
15. Drucker, D.J. Mechanisms of Action and Therapeutic Application of Glucagon-like Peptide-1. Cell Metab. 2018, 27, 740–756.

[CrossRef] [PubMed]
16. Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al. Gut

Microbiota from Twins Discordant for Obesity Modulate Metabolism in Mice. Science 2013, 341, 1241214. [CrossRef] [PubMed]
17. Sonnenburg, J.L.; Bäckhed, F. Diet–microbiota interactions as moderators of human metabolism. Nat. Cell Biol. 2016, 535, 56–64.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.cmet.2011.12.019
http://www.ncbi.nlm.nih.gov/pubmed/22482725
http://doi.org/10.1038/s41574-019-0168-8
http://doi.org/10.1172/JCI76309
http://www.ncbi.nlm.nih.gov/pubmed/25664852
http://doi.org/10.1016/j.mcn.2009.04.007
http://doi.org/10.1038/nn1455
http://doi.org/10.1016/j.tins.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23318157
http://doi.org/10.1053/j.gastro.2004.10.043
http://doi.org/10.3389/fphys.2020.00643
http://doi.org/10.1016/S1566-0702(00)00215-0
http://doi.org/10.3389/fphys.2019.00051
http://doi.org/10.1016/j.mce.2014.09.022
http://doi.org/10.1016/j.bbr.2009.12.024
http://www.ncbi.nlm.nih.gov/pubmed/20035790
http://doi.org/10.1016/j.cell.2017.01.025
http://www.ncbi.nlm.nih.gov/pubmed/28235194
http://doi.org/10.1016/j.cell.2015.02.023
http://doi.org/10.1016/j.cmet.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29617641
http://doi.org/10.1126/science.1241214
http://www.ncbi.nlm.nih.gov/pubmed/24009397
http://doi.org/10.1038/nature18846
http://www.ncbi.nlm.nih.gov/pubmed/27383980


Int. J. Mol. Sci. 2021, 22, 5830 24 of 35

18. Takahashi, J.S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 2017, 18, 164–179. [CrossRef]
[PubMed]

19. Pittendrigh, C.S. Temporal Organization: Reflections of a Darwinian Clock-Watcher. Annu. Rev. Physiol. 1993, 55, 17–54.
[CrossRef]

20. Yoo, S.-H.; Yamazaki, S.; Lowrey, P.L.; Shimomura, K.; Ko, C.H.; Buhr, E.D.; Siepka, S.M.; Hong, H.-K.; Oh, W.J.; Yoo, O.J.; et al.
PERIOD2:LUCIFERASE real-time reporting of circadian dynamics reveals persistent circadian oscillations in mouse peripheral
tissues. Proc. Natl. Acad. Sci. USA 2004, 101, 5339–5346. [CrossRef]

21. Sakamoto, K.; Nagase, T.; Fukui, H.; Horikawa, K.; Okada, T.; Tanaka, H.; Sato, K.; Miyake, Y.; Ohara, O.; Kako, K.; et al.
Multitissue Circadian Expression of Rat periodHomolog (rPer2) mRNA Is Governed by the Mammalian Circadian Clock, the
Suprachiasmatic Nucleus in the Brain. J. Biol. Chem. 1998, 273, 27039–27042. [CrossRef]

22. Akhtar, R.; Reddy, A.B.; Maywood, E.S.; Clayton, J.D.; King, V.M.; Smith, A.G.; Gant, T.W.; Hastings, M.H.; Kyriacou, C.P.
Circadian Cycling of the Mouse Liver Transcriptome, as Revealed by cDNA Microarray, Is Driven by the Suprachiasmatic
Nucleus. Curr. Biol. 2002, 12, 540–550. [CrossRef]

23. Challet, E. The circadian regulation of food intake. Nat. Rev. Endocrinol. 2019, 15, 393–405. [CrossRef]
24. Wehrens, S.M.; Christou, S.; Isherwood, C.; Middleton, B.; Gibbs, M.A.; Archer, S.N.; Skene, D.; Johnston, J.D. Meal Timing

Regulates the Human Circadian System. Curr. Biol. 2017, 27, 1768–1775.e3. [CrossRef]
25. Stokkan, K.-A.; Yamazaki, S.; Tei, H.; Sakaki, Y.; Menaker, M. Entrainment of the Circadian Clock in the Liver by Feeding. Science

2001, 291, 490–493. [CrossRef]
26. Knutsson, A.; Kempe, A. Shift work and diabetes—A systematic review. Chronobiol. Int. 2014, 31, 1146–1151. [CrossRef]
27. McHill, A.W.; Wright, K.P. Role of sleep and circadian disruption on energy expenditure and in metabolic predisposition to

human obesity and metabolic disease. Obes. Rev. 2017, 18, 15–24. [CrossRef] [PubMed]
28. Ramirez-Plascencia, O.D.; Saderi, N.; Escobar, C.; Salgado-Delgado, R.C. Feeding during the rest phase promotes circadian

conflict in nuclei that control energy homeostasis and sleep-wake cycle in rats. Eur. J. Neurosci. 2017, 45, 1325–1332. [CrossRef]
29. Reutrakul, S.; Hood, M.; Crowley, S.J.; Morgan, M.K.; Teodori, M.; Knutson, K. The Relationship Between Breakfast Skipping,

Chronotype, and Glycemic Control in Type 2 Diabetes. Chronobiol. Int. 2013, 31, 64–71. [CrossRef] [PubMed]
30. Jakubowicz, D.; Wainstein, J.; Landau, Z.; Raz, I.; Ahren, B.; Chapnik, N.; Ganz, T.; Menaged, M.; Barnea, M.; Bar-Dayan, Y.;

et al. Influences of Breakfast on Clock Gene Expression and Postprandial Glycemia in Healthy Individuals and Individuals With
Diabetes: A Randomized Clinical Trial. Diabetes Care 2017, 40, 1573–1579. [CrossRef] [PubMed]

31. Kaczmarek, J.L.; Musaad, S.M.; Holscher, H.D. Time of day and eating behaviors are associated with the composition and function
of the human gastrointestinal microbiota. Am. J. Clin. Nutr. 2017, 106, ajcn156380. [CrossRef]

32. Reitmeier, S.; Kiessling, S.; Clavel, T.; List, M.; Almeida, E.L.; Ghosh, T.S.; Neuhaus, K.; Grallert, H.; Linseisen, J.; Skurk, T.;
et al. Arrhythmic Gut Microbiome Signatures Predict Risk of Type 2 Diabetes. Cell Host Microbe 2020, 28, 258–272.e6. [CrossRef]
[PubMed]

33. Mukherji, A.; Kobiita, A.; Ye, T.; Chambon, P. Homeostasis in Intestinal Epithelium Is Orchestrated by the Circadian Clock and
Microbiota Cues Transduced by TLRs. Cell 2013, 153, 812–827. [CrossRef]

34. Weger, B.D.; Gobet, C.; Yeung, J.; Martin, E.; Jimenez, S.; Betrisey, B.; Foata, F.; Berger, B.; Balvay, A.; Foussier, A.; et al. The Mouse
Microbiome Is Required for Sex-Specific Diurnal Rhythms of Gene Expression and Metabolism. Cell Metab. 2019, 29, 362–382.e8.
[CrossRef]

35. Thaiss, C.A.; Zeevi, D.; Levy, M.; Zilberman-Schapira, G.; Suez, J.; Tengeler, A.C.; Abramson, L.; Katz, M.N.; Korem, T.; Zmora,
N.; et al. Transkingdom Control of Microbiota Diurnal Oscillations Promotes Metabolic Homeostasis. Cell 2014, 159, 514–529.
[CrossRef] [PubMed]

36. Leone, V.; Gibbons, S.M.; Martinez, K.; Hutchison, A.L.; Huang, E.Y.; Cham, C.M.; Pierre, J.F.; Heneghan, A.F.; Nadimpalli, A.;
Hubert, N.; et al. Effects of Diurnal Variation of Gut Microbes and High-Fat Feeding on Host Circadian Clock Function and
Metabolism. Cell Host Microbe 2015, 17, 681–689. [CrossRef] [PubMed]

37. Zarrinpar, A.; Chaix, A.; Yooseph, S.; Panda, S. Diet and Feeding Pattern Affect the Diurnal Dynamics of the Gut Microbiome.
Cell Metab. 2014, 20, 1006–1017. [CrossRef] [PubMed]

38. Thaiss, C.A.; Levy, M.; Korem, T.; Dohnalová, L.; Shapiro, H.; Jaitin, D.A.; David, E.; Winter, D.R.; Gury-BenAri, M.; Tatirovsky, E.;
et al. Microbiota Diurnal Rhythmicity Programs Host Transcriptome Oscillations. Cell 2016, 167, 1495–1510.e12. [CrossRef]

39. Vijay-Kumar, M.; Aitken, J.D.; Carvalho, F.A.; Cullender, T.C.; Mwangi, S.; Srinivasan, S.; Sitaraman, S.V.; Knight, R.; Ley, R.E.;
Gewirtz, A.T. Metabolic Syndrome and Altered Gut Microbiota in Mice Lacking Toll-Like Receptor 5. Science 2010, 328, 228–231.
[CrossRef]

40. Fetissov, S.O. Role of the gut microbiota in host appetite control: Bacterial growth to animal feeding behaviour. Nat. Rev.
Endocrinol. 2017, 13, 11–25. [CrossRef]

41. Tennoune, N.; Chan, P.; Breton, J.; Legrand, R.; Chabane, Y.N.; Akkermann, K.; Järv, A.; Ouelaa, W.; Takagi, K.; Ghouzali, I.;
et al. Bacterial ClpB heat-shock protein, an antigen-mimetic of the anorexigenic peptide α-MSH, at the origin of eating disorders.
Transl. Psychiatry 2014, 4, e458. [CrossRef]

42. Breton, J.; Tennoune, N.; Lucas, N.; Francois, M.; Legrand, R.; Jacquemot, J.; Goichon, A.; Guérin, C.; Peltier, J.; Pestel-Caron, M.;
et al. Gut Commensal E. coli Proteins Activate Host Satiety Pathways following Nutrient-Induced Bacterial Growth. Cell Metab.
2016, 23, 324–334. [CrossRef] [PubMed]

http://doi.org/10.1038/nrg.2016.150
http://www.ncbi.nlm.nih.gov/pubmed/27990019
http://doi.org/10.1146/annurev.ph.55.030193.000313
http://doi.org/10.1073/pnas.0308709101
http://doi.org/10.1074/jbc.273.42.27039
http://doi.org/10.1016/S0960-9822(02)00759-5
http://doi.org/10.1038/s41574-019-0210-x
http://doi.org/10.1016/j.cub.2017.04.059
http://doi.org/10.1126/science.291.5503.490
http://doi.org/10.3109/07420528.2014.957308
http://doi.org/10.1111/obr.12503
http://www.ncbi.nlm.nih.gov/pubmed/28164449
http://doi.org/10.1111/ejn.13563
http://doi.org/10.3109/07420528.2013.821614
http://www.ncbi.nlm.nih.gov/pubmed/24094031
http://doi.org/10.2337/dc16-2753
http://www.ncbi.nlm.nih.gov/pubmed/28830875
http://doi.org/10.3945/ajcn.117.156380
http://doi.org/10.1016/j.chom.2020.06.004
http://www.ncbi.nlm.nih.gov/pubmed/32619440
http://doi.org/10.1016/j.cell.2013.04.020
http://doi.org/10.1016/j.cmet.2018.09.023
http://doi.org/10.1016/j.cell.2014.09.048
http://www.ncbi.nlm.nih.gov/pubmed/25417104
http://doi.org/10.1016/j.chom.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25891358
http://doi.org/10.1016/j.cmet.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25470548
http://doi.org/10.1016/j.cell.2016.11.003
http://doi.org/10.1126/science.1179721
http://doi.org/10.1038/nrendo.2016.150
http://doi.org/10.1038/tp.2014.98
http://doi.org/10.1016/j.cmet.2015.10.017
http://www.ncbi.nlm.nih.gov/pubmed/26621107


Int. J. Mol. Sci. 2021, 22, 5830 25 of 35

43. Langhans, W.; Harlacher, R.; Balkowski, G.; Scharrer, E. Comparison of the effects of bacterial lipopolysaccharide and muramyl
dipeptide on food intake. Physiol. Behav. 1990, 47, 805–813. [CrossRef]

44. Langhans, W.; Balkowski, G.; Savoldelli, D. Differential feeding responses to bacterial lipopolysaccharide and muramyl dipeptide.
Am. J. Physiol. Integr. Comp. Physiol. 1991, 261, R659–R664. [CrossRef]

45. Fosset, S.; Fromentin, G.; Rampin, O.; Lang, V.; Mathieu, F.; Tomé, D. Pharmacokinetics and feeding responses to muramyl
dipeptide in rats. Physiol. Behav. 2003, 79, 173–182. [CrossRef]

46. Lebrun, L.J.; Lenaerts, K.; Kiers, D.; de Barros, J.-P.P.; Le Guern, N.; Plesnik, J.; Thomas, C.; Bourgeois, T.; Dejong, C.H.; Kox,
M.; et al. Enteroendocrine L Cells Sense LPS after Gut Barrier Injury to Enhance GLP-1 Secretion. Cell Rep. 2017, 21, 1160–1168.
[CrossRef] [PubMed]

47. Grasset, E.; Puel, A.; Charpentier, J.; Collet, X.; Christensen, J.E.; Tercé, F.; Burcelin, R. A Specific Gut Microbiota Dysbiosis of Type
2 Diabetic Mice Induces GLP-1 Resistance through an Enteric NO-Dependent and Gut-Brain Axis Mechanism. Cell Metab. 2017,
25, 1075–1090.e5. [CrossRef]

48. Nguyen, A.T.; Mandard, S.; Dray, C.; Deckert, V.; Valet, P.; Besnard, P.; Drucker, D.J.; Lagrost, L.; Grober, J. Lipopolysaccharides-
Mediated Increase in Glucose-Stimulated Insulin Secretion: Involvement of the GLP-1 Pathway. Diabetes 2013, 63, 471–482.
[CrossRef] [PubMed]

49. Cabrera-Mulero, A.; Tinahones, A.; Bandera, B.; Moreno-Indias, I.; Macías-González, M.; Tinahones, F.J. Keto microbiota: A
powerful contributor to host disease recovery. Rev. Endocr. Metab. Disord. 2019, 20, 415–425. [CrossRef]

50. De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of
diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci.
USA 2010, 107, 14691–14696. [CrossRef]

51. Martín-Peláez, S.; Fito, M.; Castaner, O. Mediterranean Diet Effects on Type 2 Diabetes Prevention, Disease Progression, and
Related Mechanisms. A Review. Nutrients 2020, 12, 2236. [CrossRef] [PubMed]

52. Wu, G.D.; Chen, J.; Hoffmann, C.; Bittinger, K.; Chen, Y.Y.; Keilbaugh, S.A.; Bewtra, M.; Knights, D.; Walters, W.A.; Knight, R.;
et al. Linking Long-Term Dietary Patterns with Gut Microbial Enterotypes. Science 2011, 334, 105–108. [CrossRef]

53. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.; Fischbach,
M.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nat. Cell Biol. 2014, 505, 559–563. [CrossRef] [PubMed]

54. Popkin, B.M.; Gordon-Larsen, P. The nutrition transition: Worldwide obesity dynamics and their determinants. Int. J. Obes. 2004,
28 Suppl 3, S2–S9. [CrossRef]

55. Speechly, D.; Buffenstein, R. Appetite dysfunction in obese males: Evidence for role of hyperinsulinaemia in passive overcon-
sumption with a high fat diet. Eur. J. Clin. Nutr. 2000, 54, 225–233. [CrossRef] [PubMed]

56. Le Roux, C.W.; Batterham, R.L.; Aylwin, S.J.B.; Patterson, M.; Borg, C.-M.; Wynne, K.; Kent, A.; Vincent, R.; Gardiner, J.; Ghatei,
M.A.; et al. Attenuated Peptide YY Release in Obese Subjects Is Associated with Reduced Satiety. Endocrinology 2006, 147, 3–8.
[CrossRef]

57. Mittelman, S.D.; Klier, K.; Braun, S.; Azen, C.; Geffner, M.E.; Buchanan, T.A. Obese Adolescents Show Impaired Meal Responses
of the Appetite-Regulating Hormones Ghrelin and PYY. Obesity 2010, 18, 918–925. [CrossRef]

58. Hira, T.; Pinyo, J.; Hara, H. What Is GLP-1 Really Doing in Obesity? Trends Endocrinol. Metab. 2020, 31, 71–80. [CrossRef]
59. French, S.J.; Murray, B.; Rumsey, R.D.E.; Fadzlin, R.; Read, N.W. Adaptation to high-fat diets: Effects on eating behaviour and

plasma cholecystokinin. Br. J. Nutr. 1995, 73, 179–189. [CrossRef] [PubMed]
60. A Duca, F.; Swartz, T.D.; Sakar, Y.; Covasa, M. Decreased intestinal nutrient response in diet-induced obese rats: Role of gut

peptides and nutrient receptors. Int. J. Obes. 2013, 37, 375–381. [CrossRef]
61. Duca, F.A.; Zhong, L.; Covasa, M. Reduced CCK signaling in obese-prone rats fed a high fat diet. Horm. Behav. 2013, 64, 812–817.

[CrossRef]
62. Knauf, C.; Cani, P.D.; Kim, N.-H.; Iglesias, M.A.; Chabo, C.; Waget, A.; Colom, A.; Rastrelli, S.; Delzenne, N.M.; Drucker, D.J.; et al.

Role of Central Nervous System Glucagon-Like Peptide-1 Receptors in Enteric Glucose Sensing. Diabetes 2008, 57, 2603–2612.
[CrossRef] [PubMed]

63. Morenga, L.T.; Mallard, S.; Mann, J. Dietary sugars and body weight: Systematic review and meta-analyses of randomised
controlled trials and cohort studies. BMJ 2012, 346, e7492. [CrossRef] [PubMed]

64. Ochoa, M.; Lallès, J.-P.; Malbert, C.-H.; Val-Laillet, D. Dietary sugars: Their detection by the gut-brain axis and their peripheral
and central effects in health and diseases. Eur. J. Nutr. 2014, 54, 1–24. [CrossRef] [PubMed]

65. I Domingos, A.; Sordillo, A.; Dietrich, M.; Liu, Z.-W.; A Tellez, L.; Vaynshteyn, J.; Ferreira, J.; I Ekstrand, M.; Horvath, T.L.; E De
Araujo, I.; et al. Hypothalamic melanin concentrating hormone neurons communicate the nutrient value of sugar. eLife 2013, 2,
e01462. [CrossRef]

66. Steinbusch, L.; Labouèbe, G.; Thorens, B. Brain glucose sensing in homeostatic and hedonic regulation. Trends Endocrinol. Metab.
2015, 26, 455–466. [CrossRef]

67. Dorton, H.M.; Luo, S.; Monterosso, J.R.; Page, K.A. Influences of Dietary Added Sugar Consumption on Striatal Food-Cue
Reactivity and Postprandial GLP-1 Response. Front. Psychiatry 2018, 8, 297. [CrossRef]

68. Jones, S.; Luo, S.; Dorton, H.M.; Yunker, A.G.; Angelo, B.; Defendis, A.; Monterosso, J.R.; Page, K.A. Obesity and Dietary Added
Sugar Interact to Affect Postprandial GLP-1 and Its Relationship to Striatal Responses to Food Cues and Feeding Behavior. Front.
Endocrinol. 2021, 12. [CrossRef]

http://doi.org/10.1016/0031-9384(90)90001-K
http://doi.org/10.1152/ajpregu.1991.261.3.R659
http://doi.org/10.1016/S0031-9384(03)00065-9
http://doi.org/10.1016/j.celrep.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/29091756
http://doi.org/10.1016/j.cmet.2017.04.013
http://doi.org/10.2337/db13-0903
http://www.ncbi.nlm.nih.gov/pubmed/24186868
http://doi.org/10.1007/s11154-019-09518-8
http://doi.org/10.1073/pnas.1005963107
http://doi.org/10.3390/nu12082236
http://www.ncbi.nlm.nih.gov/pubmed/32726990
http://doi.org/10.1126/science.1208344
http://doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217
http://doi.org/10.1038/sj.ijo.0802804
http://doi.org/10.1038/sj.ejcn.1600924
http://www.ncbi.nlm.nih.gov/pubmed/10713745
http://doi.org/10.1210/en.2005-0972
http://doi.org/10.1038/oby.2009.499
http://doi.org/10.1016/j.tem.2019.09.003
http://doi.org/10.1079/BJN19950022
http://www.ncbi.nlm.nih.gov/pubmed/7718539
http://doi.org/10.1038/ijo.2012.45
http://doi.org/10.1016/j.yhbeh.2013.09.004
http://doi.org/10.2337/db07-1788
http://www.ncbi.nlm.nih.gov/pubmed/18519802
http://doi.org/10.1136/bmj.e7492
http://www.ncbi.nlm.nih.gov/pubmed/23321486
http://doi.org/10.1007/s00394-014-0776-y
http://www.ncbi.nlm.nih.gov/pubmed/25296886
http://doi.org/10.7554/eLife.01462
http://doi.org/10.1016/j.tem.2015.06.005
http://doi.org/10.3389/fpsyt.2017.00297
http://doi.org/10.3389/fendo.2021.638504


Int. J. Mol. Sci. 2021, 22, 5830 26 of 35

69. Kilpatrick, L.A.; Coveleskie, K.; Connolly, L.; Labus, J.S.; Ebrat, B.; Stains, J.; Jiang, Z.; Suyenobu, B.Y.; Raybould, H.E.; Tillisch,
K.; et al. Influence of Sucrose Ingestion on Brainstem and Hypothalamic Intrinsic Oscillations in Lean and Obese Women.
Gastroenterology 2014, 146, 1212–1221. [CrossRef]

70. Parton, L.E.; Ye, C.P.; Coppari, R.; Enriori, P.J.; Choi, B.; Zhang, C.-Y.; Xu, C.; Vianna, C.R.; Balthasar, N.; Lee, C.E.; et al. Glucose
sensing by POMC neurons regulates glucose homeostasis and is impaired in obesity. Nature 2007, 449, 228–232. [CrossRef]

71. Sonnenburg, E.D.; Smits, S.A.; Tikhonov, M.; Higginbottom, S.K.; Wingreen, N.S.; Sonnenburg, J.L. Diet-induced extinctions in
the gut microbiota compound over generations. Nat. Cell Biol. 2016, 529, 212–215. [CrossRef]

72. Wolters, M.; Ahrens, J.; Pérez, M.R.; Watkins, C.; Sanz, Y.; Benítez-Páez, A.; Stanton, C.; Günther, K. Dietary fat, the gut microbiota,
and metabolic health—A systematic review conducted within the MyNewGut project. Clin. Nutr. 2019, 38, 2504–2520. [CrossRef]

73. Agans, R.; Gordon, A.; Kramer, D.L.; Perez-Burillo, S.; Rufián-Henares, J.A.; Paliy, O. Dietary Fatty Acids Sustain the Growth of
the Human Gut Microbiota. Appl. Environ. Microbiol. 2018, 84, 84. [CrossRef] [PubMed]

74. Devkota, S.; Wang, Y.; Musch, M.W.; Leone, V.; Fehlner-Peach, H.; Nadimpalli, A.; Antonopoulos, D.A.; Jabri, B.; Chang, E.B.
Dietary-fat-induced taurocholic acid promotes pathobiont expansion and colitis in Il10−/− mice. Nat. Cell Biol. 2012, 487,
104–108. [CrossRef] [PubMed]

75. Natividad, J.M.; Lamas, B.; Pham, H.P.; Michel, M.-L.; Rainteau, D.; Bridonneau, C.; DA Costa, G.; Vlieg, J.V.H.; Sovran, B.;
Chamignon, C.; et al. Bilophila wadsworthia aggravates high fat diet induced metabolic dysfunctions in mice. Nat. Commun.
2018, 9, 1–15. [CrossRef]

76. Bauer, P.V.; Duca, F.A.; Waise, T.Z.; Dranse, H.J.; Rasmussen, B.A.; Puri, A.; Rasti, M.; O’Brien, C.A.; Lam, T.K. Lactobacillus
gasseri in the Upper Small Intestine Impacts an ACSL3-Dependent Fatty Acid-Sensing Pathway Regulating Whole-Body Glucose
Homeostasis. Cell Metab. 2018, 27, 572–587.e6. [CrossRef] [PubMed]

77. Jang, C.; Hui, S.; Lu, W.; Cowan, A.J.; Morscher, R.J.; Lee, G.; Liu, W.; Tesz, G.J.; Birnbaum, M.J.; Rabinowitz, J.D. The Small
Intestine Converts Dietary Fructose into Glucose and Organic Acids. Cell Metab. 2018, 27, 351–361.e3. [CrossRef]

78. Zhao, S.; Jang, C.; Liu, J.; Uehara, K.; Gilbert, M.; Izzo, L.; Zeng, X.; Trefely, S.; Fernandez, S.; Carrer, A.; et al. Dietary fructose
feeds hepatic lipogenesis via microbiota-derived acetate. Nat. Cell Biol. 2020, 579, 586–591. [CrossRef]

79. Townsend, G.E.; Han, W.; Schwalm, N.; Raghavan, V.; Barry, N.A.; Goodman, A.L.; Groisman, E.A. Dietary sugar silences a
colonization factor in a mammalian gut symbiont. Proc. Natl. Acad. Sci. USA 2019, 116, 233–238. [CrossRef]

80. Bauer, P.V.; Duca, F.A.; Waise, T.Z.; Rasmussen, B.A.; Abraham, M.A.; Dranse, H.J.; Puri, A.; O’Brien, C.A.; Lam, T.K. Metformin
Alters Upper Small Intestinal Microbiota that Impact a Glucose-SGLT1-Sensing Glucoregulatory Pathway. Cell Metab. 2018, 27,
101–117.e5. [CrossRef]

81. Melina, V.; Craig, W.; Levin, S. Position of the Academy of Nutrition and Dietetics: Vegetarian Diets. J. Acad. Nutr. Diet. 2016, 116,
1970–1980. [CrossRef] [PubMed]

82. Brytek-Matera, A. Restrained Eating and Vegan, Vegetarian and Omnivore Dietary Intakes. Nutrients 2020, 12, 2133. [CrossRef]
[PubMed]

83. Belinova, L.; Kahleova, H.; Malinska, H.; Topolcan, O.; Vrzalova, J.; Oliyarnyk, O.; Kazdova, L.; Hill, M.; Pelikanova, T. Differential
Acute Postprandial Effects of Processed Meat and Isocaloric Vegan Meals on the Gastrointestinal Hormone Response in Subjects
Suffering from Type 2 Diabetes and Healthy Controls: A Randomized Crossover Study. PLoS ONE 2014, 9, e107561. [CrossRef]

84. Klementova, M.; Thieme, L.; Haluzik, M.; Pavlovicova, R.; Hill, M.; Pelikanova, T.; Kahleova, H. A Plant-Based Meal Increases
Gastrointestinal Hormones and Satiety More Than an Energy- and Macronutrient-Matched Processed-Meat Meal in T2D, Obese,
and Healthy Men: A Three-Group Randomized Crossover Study. Nutrients 2019, 11, 157. [CrossRef] [PubMed]

85. Karlsen, M.C.; Rogers, G.; Miki, A.; Lichtenstein, A.H.; Folta, S.C.; Economos, C.D.; Jacques, P.F.; Livingston, K.A.; McKeown,
N.M. Theoretical Food and Nutrient Composition of Whole-Food Plant-Based and Vegan Diets Compared to Current Dietary
Recommendations. Nutrients 2019, 11, 625. [CrossRef] [PubMed]

86. Clarys, P.; Deliens, T.; Huybrechts, I.; Deriemaeker, P.; Vanaelst, B.; De Keyzer, W.; Hebbelinck, M.; Mullie, P. Comparison
of Nutritional Quality of the Vegan, Vegetarian, Semi-Vegetarian, Pesco-Vegetarian and Omnivorous Diet. Nutrients 2014, 6,
1318–1332. [CrossRef]

87. Stephen, A.M.; Champ, M.M.-J.; Cloran, S.J.; Fleith, M.; Van Lieshout, L.; Mejborn, H.; Burley, V.J. Dietary fibre in Europe: Current
state of knowledge on definitions, sources, recommendations, intakes and relationships to health. Nutr. Res. Rev. 2017, 30,
149–190. [CrossRef]

88. Berggren, A.M.; Björck, I.M.E.; Nyman, E.M.G.L.; Eggum, B.O. Short-chain fatty acid content and pH in caecum of rats given
various sources of carbohydrates. J. Sci. Food Agric. 1993, 63, 397–406. [CrossRef]

89. Zhao, C.; Dong, H.; Zhang, Y.; Li, Y. Discovery of potential genes contributing to the biosynthesis of short-chain fatty acids and
lactate in gut microbiota from systematic investigation in E. coli. NPJ Biofilms Microbiomes 2019, 5, 1–8. [CrossRef]

90. Tomova, A.; Bukovsky, I.; Rembert, E.; Yonas, W.; Alwarith, J.; Barnard, N.D.; Kahleova, H. The Effects of Vegetarian and Vegan
Diets on Gut Microbiota. Front. Nutr. 2019, 6, 47. [CrossRef]

91. Ventura, M.; Canchaya, C.; Tauch, A.; Chandra, G.; Fitzgerald, G.F.; Chater, K.F.; Van Sinderen, D. Genomics of Actinobacteria:
Tracing the Evolutionary History of an Ancient Phylum. Microbiol. Mol. Biol. Rev. 2007, 71, 495–548. [CrossRef]

92. Delzenne, N.M.; Olivares, M.; Neyrinck, A.M.; Beaumont, M.; Kjølbæk, L.; Larsen, T.M.; Benítez-Páez, A.; Romaní-Pérez,
M.; Garcia-Campayo, V.; Bosscher, D.; et al. Nutritional interest of dietary fiber and prebiotics in obesity: Lessons from the
MyNewGut consortium. Clin. Nutr. 2020, 39, 414–424. [CrossRef]

http://doi.org/10.1053/j.gastro.2014.01.023
http://doi.org/10.1038/nature06098
http://doi.org/10.1038/nature16504
http://doi.org/10.1016/j.clnu.2018.12.024
http://doi.org/10.1128/AEM.01525-18
http://www.ncbi.nlm.nih.gov/pubmed/30242004
http://doi.org/10.1038/nature11225
http://www.ncbi.nlm.nih.gov/pubmed/22722865
http://doi.org/10.1038/s41467-018-05249-7
http://doi.org/10.1016/j.cmet.2018.01.013
http://www.ncbi.nlm.nih.gov/pubmed/29514066
http://doi.org/10.1016/j.cmet.2017.12.016
http://doi.org/10.1038/s41586-020-2101-7
http://doi.org/10.1073/pnas.1813780115
http://doi.org/10.1016/j.cmet.2017.09.019
http://doi.org/10.1016/j.jand.2016.09.025
http://www.ncbi.nlm.nih.gov/pubmed/27886704
http://doi.org/10.3390/nu12072133
http://www.ncbi.nlm.nih.gov/pubmed/32709060
http://doi.org/10.1371/journal.pone.0107561
http://doi.org/10.3390/nu11010157
http://www.ncbi.nlm.nih.gov/pubmed/30642053
http://doi.org/10.3390/nu11030625
http://www.ncbi.nlm.nih.gov/pubmed/30875784
http://doi.org/10.3390/nu6031318
http://doi.org/10.1017/S095442241700004X
http://doi.org/10.1002/jsfa.2740630405
http://doi.org/10.1038/s41522-019-0092-7
http://doi.org/10.3389/fnut.2019.00047
http://doi.org/10.1128/MMBR.00005-07
http://doi.org/10.1016/j.clnu.2019.03.002


Int. J. Mol. Sci. 2021, 22, 5830 27 of 35

93. Venkataraman, A.; Sieber, J.R.; Schmidt, A.W.; Waldron, C.; Theis, K.R.; Schmidt, T.M. Variable responses of human microbiomes
to dietary supplementation with resistant starch. Microbiome 2016, 4, 1–9. [CrossRef] [PubMed]

94. Davis, L.M.G.; Martínez, I.; Walter, J.; Goin, C.; Hutkins, R.W. Barcoded Pyrosequencing Reveals That Consumption of Galac-
tooligosaccharides Results in a Highly Specific Bifidogenic Response in Humans. PLoS ONE 2011, 6, e25200. [CrossRef] [PubMed]

95. Benítez-Páez, A.; Kjølbæk, L.; Del Pulgar, E.M.G.; Brahe, L.K.; Astrup, A.; Matysik, S.; Schött, H.-F.; Krautbauer, S.; Liebisch, G.;
Boberska, J.; et al. A Multi-omics Approach to Unraveling the Microbiome-Mediated Effects of Arabinoxylan Oligosaccharides in
Overweight Humans. mSystems 2019, 4, e00209–e00219. [CrossRef]

96. Kjølbæk, L.; Benítez-Páez, A.; del Pulgar, E.M.G.; Brahe, L.K.; Liebisch, G.; Matysik, S.; Rampelli, S.; Vermeiren, J.; Brigidi,
P.; Larsen, L.H.; et al. Arabinoxylan oligosaccharides and polyunsaturated fatty acid effects on gut microbiota and metabolic
markers in overweight individuals with signs of metabolic syndrome: A randomized cross-over trial. Clin. Nutr. 2020, 39, 67–79.
[CrossRef]

97. Canfora, E.E.; van der Beek, C.M.; Hermes, G.D.; Goossens, G.H.; Jocken, J.W.; Holst, J.J.; van Eijk, H.M.; Venema, K.; Smidt, H.;
Zoetendal, E.G.; et al. Supplementation of Diet With Galacto-oligosaccharides Increases Bifidobacteria, but Not Insulin Sensitivity,
in Obese Prediabetic Individuals. Gastroenterology 2017, 153, 87–97.e3. [CrossRef] [PubMed]

98. Kovatcheva-Datchary, P.; Nilsson, A.; Akrami, R.; Lee, Y.S.; De Vadder, F.; Arora, T.; Hallen, A.; Martens, E.; Björck, I.; Bäckhed, F.
Dietary Fiber-Induced Improvement in Glucose Metabolism Is Associated with Increased Abundance of Prevotella. Cell Metab.
2015, 22, 971–982. [CrossRef] [PubMed]

99. Soty, M.; Gautier-Stein, A.; Rajas, F.; Mithieux, G. Gut-Brain Glucose Signaling in Energy Homeostasis. Cell Metab. 2017, 25,
1231–1242. [CrossRef] [PubMed]

100. De Vadder, F.; Kovatcheva-Datchary, P.; Zitoun, C.; Duchampt, A.; Bäckhed, F.; Mithieux, G. Microbiota-Produced Succinate
Improves Glucose Homeostasis via Intestinal Gluconeogenesis. Cell Metab. 2016, 24, 151–157. [CrossRef]

101. Products, N.A.A. (Nda) E.P.O.D. Scientific Opinion on the substantiation of health claims related to fruits and/or vegetables (ID
1212, 1213, 1214, 1217, 1218, 1219, 1301, 1425, 1426, 1427, 1428, 1429, 1430) and to the “Mediterranean diet” (ID 1423) pursuant to
Article 13(1) of Regulati. EFSA J. 2011, 9, 2245. [CrossRef]

102. Willett, W.C.; Sacks, F.; Trichopoulou, A.; Drescher, G.; Ferro-Luzzi, A.; Helsing, E.; Trichopoulos, D. Mediterranean diet pyramid:
A cultural model for healthy eating. Am. J. Clin. Nutr. 1995, 61, 1402S–1406S. [CrossRef] [PubMed]

103. Estruch, R.; Ros, E.; Salas-Salvadó, J.; Covas, M.-I.; Corella, D.; Arós, F.; Gómez-Gracia, E.; Ruiz-Gutiérrez, V.; Fiol, M.; Lapetra, J.;
et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet Supplemented with Extra-Virgin Olive Oil or
Nuts. N. Engl. J. Med. 2018, 378, e34. [CrossRef] [PubMed]

104. Mazzocchi, A.; Leone, L.; Agostoni, C.; Pali-Schöll, I. The Secrets of the Mediterranean Diet. Does [Only] Olive Oil Matter? Nutr.
2019, 11, 2941. [CrossRef] [PubMed]

105. Bray, G.A.; Lovejoy, J.C.; Smith, S.R.; Delany, J.P.; Lefevre, M.; Hwang, D.; Ryan, D.; York, D.A. The Influence of Different Fats and
Fatty Acids on Obesity, Insulin Resistance and Inflammation. J. Nutr. 2002, 132, 2488–2491. [CrossRef] [PubMed]

106. Beulen, Y.; Martínez-González, M.A.; Van De Rest, O.; Salas-Salvadó, J.; Sorlí, J.V.; Gómez-Gracia, E.; Fiol, M.; Estruch, R.; Santos-
Lozano, J.M.; Schröder, H.; et al. Quality of Dietary Fat Intake and Body Weight and Obesity in a Mediterranean Population:
Secondary Analyses within the PREDIMED Trial. Nutrients 2018, 10, 2011. [CrossRef] [PubMed]

107. Iakoubov, R.; Ahmed, A.; Lauffer, L.M.; Bazinet, R.P.; Brubaker, P.L. Essential Role for Protein Kinase Cζ in Oleic Acid-Induced
Glucagon-Like Peptide-1 Secretion in Vivo in the Rat. Endocrinology 2011, 152, 1244–1252. [CrossRef]

108. Poreba, M.A.; Dong, C.X.; Li, S.K.; Stahl, A.; Miner, J.H.; Brubaker, P.L. Role of fatty acid transport protein 4 in oleic acid-induced
glucagon-like peptide-1 secretion from murine intestinal L cells. Am. J. Physiol. Metab. 2012, 303, E899–E907. [CrossRef]

109. Hirasawa, A.; Tsumaya, K.; Awaji, T.; Katsuma, S.; Adachi, T.; Yamada, M.; Sugimoto, Y.; Miyazaki, S.; Tsujimoto, G. Free fatty
acids regulate gut incretin glucagon-like peptide-1 secretion through GPR120. Nat. Med. 2005, 11, 90–94. [CrossRef] [PubMed]

110. Duca, F.A.; Waise, T.M.Z.; Peppler, W.T.; Lam, T.K.T. The metabolic impact of small intestinal nutrient sensing. Nat. Commun.
2021, 12, 1–12. [CrossRef]

111. Panickar, K.S. Effects of dietary polyphenols on neuroregulatory factors and pathways that mediate food intake and energy
regulation in obesity. Mol. Nutr. Food Res. 2012, 57, 34–47. [CrossRef] [PubMed]

112. Avila, J.A.D.; García, J.R.; Aguilar, G.A.G.; De La Rosa, L.A. The Antidiabetic Mechanisms of Polyphenols Related to Increased
Glucagon-Like Peptide-1 (GLP1) and Insulin Signaling. Molecules 2017, 22, 903. [CrossRef]

113. Hlebowicz, J.; Hlebowicz, A.; Lindstedt, S.; Björgell, O.; Höglund, P.; Holst, J.J.; Darwiche, G.; Almér, L.-O. Effects of 1 and 3 g
cinnamon on gastric emptying, satiety, and postprandial blood glucose, insulin, glucose-dependent insulinotropic polypeptide,
glucagon-like peptide 1, and ghrelin concentrations in healthy subjects. Am. J. Clin. Nutr. 2009, 89, 815–821. [CrossRef]

114. Haro, C.; García, A.C.; Rangel-Zúñiga, O.A.; Alcalá-Díaz, J.F.; Landa, B.B.; Clemente, J.C.; Pérez-Martínez, P.; López-Miranda, J.;
Pérez-Jiménez, F.; Camargo, A. Consumption of Two Healthy Dietary Patterns Restored Microbiota Dysbiosis in Obese Patients
with Metabolic Dysfunction. Mol. Nutr. Food Res. 2017, 61. [CrossRef] [PubMed]

115. Nagpal, R.; Shively, C.A.; Appt, S.A.; Register, T.C.; Michalson, K.T.; Vitolins, M.Z.; Yadav, H. Gut Microbiome Composition in
Non-human Primates Consuming a Western or Mediterranean Diet. Front. Nutr. 2018, 5, 28. [CrossRef]

116. Ms, E.Y.H.; Leone, V.A.; Devkota, S.; Wang, Y.; Brady, M.J.; Chang, E.B. Composition of Dietary Fat Source Shapes Gut Microbiota
Architecture and Alters Host Inflammatory Mediators in Mouse Adipose Tissue. J. Parenter. Enter. Nutr. 2013, 37, 746–754.
[CrossRef]

http://doi.org/10.1186/s40168-016-0178-x
http://www.ncbi.nlm.nih.gov/pubmed/27357127
http://doi.org/10.1371/journal.pone.0025200
http://www.ncbi.nlm.nih.gov/pubmed/21966454
http://doi.org/10.1128/mSystems.00209-19
http://doi.org/10.1016/j.clnu.2019.01.012
http://doi.org/10.1053/j.gastro.2017.03.051
http://www.ncbi.nlm.nih.gov/pubmed/28396144
http://doi.org/10.1016/j.cmet.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26552345
http://doi.org/10.1016/j.cmet.2017.04.032
http://www.ncbi.nlm.nih.gov/pubmed/28591631
http://doi.org/10.1016/j.cmet.2016.06.013
http://doi.org/10.2903/j.efsa.2011.2245
http://doi.org/10.1093/ajcn/61.6.1402S
http://www.ncbi.nlm.nih.gov/pubmed/7754995
http://doi.org/10.1056/NEJMoa1800389
http://www.ncbi.nlm.nih.gov/pubmed/29897866
http://doi.org/10.3390/nu11122941
http://www.ncbi.nlm.nih.gov/pubmed/31817038
http://doi.org/10.1093/jn/132.9.2488
http://www.ncbi.nlm.nih.gov/pubmed/12221198
http://doi.org/10.3390/nu10122011
http://www.ncbi.nlm.nih.gov/pubmed/30572588
http://doi.org/10.1210/en.2010-1352
http://doi.org/10.1152/ajpendo.00116.2012
http://doi.org/10.1038/nm1168
http://www.ncbi.nlm.nih.gov/pubmed/15619630
http://doi.org/10.1038/s41467-021-21235-y
http://doi.org/10.1002/mnfr.201200431
http://www.ncbi.nlm.nih.gov/pubmed/23125162
http://doi.org/10.3390/molecules22060903
http://doi.org/10.3945/ajcn.2008.26807
http://doi.org/10.1002/mnfr.201700300
http://www.ncbi.nlm.nih.gov/pubmed/28940737
http://doi.org/10.3389/fnut.2018.00028
http://doi.org/10.1177/0148607113486931


Int. J. Mol. Sci. 2021, 22, 5830 28 of 35

117. Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Bäckhed, F. Crosstalk between Gut Microbiota and Dietary Lipids
Aggravates WAT Inflammation through TLR Signaling. Cell Metab. 2015, 22, 658–668. [CrossRef]

118. Di Rienzi, S.C.; Jacobson, J.; A Kennedy, E.; E Bell, M.; Shi, Q.; Waters, J.L.; Lawrence, P.; Brenna, J.T.; A Britton, R.; Walter, J.; et al.
Resilience of small intestinal beneficial bacteria to the toxicity of soybean oil fatty acids. eLife 2018, 7. [CrossRef] [PubMed]

119. Miyamoto, J.; Igarashi, M.; Watanabe, K.; Karaki, S.-I.; Mukouyama, H.; Kishino, S.; Li, X.; Ichimura, A.; Irie, J.; Sugimoto, Y.; et al.
Gut microbiota confers host resistance to obesity by metabolizing dietary polyunsaturated fatty acids. Nat. Commun. 2019, 10,
1–15. [CrossRef] [PubMed]

120. Araújo, J.R.; Tazi, A.; Burlen-Defranoux, O.; Vichier-Guerre, S.; Nigro, G.; Licandro, H.; Demignot, S.; Sansonetti, P.J. Fermentation
Products of Commensal Bacteria Alter Enterocyte Lipid Metabolism. Cell Host Microbe 2020, 27, 358–375.e7. [CrossRef]

121. Catalkaya, G.; Venema, K.; Lucini, L.; Rocchetti, G.; Delmas, D.; Daglia, M.; De Filippis, A.; Xiao, H.; Quiles, J.L.; Xiao, J.; et al.
Interaction of dietary polyphenols and gut microbiota: Microbial metabolism of polyphenols, influence on the gut microbiota,
and implications on host health. Food Front. 2020, 1, 109–133. [CrossRef]

122. Zhang, Y.; Sun, Q.; Li, Z.; Wang, H.; Li, J.; Wan, X. Fermented soybean powder containing Bacillus subtilis SJLH001 protects
against obesity in mice by improving transport function and inhibiting angiogenesis. J. Funct. Foods 2019, 59, 60–70. [CrossRef]

123. Kartinah, N.T.; Fadilah, F.; Ibrahim, E.I.; Suryati, Y. The Potential of Hibiscus sabdariffa Linn in Inducing Glucagon-Like Peptide-1
via SGLT-1 and GLPR in DM Rats. BioMed Res. Int. 2019, 2019, 8724824. [CrossRef] [PubMed]

124. Clifton, P.M.; Keogh, J. Metabolic effects of high-protein diets. Curr. Atheroscler. Rep. 2007, 9, 472–478. [CrossRef]
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