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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].



Int. J. Mol. Sci. 2021, 22, 5830 7 of 35

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.
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125. Waliłko, E.; Napierała, M.; Bryśkiewicz, M.; Fronczyk, A.; Majkowska, L. High-Protein or Low Glycemic Index Diet—Which

Energy-Restricted Diet Is Better to Start a Weight Loss Program? Nutrients 2021, 13, 1086. [CrossRef]
126. Hall, K.D.; Guo, J. Obesity Energetics: Body Weight Regulation and the Effects of Diet Composition. Gastroenterology 2017, 152,

1718–1727.e3. [CrossRef] [PubMed]
127. Franz, M.J.; VanWormer, J.J.; Crain, A.L.; Boucher, J.L.; Histon, T.; Caplan, W.; Bowman, J.D.; Pronk, N.P. Weight-Loss Outcomes:

A Systematic Review and Meta-Analysis of Weight-Loss Clinical Trials with a Minimum 1-Year Follow-Up. J. Am. Diet. Assoc.
2007, 107, 1755–1767. [CrossRef] [PubMed]

128. Sacks, F.M.; Bray, G.A.; Carey, V.J.; Smith, S.R.; Ryan, D.; Anton, S.D.; McManus, K.; Champagne, C.M.; Bishop, L.M.; Laranjo, N.;
et al. Comparison of Weight-Loss Diets with Different Compositions of Fat, Protein, and Carbohydrates. N. Engl. J. Med. 2009,
360, 859–873. [CrossRef]

129. Freedhoff, Y.; Hall, K.D. Weight loss diet studies: We need help not hype. Lancet 2016, 388, 849–851. [CrossRef]
130. Batterham, R.L.; Heffron, H.; Kapoor, S.; Chivers, J.E.; Chandarana, K.; Herzog, H.; Le Roux, C.W.; Thomas, E.L.; Bell, J.D.;

Withers, D.J. Critical role for peptide YY in protein-mediated satiation and body-weight regulation. Cell Metab. 2006, 4, 223–233.
[CrossRef]

131. Duraffourd, C.; De Vadder, F.; Goncalves, D.; Delaere, F.; Penhoat, A.; Brusset, B.; Rajas, F.; Chassard, D.; Duchampt, A.; Stefanutti,
A.; et al. Mu-Opioid Receptors and Dietary Protein Stimulate a Gut-Brain Neural Circuitry Limiting Food Intake. Cell 2012, 150,
377–388. [CrossRef]

132. Mithieux, G.; Misery, P.; Magnan, C.; Pillot, B.; Gautier-Stein, A.; Bernard, C.; Rajas, F.; Zitoun, C. Portal sensing of intestinal
gluconeogenesis is a mechanistic link in the diminution of food intake induced by diet protein. Cell Metab. 2005, 2, 321–329.
[CrossRef]

133. Beiroa, D.; Imbernon, M.; Gallego, R.; Senra, A.; Herranz, D.; Villarroya, F.; Serrano, M.; Fernø, J.; Salvador, J.; Escalada, J.; et al.
GLP-1 Agonism Stimulates Brown Adipose Tissue Thermogenesis and Browning Through Hypothalamic AMPK. Diabetes 2014,
63, 3346–3358. [CrossRef]

134. Li, Y.; Schnabl, K.; Gabler, S.-M.; Willershäuser, M.; Reber, J.; Karlas, A.; Laurila, S.; Lahesmaa, M.; U-Din, M.; Bast-Habersbrunner,
A.; et al. Secretin-Activated Brown Fat Mediates Prandial Thermogenesis to Induce Satiation. Cell 2018, 175, 1561–1574.e12.
[CrossRef]

135. Davila, A.-M.; Blachier, F.; Gotteland, M.; Andriamihaja, M.; Benetti, P.-H.; Sanz, Y.; Tomé, D. Intestinal luminal nitrogen
metabolism: Role of the gut microbiota and consequences for the host. Pharmacol. Res. 2013, 68, 95–107. [CrossRef]

136. Krautkramer, K.A.; Fan, J.; Bäckhed, F. Gut microbial metabolites as multi-kingdom intermediates. Nat. Rev. Microbiol. 2021, 19,
77–94. [CrossRef] [PubMed]

137. Kim, J.; Park, W. Indole: A signaling molecule or a mere metabolic byproduct that alters bacterial physiology at a high
concentration? J. Microbiol. 2015, 53, 421–428. [CrossRef]

138. Lee, J.-H.; Lee, J. Indole as an intercellular signal in microbial communities. FEMS Microbiol. Rev. 2010, 34, 426–444. [CrossRef]
139. Agus, A.; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe

2018, 23, 716–724. [CrossRef] [PubMed]
140. Leong, S.C.; Sirich, T.L. Indoxyl Sulfate—Review of Toxicity and Therapeutic Strategies. Toxins 2016, 8, 358. [CrossRef] [PubMed]
141. Sundaram, G.; Brew, B.J.; Jones, S.P.; Adams, S.; Lim, C.K.; Guillemin, G.J. Quinolinic acid toxicity on oligodendroglial cells:

Relevance for multiple sclerosis and therapeutic strategies. J. Neuroinflammation 2014, 11, 1–11. [CrossRef] [PubMed]
142. Feehily, C.; Karatzas, K. Role of glutamate metabolism in bacterial responses towards acid and other stresses. J. Appl. Microbiol.

2012, 114, 11–24. [CrossRef] [PubMed]
143. Mazzoli, R.; Pessione, E. The Neuro-endocrinological Role of Microbial Glutamate and GABA Signaling. Front. Microbiol. 2016, 7,

1934. [CrossRef]

http://doi.org/10.1016/j.cmet.2015.07.026
http://doi.org/10.7554/eLife.32581
http://www.ncbi.nlm.nih.gov/pubmed/29580380
http://doi.org/10.1038/s41467-019-11978-0
http://www.ncbi.nlm.nih.gov/pubmed/31488836
http://doi.org/10.1016/j.chom.2020.01.028
http://doi.org/10.1002/fft2.25
http://doi.org/10.1016/j.jff.2019.05.033
http://doi.org/10.1155/2019/8724824
http://www.ncbi.nlm.nih.gov/pubmed/31828140
http://doi.org/10.1007/s11883-007-0063-y
http://doi.org/10.3390/nu13041086
http://doi.org/10.1053/j.gastro.2017.01.052
http://www.ncbi.nlm.nih.gov/pubmed/28193517
http://doi.org/10.1016/j.jada.2007.07.017
http://www.ncbi.nlm.nih.gov/pubmed/17904936
http://doi.org/10.1056/NEJMoa0804748
http://doi.org/10.1016/S0140-6736(16)31338-1
http://doi.org/10.1016/j.cmet.2006.08.001
http://doi.org/10.1016/j.cell.2012.05.039
http://doi.org/10.1016/j.cmet.2005.09.010
http://doi.org/10.2337/db14-0302
http://doi.org/10.1016/j.cell.2018.10.016
http://doi.org/10.1016/j.phrs.2012.11.005
http://doi.org/10.1038/s41579-020-0438-4
http://www.ncbi.nlm.nih.gov/pubmed/32968241
http://doi.org/10.1007/s12275-015-5273-3
http://doi.org/10.1111/j.1574-6976.2009.00204.x
http://doi.org/10.1016/j.chom.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29902437
http://doi.org/10.3390/toxins8120358
http://www.ncbi.nlm.nih.gov/pubmed/27916890
http://doi.org/10.1186/s12974-014-0204-5
http://www.ncbi.nlm.nih.gov/pubmed/25498310
http://doi.org/10.1111/j.1365-2672.2012.05434.x
http://www.ncbi.nlm.nih.gov/pubmed/22924898
http://doi.org/10.3389/fmicb.2016.01934


Int. J. Mol. Sci. 2021, 22, 5830 29 of 35

144. Diez-Gutiérrez, L.; Vicente, L.S.; Barrón, L.J.R.; Villarán, M.D.C.; Chavarri, M. Gamma-aminobutyric acid and probiotics: Multiple
health benefits and their future in the global functional food and nutraceuticals market. J. Funct. Foods 2020, 64, 103669. [CrossRef]

145. Barrett, E.; Ross, R.P.; O’Toole, P.W.; Fitzgerald, G.F.; Stanton, C. γ-Aminobutyric acid production by culturable bacteria from the
human intestine. J. Appl. Microbiol. 2012, 113, 411–417. [CrossRef] [PubMed]

146. Beaumont, M.; Portune, K.J.; Steuer, N.; Lan, A.; Cerrudo, V.; Audebert, M.; Dumont, F.; Mancano, G.; Khodorova, N.;
Andriamihaja, M.; et al. Quantity and source of dietary protein influence metabolite production by gut microbiota and rectal
mucosa gene expression: A randomized, parallel, double-blind trial in overweight humans. Am. J. Clin. Nutr. 2017, 106,
1005–1019. [CrossRef] [PubMed]

147. Windey, K.; De Preter, V.; Louat, T.; Schuit, F.; Herman, J.; VanSant, G.; Verbeke, K. Modulation of Protein Fermentation Does Not
Affect Fecal Water Toxicity: A Randomized Cross-Over Study in Healthy Subjects. PLoS ONE 2012, 7, e52387. [CrossRef]

148. Duncan, S.H.; Belenguer, A.; Holtrop, G.; Johnstone, A.M.; Flint, H.J.; Lobley, G.E. Reduced Dietary Intake of Carbohydrates
by Obese Subjects Results in Decreased Concentrations of Butyrate and Butyrate-Producing Bacteria in Feces. Appl. Environ.
Microbiol. 2006, 73, 1073–1078. [CrossRef] [PubMed]

149. Russell, W.R.; Gratz, S.W.; Duncan, S.H.; Holtrop, G.; Ince, J.; Scobbie, L.; Duncan, G.; Johnstone, A.M.; E Lobley, G.; Wallace, R.J.;
et al. High-protein, reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be detrimental to colonic health.
Am. J. Clin. Nutr. 2011, 93, 1062–1072. [CrossRef]

150. Poesen, R.; Mutsaers, H.A.M.; Windey, K.; Broek, P.H.V.D.; Verweij, V.; Augustijns, P.; Kuypers, D.; Jansen, J.; Evenepoel, P.;
Verbeke, K.; et al. The Influence of Dietary Protein Intake on Mammalian Tryptophan and Phenolic Metabolites. PLoS ONE 2015,
10, e0140820. [CrossRef]

151. Blachier, F.; Beaumont, M.; Portune, K.J.; Steuer, N.; Lan, A.; Audebert, M.; Khodorova, N.; Andriamihaja, M.; Airinei, G.;
Benamouzig, R.; et al. High-protein diets for weight management: Interactions with the intestinal microbiota and consequences
for gut health. A position paper by the my new gut study group. Clin. Nutr. 2019, 38, 1012–1022. [CrossRef]

152. Rodríguez, M.A.; Mayneris-Perxachs, J.; Burokas, A.; Pérez-Brocal, V.; Moya, A.; Portero-Otin, M.; Ricart, W.; Maldonado,
R.; Fernández-Real, J.-M. Gut bacterial ClpB-like gene function is associated with decreased body weight and a characteristic
microbiota profile. Microbiome 2020, 8, 1–10. [CrossRef]

153. Dominique, M.; Breton, J.; Guérin, C.; Bole-Feysot, C.; Lambert, G.; Déchelotte, P.; Fetissov, S. Effects of Macronutrients on the In
Vitro Production of ClpB, a Bacterial Mimetic Protein of α-MSH and Its Possible Role in Satiety Signaling. Nutrients 2019, 11, 2115.
[CrossRef] [PubMed]

154. Portune, K.; Beaumont, M.; Davila, A.-M.; Tomé, D.; Blachier, F.; Sanz, Y. Gut microbiota role in dietary protein metabolism and
health-related outcomes: The two sides of the coin. Trends Food Sci. Technol. 2016, 57, 213–232. [CrossRef]

155. Barber, T.; Hanson, P.; Kabisch, S.; Pfeiffer, A.; Weickert, M. The Low-Carbohydrate Diet: Short-Term Metabolic Efficacy Versus
Longer-Term Limitations. Nutrients 2021, 13, 1187. [CrossRef]

156. Rogawski, M.A.; Löscher, W.; Rho, J.M. Mechanisms of Action of Antiseizure Drugs and the Ketogenic Diet. Cold Spring Harb.
Perspect. Med. 2016, 6, a022780. [CrossRef] [PubMed]

157. Brouns, F. Overweight and diabetes prevention: Is a low-carbohydrate–high-fat diet recommendable? Eur. J. Nutr. 2018, 57,
1301–1312. [CrossRef] [PubMed]

158. Puchalska, P.; Crawford, P.A. Multi-dimensional Roles of Ketone Bodies in Fuel Metabolism, Signaling, and Therapeutics. Cell
Metab. 2017, 25, 262–284. [CrossRef] [PubMed]

159. A Gibson, A.; Seimon, R.V.; Lee, C.M.Y.; Ayre, J.; Franklin, J.; Markovic, T.P.; Caterson, I.D.; Sainsbury, A. Do ketogenic diets
really suppress appetite? A systematic review and meta-analysis. Obes. Rev. 2014, 16, 64–76. [CrossRef] [PubMed]

160. Skytte, M.J.; Samkani, A.; Astrup, A.; Frystyk, J.; Rehfeld, J.F.; Holst, J.J.; Madsbad, S.; Burling, K.; Fenger, M.; Thomsen, M.N.;
et al. Effects of carbohydrate restriction on postprandial glucose metabolism, β-cell function, gut hormone secretion, and satiety
in patients with Type 2 diabetes. Am. J. Physiol. Metab. 2021, 320, E7–E18. [CrossRef]

161. Holsen, L.M.; Hoge, W.S.; Lennerz, B.S.; Cerit, H.; Hye, T.; Moondra, P.; Goldstein, J.M.; Ebbeling, C.B.; Ludwig, D.S. Diets
Varying in Carbohydrate Content Differentially Alter Brain Activity in Homeostatic and Reward Regions in Adults. J. Nutr. 2021.
[CrossRef]

162. Sumithran, P.; Prendergast, L.A.; Delbridge, E.; Purcell, K.; Shulkes, A.; Kriketos, A.D.; Proietto, J. Ketosis and appetite-mediating
nutrients and hormones after weight loss. Eur. J. Clin. Nutr. 2013, 67, 759–764. [CrossRef]

163. Wallenius, V.; Elias, E.; Elebring, E.; Haisma, B.; Casselbrant, A.; Larraufie, P.; Spak, E.; Reimann, F.; Le Roux, C.W.; Docherty, N.G.;
et al. Suppression of enteroendocrine cell glucagon-like peptide (GLP)-1 release by fat-induced small intestinal ketogenesis: A
mechanism targeted by Roux-en-Y gastric bypass surgery but not by preoperative very-low-calorie diet. Gut 2020, 69, 1423–1431.
[CrossRef]

164. Carneiro, L.; Geller, S.; Fioramonti, X.; Hébert, A.; Repond, C.; Leloup, C.; Pellerin, L. Evidence for hypothalamic ketone body
sensing: Impact on food intake and peripheral metabolic responses in mice. Am. J. Physiol. Metab. 2016, 310, E103–E115.
[CrossRef]

165. Kimura, I.; Inoue, D.; Maeda, T.; Hara, T.; Ichimura, A.; Miyauchi, S.; Kobayashi, M.; Hirasawa, A.; Tsujimoto, G. Short-chain fatty
acids and ketones directly regulate sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci.
USA 2011, 108, 8030–8035. [CrossRef]

http://doi.org/10.1016/j.jff.2019.103669
http://doi.org/10.1111/j.1365-2672.2012.05344.x
http://www.ncbi.nlm.nih.gov/pubmed/22612585
http://doi.org/10.3945/ajcn.117.158816
http://www.ncbi.nlm.nih.gov/pubmed/28903954
http://doi.org/10.1371/journal.pone.0052387
http://doi.org/10.1128/AEM.02340-06
http://www.ncbi.nlm.nih.gov/pubmed/17189447
http://doi.org/10.3945/ajcn.110.002188
http://doi.org/10.1371/journal.pone.0140820
http://doi.org/10.1016/j.clnu.2018.09.016
http://doi.org/10.1186/s40168-020-00837-6
http://doi.org/10.3390/nu11092115
http://www.ncbi.nlm.nih.gov/pubmed/31491982
http://doi.org/10.1016/j.tifs.2016.08.011
http://doi.org/10.3390/nu13041187
http://doi.org/10.1101/cshperspect.a022780
http://www.ncbi.nlm.nih.gov/pubmed/26801895
http://doi.org/10.1007/s00394-018-1636-y
http://www.ncbi.nlm.nih.gov/pubmed/29541907
http://doi.org/10.1016/j.cmet.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28178565
http://doi.org/10.1111/obr.12230
http://www.ncbi.nlm.nih.gov/pubmed/25402637
http://doi.org/10.1152/ajpendo.00165.2020
http://doi.org/10.1093/jn/nxab090
http://doi.org/10.1038/ejcn.2013.90
http://doi.org/10.1136/gutjnl-2019-319372
http://doi.org/10.1152/ajpendo.00282.2015
http://doi.org/10.1073/pnas.1016088108


Int. J. Mol. Sci. 2021, 22, 5830 30 of 35

166. Ang, Q.Y.; Alexander, M.; Newman, J.C.; Tian, Y.; Cai, J.; Upadhyay, V.; Turnbaugh, J.A.; Verdin, E.; Hall, K.D.; Leibel, R.L.; et al.
Ketogenic Diets Alter the Gut Microbiome Resulting in Decreased Intestinal Th17 Cells. Cell 2020, 181, 1263–1275.e16. [CrossRef]

167. Olson, C.A.; Vuong, H.E.; Yano, J.M.; Liang, Q.Y.; Nusbaum, D.; Hsiao, E.Y. The Gut Microbiota Mediates the Anti-Seizure Effects
of the Ketogenic Diet. Cell 2018, 173, 1728–1741.e13. [CrossRef] [PubMed]

168. Leclercq, S.; Le Roy, T.; Furgiuele, S.; Coste, V.; Bindels, L.B.; Leyrolle, Q.; Neyrinck, A.M.; Quoilin, C.; Amadieu, C.; Petit, G.;
et al. Gut Microbiota-Induced Changes in β-Hydroxybutyrate Metabolism Are Linked to Altered Sociability and Depression in
Alcohol Use Disorder. Cell Rep. 2020, 33, 108238. [CrossRef] [PubMed]

169. Muller, P.A.; Schneeberger, M.; Matheis, F.; Wang, P.; Kerner, Z.; Ilanges, A.; Pellegrino, K.; Del Mármol, J.; Castro, T.B.R.; Furuichi,
M.; et al. Microbiota modulate sympathetic neurons via a gut–brain circuit. Nat. Cell Biol. 2020, 583, 441–446. [CrossRef]

170. Anastasovska, J.; Arora, T.; Canon, G.J.S.; Parkinson, J.R.; Tuohy, K.; Gibson, G.R.; Nadkarni, N.A.; So, P.-W.; Goldstone, A.;
Thomas, E.L.; et al. Fermentable Carbohydrate Alters Hypothalamic Neuronal Activity and Protects Against the Obesogenic
Environment. Obesity 2012, 20, 1016–1023. [CrossRef] [PubMed]

171. Frost, G.; Sleeth, M.L.; Sahuri-Arisoylu, M.; Lizarbe, B.; Cerdan, S.; Brody, L.; Anastasovska, J.; Ghourab, S.; Hankir, M.; Zhang,
S.; et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat. Commun. 2014, 5, 3611.
[CrossRef]

172. Shen, L.; Keenan, M.J.; Martin, R.J.; Tulley, R.T.; Raggio, A.M.; McCutcheon, K.L.; Zhou, J. Dietary Resistant Starch Increases
Hypothalamic POMC Expression in Rats. Obesity 2009, 17, 40–45. [CrossRef] [PubMed]

173. Zaibi, M.S.; Stocker, C.J.; O’Dowd, J.; Davies, A.; Bellahcene, M.; Cawthorne, M.A.; Brown, A.J.; Smith, D.M.; Arch, J.R. Roles of
GPR41 and GPR43 in leptin secretory responses of murine adipocytes to short chain fatty acids. FEBS Lett. 2010, 584, 2381–2386.
[CrossRef] [PubMed]

174. Psichas, A.; Sleeth, M.L.; Murphy, K.G.; Brooks, L.; A Bewick, G.; Hanyaloglu, A.C.; A Ghatei, M.; Bloom, S.R.; Frost, G. The short
chain fatty acid propionate stimulates GLP-1 and PYY secretion via free fatty acid receptor 2 in rodents. Int. J. Obes. 2015, 39,
424–429. [CrossRef] [PubMed]

175. De Vadder, F.; Kovatcheva-Datchary, P.; Goncalves, D.; Vinera, J.; Zitoun, C.; Duchampt, A.; Bäckhed, F.; Mithieux, G. Microbiota-
Generated Metabolites Promote Metabolic Benefits via Gut-Brain Neural Circuits. Cell 2014, 156, 84–96. [CrossRef] [PubMed]

176. Troy, S.; Soty, M.; Ribeiro, L.; Laval, L.; Migrenne, S.; Fioramonti, X.; Pillot, B.; Fauveau, V.; Aubert, R.; Viollet, B.; et al. Intestinal
Gluconeogenesis Is a Key Factor for Early Metabolic Changes after Gastric Bypass but Not after Gastric Lap-Band in Mice. Cell
Metab. 2008, 8, 201–211. [CrossRef]

177. Xiong, Y.; Miyamoto, N.; Shibata, K.; Valasek, M.A.; Motoike, T.; Kedzierski, R.M.; Yanagisawa, M. Short-chain fatty acids
stimulate leptin production in adipocytes through the G protein-coupled receptor GPR41. Proc. Natl. Acad. Sci. USA 2004, 101,
1045–1050. [CrossRef] [PubMed]

178. Lin, H.V.; Frassetto, A.; Jr, E.J.K.; Nawrocki, A.R.; Lu, M.M.; Kosinski, J.R.; Hubert, J.A.; Szeto, D.; Yao, X.; Forrest, G.; et al.
Butyrate and Propionate Protect against Diet-Induced Obesity and Regulate Gut Hormones via Free Fatty Acid Receptor
3-Independent Mechanisms. PLoS ONE 2012, 7, e35240. [CrossRef]

179. Goswami, C.; Iwasaki, Y.; Yada, T. Short-chain fatty acids suppress food intake by activating vagal afferent neurons. J. Nutr.
Biochem. 2018, 57, 130–135. [CrossRef]

180. Li, Z.; Yi, C.-X.; Katiraei, S.; Kooijman, S.; Zhou, E.; Chung, C.K.; Gao, Y.; van den Heuvel, J.K.; Meijer, O.C.; Berbée, J.F.P.; et al.
Butyrate reduces appetite and activates brown adipose tissue via the gut-brain neural circuit. Gut 2018, 67, 1269–1279. [CrossRef]
[PubMed]

181. Yadav, H.; Lee, J.-H.; Lloyd, J.; Walter, P.; Rane, S.G. Beneficial Metabolic Effects of a Probiotic via Butyrate-induced GLP-1
Hormone Secretion. J. Biol. Chem. 2013, 288, 25088–25097. [CrossRef]

182. Wang, Z.; Zeng, X.; Mo, Y.; Smith, K.; Guo, Y.; Lin, J. Identification and Characterization of a Bile Salt Hydrolase from Lactobacillus
salivarius for Development of Novel Alternatives to Antibiotic Growth Promoters. Appl. Environ. Microbiol. 2012, 78, 8795–8802.
[CrossRef] [PubMed]

183. Elkins, C.A.; Moser, S.A.; Savage, D.C. Genes encoding bile salt hydrolases and conjugated bile salt transporters in Lactobacillus
johnsonii 100-100 and other Lactobacillus species. Microbiology 2001, 147, 3403–3412. [CrossRef]

184. Kim, G.-B.; Miyamoto, C.M.; Meighen, E.A.; Lee, B.H. Cloning and Characterization of the Bile Salt Hydrolase Genes (bsh) from
Bifidobacterium bifidum Strains. Appl. Environ. Microbiol. 2004, 70, 5603–5612. [CrossRef]

185. Wijaya, A.; Hermann, A.; Abriouel, H.; Specht, I.; Yousif, N.M.K.; Holzapfel, W.H.; Franz, C.M.A.P. Cloning of the Bile Salt
Hydrolase (bsh) Gene from Enterococcus faecium FAIR-E 345 and Chromosomal Location of bsh Genes in Food Enterococci. J.
Food Prot. 2004, 67, 2772–2778. [CrossRef]

186. Chand, D.; Ramasamy, S.; Suresh, C. A highly active bile salt hydrolase from Enterococcus faecalis shows positive cooperative
kinetics. Process. Biochem. 2016, 51, 263–269. [CrossRef]

187. Kang, D.-J.; Ridlon, J.M.; Moore, D.R.; Barnes, S.; Hylemon, P.B. Clostridium scindens baiCD and baiH genes encode stereo-
specific 7α/7β-hydroxy-3-oxo-∆4-cholenoic acid oxidoreductases. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2008, 1781,
16–25. [CrossRef] [PubMed]

188. Begley, M.; Hill, C.; Gahan, C. Bile Salt Hydrolase Activity in Probiotics. Appl. Environ. Microbiol. 2006, 72, 1729–1738. [CrossRef]
189. Yao, L.; Seaton, S.C.; Ndousse-Fetter, S.; A Adhikari, A.; DiBenedetto, N.; I Mina, A.; Banks, A.S.; Bry, L.; Devlin, A.S. A selective

gut bacterial bile salt hydrolase alters host metabolism. eLife 2018, 7. [CrossRef]

http://doi.org/10.1016/j.cell.2020.04.027
http://doi.org/10.1016/j.cell.2018.04.027
http://www.ncbi.nlm.nih.gov/pubmed/29804833
http://doi.org/10.1016/j.celrep.2020.108238
http://www.ncbi.nlm.nih.gov/pubmed/33053357
http://doi.org/10.1038/s41586-020-2474-7
http://doi.org/10.1038/oby.2012.6
http://www.ncbi.nlm.nih.gov/pubmed/22322344
http://doi.org/10.1038/ncomms4611
http://doi.org/10.1038/oby.2008.483
http://www.ncbi.nlm.nih.gov/pubmed/18948970
http://doi.org/10.1016/j.febslet.2010.04.027
http://www.ncbi.nlm.nih.gov/pubmed/20399779
http://doi.org/10.1038/ijo.2014.153
http://www.ncbi.nlm.nih.gov/pubmed/25109781
http://doi.org/10.1016/j.cell.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24412651
http://doi.org/10.1016/j.cmet.2008.08.008
http://doi.org/10.1073/pnas.2637002100
http://www.ncbi.nlm.nih.gov/pubmed/14722361
http://doi.org/10.1371/journal.pone.0035240
http://doi.org/10.1016/j.jnutbio.2018.03.009
http://doi.org/10.1136/gutjnl-2017-314050
http://www.ncbi.nlm.nih.gov/pubmed/29101261
http://doi.org/10.1074/jbc.M113.452516
http://doi.org/10.1128/AEM.02519-12
http://www.ncbi.nlm.nih.gov/pubmed/23064348
http://doi.org/10.1099/00221287-147-12-3403
http://doi.org/10.1128/AEM.70.9.5603-5612.2004
http://doi.org/10.4315/0362-028X-67.12.2772
http://doi.org/10.1016/j.procbio.2015.12.006
http://doi.org/10.1016/j.bbalip.2007.10.008
http://www.ncbi.nlm.nih.gov/pubmed/18047844
http://doi.org/10.1128/AEM.72.3.1729-1738.2006
http://doi.org/10.7554/eLife.37182


Int. J. Mol. Sci. 2021, 22, 5830 31 of 35

190. Ridlon, J.M.; Kang, D.-J.; Hylemon, P.B. Bile salt biotransformations by human intestinal bacteria. J. Lipid Res. 2006, 47, 241–259.
[CrossRef]

191. La Frano, M.R.; Hernandez-Carretero, A.; Weber, N.; Borkowski, K.; Pedersen, T.L.; Osborn, O.; Newman, J.W. Diet-induced
obesity and weight loss alter bile acid concentrations and bile acid–sensitive gene expression in insulin target tissues of C57BL/6J
mice. Nutr. Res. 2017, 46, 11–21. [CrossRef]

192. Keitel, V.; Görg, B.; Bidmon, H.J.; Zemtsova, I.; Spomer, L.; Zilles, K.; Häussinger, D. The bile acid receptor TGR5 (Gpbar-1) acts as
a neurosteroid receptor in brain. Glia 2010, 58, 1794–1805. [CrossRef]

193. Thomas, C.; Gioiello, A.; Noriega, L.; Strehle, A.; Oury, J.; Rizzo, G.; Macchiarulo, A.; Yamamoto, H.; Mataki, C.; Pruzanski, M.;
et al. TGR5-Mediated Bile Acid Sensing Controls Glucose Homeostasis. Cell Metab. 2009, 10, 167–177. [CrossRef]

194. Bensalem, A.; Murtaza, B.; Hichami, A.; Khan, A.S.; Oulamara, H.; Merlen, G.; Berrichi, M.; Agli, A.-N.; Tordjmann, T.; Khan,
N.A. Bile acid receptor TGR5 is critically involved in preference for dietary lipids and obesity. J. Nutr. Biochem. 2020, 76, 108298.
[CrossRef] [PubMed]

195. Kuhre, R.E.; Albrechtsen, N.J.W.; Larsen, O.; Jepsen, S.L.; Balk-Møller, E.; Andersen, D.B.; Deacon, C.F.; Schoonjans, K.; Reimann,
F.; Gribble, F.M.; et al. Bile acids are important direct and indirect regulators of the secretion of appetite- and metabolism-
regulating hormones from the gut and pancreas. Mol. Metab. 2018, 11, 84–95. [CrossRef]

196. Katsuma, S.; Hirasawa, A.; Tsujimoto, G. Bile acids promote glucagon-like peptide-1 secretion through TGR5 in a murine
enteroendocrine cell line STC-1. Biochem. Biophys. Res. Commun. 2005, 329, 386–390. [CrossRef]

197. Ullmer, C.; Sanchez, R.A.; Sprecher, U.; Raab, S.; Mattei, P.; Dehmlow, H.; Sewing, S.; Iglesias, A.; Beauchamp, J.; Conde-Knape, K.
Systemic bile acid sensing by G protein-coupled bile acid receptor 1 (GPBAR1) promotes PYY and GLP-1 release. Br. J. Pharmacol.
2013, 169, 671–684. [CrossRef] [PubMed]

198. Alemi, F.; Poole, D.P.; Chiu, J.; Schoonjans, K.; Cattaruzza, F.; Grider, J.R.; Bunnett, N.W.; Corvera, C.U. The Receptor TGR5
Mediates the Prokinetic Actions of Intestinal Bile Acids and Is Required for Normal Defecation in Mice. Gastroenterology 2013,
144, 145–154. [CrossRef] [PubMed]

199. Yu, Y.; Villalobos-Hernandez, E.C.; Pradhananga, S.; Baker, C.C.; Keating, C.; Grundy, D.; Lomax, A.E.; Reed, D.E. Deoxycholic
acid activates colonic afferent nerves via 5-HT3 receptor-dependent and -independent mechanisms. Am. J. Physiol. Liver Physiol.
2019, 317, G275–G284. [CrossRef] [PubMed]

200. Wu, X.; Li, J.-Y.; Lee, A.; Lu, Y.-X.; Zhou, S.-Y.; Owyang, C. Satiety induced by bile acids is mediated via vagal afferent pathways.
JCI Insight 2020, 5, 5. [CrossRef]

201. Smith, E.; Macfarlane, G. Dissimilatory Amino Acid Metabolism in Human Colonic Bacteria. Anaerobe 1997, 3, 327–337. [CrossRef]
202. Natividad, J.M.; Agus, A.; Planchais, J.; Lamas, B.; Jarry, A.C.; Martin, R.; Michel, M.-L.; Chong-Nguyen, C.; Roussel, R.; Straube,

M.; et al. Impaired Aryl Hydrocarbon Receptor Ligand Production by the Gut Microbiota Is a Key Factor in Metabolic Syndrome.
Cell Metab. 2018, 28, 737–749.e4. [CrossRef]

203. Chimerel, C.; Emery, E.; Summers, D.K.; Keyser, U.; Gribble, F.M.; Reimann, F. Bacterial Metabolite Indole Modulates Incretin
Secretion from Intestinal Enteroendocrine L Cells. Cell Rep. 2014, 9, 1202–1208. [CrossRef]

204. Gameiro, A.; Reimann, F.; Habib, A.M.; O’Malley, D.; Williams, L.; Simpson, A.K.; Gribble, F.M. The neurotransmitters glycine
and GABA stimulate glucagon-like peptide-1 release from the GLUTag cell line. J. Physiol. 2005, 569, 761–772. [CrossRef]

205. Ashworth-Preece, M.; Krstew, E.; Jarrott, B.; Lawrence, A.J. Functional GABAA receptors on rat vagal afferent neurones. Br. J.
Pharmacol. 1997, 120, 469–475. [CrossRef]

206. Andrews, P.L.R. Abdominal vagal afferent neurones: Aan important target for the treatment of gastrointestinal dysfunction. Curr.
Opin. Pharmacol. 2002, 2, 650–656. [CrossRef]

207. Inotsuka, R.; Uchimura, K.; Yamatsu, A.; Kim, M.; Katakura, Y. γ-Aminobutyric acid (GABA) activates neuronal cells by inducing
the secretion of exosomes from intestinal cells. Food Funct. 2020, 11, 9285–9290. [CrossRef] [PubMed]

208. Lucas, N.; Legrand, R.; Deroissart, C.; Dominique, M.; Azhar, S.; Le Solliec, M.-A.; Léon, F.; Rego, J.-C.D.; Déchelotte, P.; Fetissov,
S.O.; et al. Hafnia alvei HA4597 Strain Reduces Food Intake and Body Weight Gain and Improves Body Composition, Glucose,
and Lipid Metabolism in a Mouse Model of Hyperphagic Obesity. Microorganism 2019, 8, 35. [CrossRef] [PubMed]

209. Legrand, R.; Lucas, N.; Dominique, M.; Azhar, S.; Deroissart, C.; Le Solliec, M.-A.; Rondeaux, J.; Nobis, S.; Guérin, C.; Léon, F.;
et al. Commensal Hafnia alvei strain reduces food intake and fat mass in obese mice—a new potential probiotic for appetite and
body weight management. Int. J. Obes. 2020, 44, 1041–1051. [CrossRef] [PubMed]

210. Dominique, M.; Legrand, R.; Galmiche, M.; Azhar, S.; Deroissart, C.; Guérin, C.; Rego, J.-L.D.; Leon, F.; Nobis, S.; Lambert, G.;
et al. Changes in Microbiota and Bacterial Protein Caseinolytic Peptidase B During Food Restriction in Mice: Relevance for the
Onset and Perpetuation of Anorexia Nervosa. Nutrients 2019, 11, 2514. [CrossRef] [PubMed]

211. Dominique, M.; Boulete, I.; Bole-Feysot, C.; Leon, F.; Rego, J.-C.D.; Fetissov, S.; Déchelotte, P.; Lambert, G.; Legrand, R.; Lucas, N.
Rôle de la protéine bactérienne ClpB et d’un de ses fragments peptidiques dans la régulation de la prise alimentaire. Nutr. Clin.
Métabolisme 2019, 33, 23–24. [CrossRef]

212. Cani, P.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.; Burcelin, R. Changes in Gut Microbiota Control
Metabolic Endotoxemia-Induced Inflammation in High-Fat Diet-Induced Obesity and Diabetes in Mice. Diabetes 2008, 57,
1470–1481. [CrossRef]

213. Wellhauser, L.; Chalmers, J.A.; Belsham, D.D. Nitric Oxide Exerts Basal and Insulin-Dependent Anorexigenic Actions in POMC
Hypothalamic Neurons. Mol. Endocrinol. 2016, 30, 402–416. [CrossRef] [PubMed]

http://doi.org/10.1194/jlr.R500013-JLR200
http://doi.org/10.1016/j.nutres.2017.07.006
http://doi.org/10.1002/glia.21049
http://doi.org/10.1016/j.cmet.2009.08.001
http://doi.org/10.1016/j.jnutbio.2019.108298
http://www.ncbi.nlm.nih.gov/pubmed/31812910
http://doi.org/10.1016/j.molmet.2018.03.007
http://doi.org/10.1016/j.bbrc.2005.01.139
http://doi.org/10.1111/bph.12158
http://www.ncbi.nlm.nih.gov/pubmed/23488746
http://doi.org/10.1053/j.gastro.2012.09.055
http://www.ncbi.nlm.nih.gov/pubmed/23041323
http://doi.org/10.1152/ajpgi.00016.2019
http://www.ncbi.nlm.nih.gov/pubmed/31216174
http://doi.org/10.1172/jci.insight.132400
http://doi.org/10.1006/anae.1997.0121
http://doi.org/10.1016/j.cmet.2018.07.001
http://doi.org/10.1016/j.celrep.2014.10.032
http://doi.org/10.1113/jphysiol.2005.098962
http://doi.org/10.1038/sj.bjp.0700909
http://doi.org/10.1016/S1471-4892(02)00227-8
http://doi.org/10.1039/D0FO01184C
http://www.ncbi.nlm.nih.gov/pubmed/33048090
http://doi.org/10.3390/microorganisms8010035
http://www.ncbi.nlm.nih.gov/pubmed/31878078
http://doi.org/10.1038/s41366-019-0515-9
http://www.ncbi.nlm.nih.gov/pubmed/31911661
http://doi.org/10.3390/nu11102514
http://www.ncbi.nlm.nih.gov/pubmed/31635300
http://doi.org/10.1016/j.nupar.2019.01.258
http://doi.org/10.2337/db07-1403
http://doi.org/10.1210/me.2015-1275
http://www.ncbi.nlm.nih.gov/pubmed/26930171


Int. J. Mol. Sci. 2021, 22, 5830 32 of 35

214. Porter, M.H.; Hrupka, B.J.; Langhans, W.; Schwartz, G.J. Vagal and splanchnic afferents are not necessary for the anorexia
produced by peripheral IL-1β, LPS, and MDP. Am. J. Physiol. Integr. Comp. Physiol. 1998, 275, R384–R389. [CrossRef]

215. Lugarini, F.; Hrupka, B.; Schwartz, G.; Plata-Salaman, C.; Langhans, W. Acute and chronic administration of immunomodulators
induces anorexia in Zucker rats. Physiol. Behav. 2005, 84, 165–173. [CrossRef] [PubMed]

216. Gayle, D.; E Ilyin, S.; Flynn, M.C.; Plata-Salamán, C.R. Lipopolysaccharide (LPS)- and muramyl dipeptide (MDP)-induced
anorexia during refeeding following acute fasting: Characterization of brain cytokine and neuropeptide systems mRNAs. Brain
Res. 1998, 795, 77–86. [CrossRef]

217. Von Meyenburg, C.; Hrupka, B.H.; Arsenijevic, D.; Schwartz, G.J.; Landmann, R.; Langhans, W. Role for CD14, TLR2, and TLR4
in bacterial product-induced anorexia. Am. J. Physiol. Integr. Comp. Physiol. 2004, 287, R298–R305. [CrossRef] [PubMed]

218. Pradhananga, S.; Tashtush, A.A.; Allen-Vercoe, E.; Petrof, E.O.; Lomax, A.E. Protease-dependent excitation of nodose ganglion
neurons by commensal gut bacteria. J. Physiol. 2020, 598, 2137–2151. [CrossRef] [PubMed]

219. Liu, Y.-J.; Kobayashi, K.S. Muramyl Dipeptide and its Derivatives: Peptide Adjuvant in Immunological Disorders and Cancer
Therapy. Curr. Bioact. Compd. 2011, 7, 180–197. [CrossRef]

220. Williams, L.; AlShehri, A.; Robichaud, B.; Cudmore, A.; Gagnon, J. The Role of the Bacterial Muramyl Dipeptide in the Regulation
of GLP-1 and Glycemia. Int. J. Mol. Sci. 2020, 21, 5252. [CrossRef]

221. Reimer, R.A.; Maurer, A.D.; Eller, L.K.; Hallam, M.C.; Shaykhutdinov, R.; Vogel, H.J.; Weljie, A.M. Satiety Hormone and
Metabolomic Response to an Intermittent High Energy Diet Differs in Rats Consuming Long-Term Diets High in Protein or
Prebiotic Fiber. J. Proteome Res. 2012, 11, 4065–4074. [CrossRef] [PubMed]

222. Arora, T.; Loo, R.L.; Anastasovska, J.; Gibson, G.R.; Tuohy, K.; Sharma, R.K.; Swann, J.R.; Deaville, E.R.; Sleeth, M.L.; Thomas,
E.L.; et al. Differential Effects of Two Fermentable Carbohydrates on Central Appetite Regulation and Body Composition. PLoS
ONE 2012, 7, e43263. [CrossRef]

223. Delmée, E.; Cani, P.D.; Gual, G.; Knauf, C.; Burcelin, R.; Maton, N.; Delzenne, N.M. Relation between colonic proglucagon
expression and metabolic response to oligofructose in high fat diet-fed mice. Life Sci. 2006, 79, 1007–1013. [CrossRef]

224. Cani, P.; Neyrinck, A.M.; Maton, N.; Delzenne, N.M. Oligofructose Promotes Satiety in Rats Fed a High-Fat Diet: Involvement of
Glucagon-Like Peptide-1. Obes. Res. 2005, 13, 1000–1007. [CrossRef] [PubMed]

225. Chambers, E.S.; Viardot, A.; Psichas, A.; Morrison, D.J.; Murphy, K.G.; Zac-Varghese, S.E.K.; MacDougall, K.; Preston, T.; Tedford,
C.; Finlayson, G.S.; et al. Effects of targeted delivery of propionate to the human colon on appetite regulation, body weight
maintenance and adiposity in overweight adults. Gut 2014, 64, 1744–1754. [CrossRef]

226. Brown, A.J.; Goldsworthy, S.M.; Barnes, A.A.; Eilert, M.M.; Tcheang, L.; Daniels, D.; Muir, A.I.; Wigglesworth, M.J.; Kinghorn, I.;
Fraser, N.J.; et al. The Orphan G Protein-coupled Receptors GPR41 and GPR43 Are Activated by Propionate and Other Short
Chain Carboxylic Acids. J. Biol. Chem. 2003, 278, 11312–11319. [CrossRef]

227. Tolhurst, G.; Heffron, H.; Lam, Y.S.; Parker, H.E.; Habib, A.M.; Diakogiannaki, E.; Cameron, J.; Grosse, J.; Reimann, F.; Gribble,
F.M. Short-Chain Fatty Acids Stimulate Glucagon-Like Peptide-1 Secretion via the G-Protein-Coupled Receptor FFAR2. Diabetes
2011, 61, 364–371. [CrossRef] [PubMed]

228. Karaki, S.-I.; Mitsui, R.; Hayashi, H.; Kato, I.; Sugiya, H.; Iwanaga, T.; Furness, J.B.; Kuwahara, A. Short-chain fatty acid receptor,
GPR43, is expressed by enteroendocrine cells and mucosal mast cells in rat intestine. Cell Tissue Res. 2006, 324, 353–360. [CrossRef]

229. Nøhr, M.K.; Pedersen, M.H.; Gille, A.; Egerod, K.L.; Engelstoft, M.S.; Husted, A.S.; Sichlau, R.M.; Grunddal, K.V.; Poulsen, S.S.;
Han, S.; et al. GPR41/FFAR3 and GPR43/FFAR2 as Cosensors for Short-Chain Fatty Acids in Enteroendocrine Cells vs FFAR3 in
Enteric Neurons and FFAR2 in Enteric Leukocytes. Endocrinology 2013, 154, 3552–3564. [CrossRef]

230. Nøhr, M.; Egerod, K.; Christiansen, S.; Gille, A.; Offermanns, S.; Schwartz, T.; Møller, M. Expression of the short chain fatty acid
receptor GPR41/FFAR3 in autonomic and somatic sensory ganglia. Neuroscience 2015, 290, 126–137. [CrossRef]

231. Torres-Fuentes, C.; Golubeva, A.V.; Zhdanov, A.; Wallace, S.; Arboleya, S.; Papkovsky, D.B.; El Aidy, S.; Ross, P.; Roy, B.L.; Stanton,
C.; et al. Short-chain fatty acids and microbiota metabolites attenuate ghrelin receptor signaling. FASEB J. 2019, 33, 13546–13559.
[CrossRef]

232. Schalla, M.A.; Stengel, A. Effects of microbiome changes on endocrine ghrelin signaling—A systematic review. Peptides 2020, 133,
170388. [CrossRef] [PubMed]

233. Sahu, A. Leptin signaling in the hypothalamus: Emphasis on energy homeostasis and leptin resistance. Front. Neuroendocr. 2003,
24, 225–253. [CrossRef] [PubMed]

234. Perry, R.J.; Peng, L.; Barry, N.A.; Cline, G.W.; Zhang, D.; Cardone, R.L.; Petersen, K.F.; Kibbey, R.G.; Goodman, N.A.B.A.L.;
Shulman, G.I. Acetate mediates a microbiome–brain–β-cell axis to promote metabolic syndrome. Nat. Cell Biol. 2016, 534, 213–217.
[CrossRef]

235. Adam, C.L.; Gratz, S.W.; Peinado, D.I.; Thomson, L.M.; Garden, K.E.; Williams, P.A.; Richardson, A.J.; Ross, A.W. Effects of
Dietary Fibre (Pectin) and/or Increased Protein (Casein or Pea) on Satiety, Body Weight, Adiposity and Caecal Fermentation in
High Fat Diet-Induced Obese Rats. PLoS ONE 2016, 11, e0155871. [CrossRef] [PubMed]

236. Canfora, E.E.; Van Der Beek, C.M.; Jocken, J.W.E.; Goossens, G.; Holst, J.J.; Damink, S.W.M.O.; Lenaerts, K.; DeJong, C.H.C.; Blaak,
E.E. Colonic infusions of short-chain fatty acid mixtures promote energy metabolism in overweight/obese men: A randomized
crossover trial. Sci. Rep. 2017, 7, 1–12. [CrossRef] [PubMed]

http://doi.org/10.1152/ajpregu.1998.275.2.R384
http://doi.org/10.1016/j.physbeh.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15642620
http://doi.org/10.1016/S0006-8993(98)00280-7
http://doi.org/10.1152/ajpregu.00659.2003
http://www.ncbi.nlm.nih.gov/pubmed/15271679
http://doi.org/10.1113/JP279075
http://www.ncbi.nlm.nih.gov/pubmed/32134496
http://doi.org/10.2174/157340711796817913
http://doi.org/10.3390/ijms21155252
http://doi.org/10.1021/pr300487s
http://www.ncbi.nlm.nih.gov/pubmed/22788871
http://doi.org/10.1371/journal.pone.0043263
http://doi.org/10.1016/j.lfs.2006.05.013
http://doi.org/10.1038/oby.2005.117
http://www.ncbi.nlm.nih.gov/pubmed/15976142
http://doi.org/10.1136/gutjnl-2014-307913
http://doi.org/10.1074/jbc.M211609200
http://doi.org/10.2337/db11-1019
http://www.ncbi.nlm.nih.gov/pubmed/22190648
http://doi.org/10.1007/s00441-005-0140-x
http://doi.org/10.1210/en.2013-1142
http://doi.org/10.1016/j.neuroscience.2015.01.040
http://doi.org/10.1096/fj.201901433R
http://doi.org/10.1016/j.peptides.2020.170388
http://www.ncbi.nlm.nih.gov/pubmed/32846187
http://doi.org/10.1016/j.yfrne.2003.10.001
http://www.ncbi.nlm.nih.gov/pubmed/14726256
http://doi.org/10.1038/nature18309
http://doi.org/10.1371/journal.pone.0155871
http://www.ncbi.nlm.nih.gov/pubmed/27224646
http://doi.org/10.1038/s41598-017-02546-x
http://www.ncbi.nlm.nih.gov/pubmed/28539646


Int. J. Mol. Sci. 2021, 22, 5830 33 of 35

237. Van Der Beek, C.M.; Canfora, E.E.; Lenaerts, K.; Troost, F.J.; Damink, S.W.O.; Holst, J.J.; Masclee, A.A.; Dejong, C.H.; Blaak, E.E.
Distal, not proximal, colonic acetate infusions promote fat oxidation and improve metabolic markers in overweight/obese men.
Clin. Sci. 2016, 130, 2073–2082. [CrossRef]

238. Byrne, C.; Chambers, E.S.; Alhabeeb, H.; Chhina, N.; Morrison, D.J.; Preston, T.; Tedford, C.; Fitzpatrick, J.; Irani, C.; Busza, A.;
et al. Increased colonic propionate reduces anticipatory reward responses in the human striatum to high-energy foods. Am. J.
Clin. Nutr. 2016, 104, 5–14. [CrossRef]

239. Ringseis, R.; Gessner, D.K.; Eder, K. The Gut–Liver Axis in the Control of Energy Metabolism and Food Intake in Animals. Annu.
Rev. Anim. Biosci. 2020, 8, 295–319. [CrossRef]

240. Houten, S.; Watanabe, M.; Auwerx, J. Endocrine functions of bile acids. EMBO J. 2006, 25, 1419–1425. [CrossRef]
241. Russell, D.W. Fifty years of advances in bile acid synthesis and metabolism. J. Lipid Res. 2009, 50, S120–S125. [CrossRef] [PubMed]
242. Dawson, P.A.; Karpen, S.J. Intestinal transport and metabolism of bile acids. J. Lipid Res. 2015, 56, 1085–1099. [CrossRef] [PubMed]
243. Narushima, S.; Itoh, K.; Miyamoto, Y.; Park, S.-H.; Nagata, K.; Kuruma, K.; Uchida, K. Deoxycholic acid formation in gnotobiotic

mice associated with human intestinal bacteria. Lipids 2006, 41, 835–843. [CrossRef] [PubMed]
244. Gustafsson, B.E.; Midtvedt, T.; Norman, A. Metabolism of Cholic Acid in Germfree Animals after the Establishment in the

Intes-tinal Tract of Deconjugating and 7 Alpha-Dehydroxylating Bacteria. Acta Pathol. Microbiol. Scand. 2009, 72, 433–443.
[CrossRef]

245. Mertens, K.L.; Kalsbeek, A.; Soeters, M.R.; Eggink, H.M. Bile Acid Signaling Pathways from the Enterohepatic Circulation to the
Central Nervous System. Front. Neurosci. 2017, 11, 617. [CrossRef]

246. Chiang, J.Y.L.; Ferrell, J.M. Bile Acids as Metabolic Regulators and Nutrient Sensors. Annu. Rev. Nutr. 2019, 39, 175–200.
[CrossRef]

247. Monteiro-Cardoso, V.F.; Corlianò, M.; Singaraja, R.R. Bile Acids: A Communication Channel in the Gut-Brain Axis. NeuroMolecular
Med. 2021, 23, 99–117. [CrossRef] [PubMed]

248. Chen, X.; Lou, G.; Meng, Z.; Huang, W. TGR5: A Novel Target for Weight Maintenance and Glucose Metabolism. Exp. Diabetes
Res. 2011, 2011, 853501. [CrossRef]

249. Trefflich, I.; Marschall, H.-U.; di Giuseppe, R.; Ståhlman, M.; Michalsen, A.; Lampen, A.; Abraham, K.; Weikert, C. Associations
between Dietary Patterns and Bile Acids—Results from a Cross-Sectional Study in Vegans and Omnivores. Nutrients 2019, 12, 47.
[CrossRef]

250. Wan, Y.; Yuan, J.; Li, J.; Li, H.; Zhang, J.; Tang, J.; Ni, Y.; Huang, T.; Wang, F.; Zhao, F.; et al. Unconjugated and secondary bile acid
profiles in response to higher-fat, lower-carbohydrate diet and associated with related gut microbiota: A 6-month randomized
controlled-feeding trial. Clin. Nutr. 2020, 39, 395–404. [CrossRef]

251. Glicksman, C.; Pournaras, D.J.; Wright, M.; Roberts, R.; Mahon, D.; Welbourn, R.; Sherwood, R.; Alaghband-Zadeh, J.; Le Roux,
C. Postprandial plasma bile acid responses in normal weight and obese subjects. Ann. Clin. Biochem. Int. J. Lab. Med. 2010, 47,
482–484. [CrossRef]

252. Sonne, D.P.; Van Nierop, F.S.; Kulik, W.; Soeters, M.R.; Vilsbøll, T.; Knop, F.K. Postprandial Plasma Concentrations of Individual
Bile Acids and FGF-19 in Patients with Type 2 Diabetes. J. Clin. Endocrinol. Metab. 2016, 101, 3002–3009. [CrossRef]

253. Eggink, H.M.; Oosterman, J.E.; De Goede, P.; De Vries, E.M.; Foppen, E.; Koehorst, M.; Groen, A.K.; Boelen, A.; Romijn, J.A.; La
Fleur, S.E.; et al. Complex interaction between circadian rhythm and diet on bile acid homeostasis in male rats. Chronobiol. Int.
2017, 34, 1339–1353. [CrossRef] [PubMed]

254. Higashi, T.; Watanabe, S.; Tomaru, K.; Yamazaki, W.; Yoshizawa, K.; Ogawa, S.; Nagao, H.; Minato, K.; Maekawa, M.; Mano, N.
Unconjugated bile acids in rat brain: Analytical method based on LC/ESI-MS/MS with chemical derivatization and estimation of
their origin by comparison to serum levels. Steroids 2017, 125, 107–113. [CrossRef] [PubMed]

255. Zheng, X.; Chen, T.; Zhao, A.; Wang, X.; Xie, G.; Huang, F.; Liu, J.; Zhao, Q.; Wang, S.; Wang, C.; et al. The Brain Metabolome of
Male Rats across the Lifespan. Sci. Rep. 2016, 6, 24125. [CrossRef]

256. Calderon, G.; McRae, A.; Rievaj, J.; Davis, J.; Zandvakili, I.; Linker-Nord, S.; Burton, D.; Roberts, G.; Reimann, F.; Gedulin, B.; et al.
Ileo-colonic delivery of conjugated bile acids improves glucose homeostasis via colonic GLP-1-producing enteroendocrine cells in
human obesity and diabetes. EBioMedicine 2020, 55, 102759. [CrossRef]

257. Vilsbøll, T.; Krarup, T.; Deacon, C.F.; Madsbad, S.; Holst, J.J. Reduced Postprandial Concentrations of Intact Biologically Active
Glucagon-Like Peptide 1 in Type 2 Diabetic Patients. Diabetes 2001, 50, 609–613. [CrossRef]

258. Li, F.; Jiang, C.; Krausz, K.W.; Li, Y.; Albert, I.; Hao, H.; Fabre, K.M.; Mitchell, J.B.; Patterson, A.; Gonzalez, F.J. Microbiome
remodelling leads to inhibition of intestinal farnesoid X receptor signalling and decreased obesity. Nat. Commun. 2013, 4, 1–10.
[CrossRef]

259. Wahlström, A.; Sayin, S.I.; Marschall, H.-U.; Bäckhed, F. Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact on
Host Metabolism. Cell Metab. 2016, 24, 41–50. [CrossRef] [PubMed]

260. Le Floc’H, N.; Otten, W.; Merlot, E. Tryptophan metabolism, from nutrition to potential therapeutic applications. Amino Acids
2011, 41, 1195–1205. [CrossRef]

261. Friedman, M.; Levin, C. Nutritional and medicinal aspects of d-amino acids. Amino Acids 2011, 42, 1553–1582. [CrossRef]
262. Zhu, J.X.; Wu, X.Y.; Owyang, C.; Li, Y. Intestinal serotonin acts as a paracrine substance to mediate vagal signal transmission

evoked by luminal factors in the rat. J. Physiol. 2001, 530, 431–442. [CrossRef]

http://doi.org/10.1042/CS20160263
http://doi.org/10.3945/ajcn.115.126706
http://doi.org/10.1146/annurev-animal-021419-083852
http://doi.org/10.1038/sj.emboj.7601049
http://doi.org/10.1194/jlr.R800026-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18815433
http://doi.org/10.1194/jlr.R054114
http://www.ncbi.nlm.nih.gov/pubmed/25210150
http://doi.org/10.1007/s11745-006-5038-1
http://www.ncbi.nlm.nih.gov/pubmed/17152920
http://doi.org/10.1111/j.1699-0463.1968.tb00457.x
http://doi.org/10.3389/fnins.2017.00617
http://doi.org/10.1146/annurev-nutr-082018-124344
http://doi.org/10.1007/s12017-020-08625-z
http://www.ncbi.nlm.nih.gov/pubmed/33085065
http://doi.org/10.1155/2011/853501
http://doi.org/10.3390/nu12010047
http://doi.org/10.1016/j.clnu.2019.02.037
http://doi.org/10.1258/acb.2010.010040
http://doi.org/10.1210/jc.2016-1607
http://doi.org/10.1080/07420528.2017.1363226
http://www.ncbi.nlm.nih.gov/pubmed/29028359
http://doi.org/10.1016/j.steroids.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28689738
http://doi.org/10.1038/srep24125
http://doi.org/10.1016/j.ebiom.2020.102759
http://doi.org/10.2337/diabetes.50.3.609
http://doi.org/10.1038/ncomms3384
http://doi.org/10.1016/j.cmet.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27320064
http://doi.org/10.1007/s00726-010-0752-7
http://doi.org/10.1007/s00726-011-0915-1
http://doi.org/10.1111/j.1469-7793.2001.0431k.x


Int. J. Mol. Sci. 2021, 22, 5830 34 of 35

263. Raybould, H.E.; Glatzle, J.; Robin, C.; Meyer, J.H.; Phan, T.; Wong, H.; Sternini, C. Expression of 5-HT3 receptors by extrinsic
duodenal afferents contribute to intestinal inhibition of gastric emptying. Am. J. Physiol. Liver Physiol. 2003, 284, G367–G372.
[CrossRef] [PubMed]

264. Savastano, D.M.; Covasa, M. Intestinal nutrients elicit satiation through concomitant activation of CCK1 and 5-HT3 receptors.
Physiol. Behav. 2007, 92, 434–442. [CrossRef]

265. Janssen, P.; Vos, R.; Van Oudenhove, L.; Tack, J. Influence of the 5-HT3 receptor antagonist ondansetron on gastric sensorimotor
function and nutrient tolerance in healthy volunteers. Neurogastroenterol. Motil. 2010, 23, 444-e175. [CrossRef] [PubMed]

266. O’Mahony, S.; Clarke, G.; Borre, Y.; Dinan, T.; Cryan, J. Serotonin, tryptophan metabolism and the brain-gut-microbiome axis.
Behav. Brain Res. 2015, 277, 32–48. [CrossRef]

267. Williams, B.B.; Van Benschoten, A.H.; Cimermancic, P.; Donia, M.S.; Zimmermann, M.; Taketani, M.; Ishihara, A.; Kashyap,
P.C.; Fraser, J.S.; Fischbach, M.A. Discovery and Characterization of Gut Microbiota Decarboxylases that Can Produce the
Neurotransmitter Tryptamine. Cell Host Microbe 2014, 16, 495–503. [CrossRef]

268. Nzakizwanayo, J.; Dedi, C.; Standen, G.; Macfarlane, W.M.; Patel, B.A.; Jones, B.V. Escherichia coli Nissle 1917 enhances
bioavailability of serotonin in gut tissues through modulation of synthesis and clearance. Sci. Rep. 2015, 5, 17324. [CrossRef]
[PubMed]

269. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous Bacteria from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell 2015, 161, 264–276. [CrossRef]

270. Reigstad, C.S.; Salmonson, C.E.; Iii, J.F.R.; Szurszewski, J.H.; Linden, D.R.; Sonnenburg, J.L.; Farrugia, G.; Kashyap, P.C. Gut
microbes promote colonic serotonin production through an effect of short-chain fatty acids on enterochromaffin cells. FASEB J.
2015, 29, 1395–1403. [CrossRef]

271. Lund, M.L.; Egerod, K.L.; Engelstoft, M.S.; Dmytriyeva, O.; Theodorsson, E.; Patel, B.A.; Schwartz, T.W. Enterochromaffin 5-HT
cells—A major target for GLP-1 and gut microbial metabolites. Mol. Metab. 2018, 11, 70–83. [CrossRef]

272. Fletcher, P.; Burton, M. Effects of manipulations of peripheral serotonin on feeding and drinking in the rat. Pharmacol. Biochem.
Behav. 1984, 20, 835–840. [CrossRef]

273. Pollock, J.D.; Rowland, N. Peripherally administered serotonin decreases food intake in rats. Pharmacol. Biochem. Behav. 1981, 15,
179–183. [CrossRef]

274. Voigt, J.-P.; Fink, H. Serotonin controlling feeding and satiety. Behav. Brain Res. 2015, 277, 14–31. [CrossRef] [PubMed]
275. Meguid, M.M.; O Fetissov, S.; Varma, M.; Sato, T.; Zhang, L.; Laviano, A.; Rossi-Fanelli, F. Hypothalamic dopamine and serotonin

in the regulation of food intake. Nutrients 2000, 16, 843–857. [CrossRef]
276. Fetissov, S.O.; Meguid, M.M. Serotonin delivery into the ventromedial nucleus of the hypothalamus affects differently feeding

pattern and body weight in obese and lean Zucker rats. Appetite 2010, 54, 346–353. [CrossRef]
277. Agren, H.; Reibring, L.; Hartvig, P.; Tedroff, J.; Bjurling, P.; Hörnfeldt, K.; Andersson, Y.; Lundqvist, H.; Långström, B. Low brain

uptake of L-[11C]5-hydroxytryptophan in major depression: A positron emission tomography study on patients and healthy
volunteers. Acta Psychiatr. Scand. 1991, 83, 449–455. [CrossRef]

278. Tian, P.; O’Riordan, K.J.; Lee, Y.-K.; Wang, G.; Zhao, J.; Zhang, H.; Cryan, J.F.; Chen, W. Towards a psychobiotic therapy
for depression: Bifidobacterium breve CCFM1025 reverses chronic stress-induced depressive symptoms and gut microbial
abnormalities in mice. Neurobiol. Stress 2020, 12, 100216. [CrossRef]

279. Laurans, L.; Venteclef, N.; Haddad, Y.; Chajadine, M.; Alzaid, F.; Metghalchi, S.; Sovran, B.; Denis, R.G.P.; Dairou, J.; Cardellini,
M.; et al. Genetic deficiency of indoleamine 2,3-dioxygenase promotes gut microbiota-mediated metabolic health. Nat. Med. 2018,
24, 1113–1120. [CrossRef] [PubMed]

280. Agudelo, L.Z.; Ferreira, D.M.S.; Cervenka, I.; Bryzgalova, G.; Dadvar, S.; Jannig, P.R.; Klein, A.; Lakshmikanth, T.; Sustarsic, E.G.;
Porsmyr-Palmertz, M.; et al. Kynurenic Acid and Gpr35 Regulate Adipose Tissue Energy Homeostasis and Inflammation. Cell
Metab. 2018, 27, 378–392.e5. [CrossRef] [PubMed]

281. Egerod, K.L.; Petersen, N.; Timshel, P.N.; Rekling, J.C.; Wang, Y.; Liu, Q.; Schwartz, T.W.; Gautron, L. Profiling of G protein-coupled
receptors in vagal afferents reveals novel gut-to-brain sensing mechanisms. Mol. Metab. 2018, 12, 62–75. [CrossRef]

282. Kuriyama, K.; Sze, P. Blood-brain barrier to H3-γ-aminobutyric acid in normal and amino oxyacetic acid-treated animals.
Neuropharmacology 1971, 10, 103–108. [CrossRef]

283. Hyland, N.P.; Cryan, J.F. A Gut Feeling about GABA: Focus on GABAB Receptors. Front. Pharmacol. 2010, 1, 124. [CrossRef]
284. Nakajima, K.; Tooyama, I.; Kuriyama, K.; Kimura, H. Immunohistochemical demonstration of GABAB receptors in the rat

gastrointestinal tract. Neurochem. Res. 1996, 21, 211–215. [CrossRef] [PubMed]
285. Schwörer, H.; Racké, K.; Kilbinger, H. GABA receptors are involved in the modulation of the release of 5-hydroxytryptamine

from the vascularly perfused small intestine of the guinea-pig. Eur. J. Pharmacol. 1989, 165, 29–37. [CrossRef]
286. Fetissov, S.O.; Sinno, M.H.; Coëffier, M.; Bole-Feysot, C.; Ducrotté, P.; Hökfelt, T.; Déchelotte, P. Autoantibodies against appetite-

regulating peptide hormones and neuropeptides: Putative modulation by gut microflora. Nutrients 2008, 24, 348–359. [CrossRef]
[PubMed]

287. Ericson, M.D.; Schnell, S.M.; Freeman, K.T.; Haskell-Luevano, C. A fragment of the Escherichia coli ClpB heat-shock protein is a
micromolar melanocortin 1 receptor agonist. Bioorganic Med. Chem. Lett. 2015, 25, 5306–5308. [CrossRef]

288. Breton, J.; Legrand, R.; Akkermann, K.; Järv, A.; Harro, J.; Déchelotte, P.; Fetissov, S.O. Elevated plasma concentrations of bacterial
ClpB protein in patients with eating disorders. Int. J. Eat. Disord. 2016, 49, 805–808. [CrossRef]

http://doi.org/10.1152/ajpgi.00292.2001
http://www.ncbi.nlm.nih.gov/pubmed/12409280
http://doi.org/10.1016/j.physbeh.2007.04.017
http://doi.org/10.1111/j.1365-2982.2010.01655.x
http://www.ncbi.nlm.nih.gov/pubmed/21199175
http://doi.org/10.1016/j.bbr.2014.07.027
http://doi.org/10.1016/j.chom.2014.09.001
http://doi.org/10.1038/srep17324
http://www.ncbi.nlm.nih.gov/pubmed/26616662
http://doi.org/10.1016/j.cell.2015.02.047
http://doi.org/10.1096/fj.14-259598
http://doi.org/10.1016/j.molmet.2018.03.004
http://doi.org/10.1016/0091-3057(84)90002-9
http://doi.org/10.1016/0091-3057(81)90174-X
http://doi.org/10.1016/j.bbr.2014.08.065
http://www.ncbi.nlm.nih.gov/pubmed/25217810
http://doi.org/10.1016/S0899-9007(00)00449-4
http://doi.org/10.1016/j.appet.2009.12.015
http://doi.org/10.1111/j.1600-0447.1991.tb05574.x
http://doi.org/10.1016/j.ynstr.2020.100216
http://doi.org/10.1038/s41591-018-0060-4
http://www.ncbi.nlm.nih.gov/pubmed/29942089
http://doi.org/10.1016/j.cmet.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29414686
http://doi.org/10.1016/j.molmet.2018.03.016
http://doi.org/10.1016/0028-3908(71)90013-X
http://doi.org/10.3389/fphar.2010.00124
http://doi.org/10.1007/BF02529137
http://www.ncbi.nlm.nih.gov/pubmed/9182245
http://doi.org/10.1016/0014-2999(89)90767-X
http://doi.org/10.1016/j.nut.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18262391
http://doi.org/10.1016/j.bmcl.2015.09.046
http://doi.org/10.1002/eat.22531


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

289. Panaro, B.L.; Tough, I.R.; Engelstoft, M.S.; Matthews, R.T.; Digby, G.J.; Møller, C.L.; Svendsen, B.; Gribble, F.; Reimann, F.; Holst,
J.J.; et al. The Melanocortin-4 Receptor Is Expressed in Enteroendocrine L Cells and Regulates the Release of Peptide YY and
Glucagon-like Peptide 1 In Vivo. Cell Metab. 2014, 20, 1018–1029. [CrossRef]

290. Schletter, J.; Heine, H.; Ulmer, A.J.; Rietschel, E.T. Molecular mechanisms of endotoxin activity. Arch. Microbiol. 1995, 164, 383–389.
[CrossRef] [PubMed]

291. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.; Chabo, C.; et al.
Metabolic Endotoxemia Initiates Obesity and Insulin Resistance. Diabetes 2007, 56, 1761–1772. [CrossRef]

292. Plata-Salamán, C. Cytokines and feeding. Int. J. Obes. 2001, 25, S48–S52. [CrossRef] [PubMed]
293. A Bray, G.; Frühbeck, G.; Ryan, D.; Wilding, J.P.H. Management of obesity. Lancet 2016, 387, 1947–1956. [CrossRef]
294. Gimeno, R.E.; Briere, D.A.; Seeley, R.J. Leveraging the Gut to Treat Metabolic Disease. Cell Metab. 2020, 31, 679–698. [CrossRef]

[PubMed]
295. Toplak, H.; Woodward, E.; Yumuk, V.; Oppert, J.-M.; Halford, J.C.; Frühbeck, G. 2014 EASO Position Statement on the Use of

Anti-Obesity Drugs. Obes. Facts 2015, 8, 166–174. [CrossRef]
296. Schutz, D.D.; Busetto, L.; Dicker, D.; Farpour-Lambert, N.; Pryke, R.; Toplak, H.; Widmer, D.; Yumuk, V.; Schutz, Y. European

Practical and Patient-Centred Guidelines for Adult Obesity Management in Primary Care. Obes. Facts 2019, 12, 40–66. [CrossRef]
297. Yu, E.W.; Gao, L.; Stastka, P.; Cheney, M.C.; Mahabamunuge, J.; Soto, M.T.; Ford, C.B.; Bryant, J.A.; Henn, M.R.; Hohmann, E.L.

Fecal microbiota transplantation for the improvement of metabolism in obesity: The FMT-TRIM double-blind placebo-controlled
pilot trial. PLoS Med. 2020, 17, e1003051. [CrossRef] [PubMed]

298. Allegretti, J.R.; Kassam, Z.; Mullish, B.; Chiang, A.; Carrellas, M.; Hurtado, J.; Marchesi, J.R.; McDonald, J.A.; Pechlivanis, A.;
Barker, G.F.; et al. Effects of Fecal Microbiota Transplantation With Oral Capsules in Obese Patients. Clin. Gastroenterol. Hepatol.
2020, 18, 855–863.e2. [CrossRef]

299. Vrieze, A.; Van Nood, E.; Holleman, F.; Salojärvi, J.; Kootte, R.S.; Bartelsman, J.F.; Dallinga–Thie, G.M.; Ackermans, M.T.; Serlie,
M.J.; Oozeer, R.; et al. Transfer of Intestinal Microbiota From Lean Donors Increases Insulin Sensitivity in Individuals With
Metabolic Syndrome. Gastroenterology 2012, 143, 913–916.e7. [CrossRef]

300. Hartstra, A.V.; Schüppel, V.; Imangaliyev, S.; Schrantee, A.; Prodan, A.; Collard, D.; Levin, E.; Dallinga-Thie, G.; Ackermans, M.T.;
Winkelmeijer, M.; et al. Infusion of donor feces affects the gut–brain axis in humans with metabolic syndrome. Mol. Metab. 2020,
42, 101076. [CrossRef] [PubMed]

301. FDA Early Clinical Trials with Live Biotherapeutic Products: Chemistry, Manu-facturing, and Control Information: Guidance for
Industry. 2016. Available online: www.fda.gov (accessed on 26 May 2021).

302. O’Toole, P.W.; Marchesi, J.; Hill, C. Next-generation probiotics: The spectrum from probiotics to live biotherapeutics. Nat.
Microbiol. 2017, 2, 17057. [CrossRef] [PubMed]

303. Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, J.; Maiter, D.; Delzenne, N.; et al.
Supplementation with Akkermansia muciniphila in overweight and obese human volunteers: A proof-of-concept exploratory
study. Nat. Med. 2019, 25, 1096–1103. [CrossRef] [PubMed]

304. Pérez, M.R.; Agusti, A.; Sanz, Y. Innovation in microbiome-based strategies for promoting metabolic health. Curr. Opin. Clin.
Nutr. Metab. Care 2017, 20, 484–491. [CrossRef] [PubMed]

305. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne,
N.M.; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl.
Acad. Sci. USA 2013, 110, 9066–9071. [CrossRef]

306. Gauffin-Cano, P.; Santacruz, A.; Moya, Á.; Sanz, Y. Bacteroides uniformis CECT 7771 Ameliorates Metabolic and Immunological
Dysfunction in Mice with High-Fat-Diet Induced Obesity. PLoS ONE 2012, 7, e41079. [CrossRef]

307. Udayappan, S.; Manneras-Holm, L.; Chaplin, A.; Belzer, C.; Herrema, H.; Dallinga-Thie, G.M.; Duncan, S.H.; Stroes, E.S.G.;
Groen, A.K.; Flint, H.J.; et al. Oral treatment with Eubacterium hallii improves insulin sensitivity in db/db mice. NPJ Biofilms
Microbiomes 2016, 2, 16009. [CrossRef]

308. Hansen, K.B.; Rosenkilde, M.M.; Knop, F.K.; Wellner, N.; Diep, T.A.; Rehfeld, J.F.; Andersen, U.B.; Holst, J.J.; Hansen, H.S. 2-Oleoyl
Glycerol Is a GPR119 Agonist and Signals GLP-1 Release in Humans. J. Clin. Endocrinol. Metab. 2011, 96, E1409–E1417. [CrossRef]

309. DiPatrizio, N. Endocannabinoids and the Gut-Brain Control of Food Intake and Obesity. Nutrients 2021, 13, 1214. [CrossRef]
310. Veiga, P.; Suez, J.; Derrien, M.; Elinav, E. Moving from probiotics to precision probiotics. Nat. Microbiol. 2020, 5, 878–880.

[CrossRef]
311. Fetissov, S.O.; Hallman, J.; Oreland, L.; Klinteberg, B.A.; Grenbäck, E.; Hulting, A.-L.; Hökfelt, T. Autoantibodies against -MSH,

ACTH, and LHRH in anorexia and bulimia nervosa patients. Proc. Natl. Acad. Sci. USA 2002, 99, 17155–17160. [CrossRef]
312. Fetissov, S.O.; Legrand, R.; Lucas, N. Bacterial Protein Mimetic of Peptide Hormone as a New Class of Protein- based Drugs. Curr.

Med. Chem. 2019, 26, 546–553. [CrossRef] [PubMed]
313. Maruvada, P.; Leone, V.; Kaplan, L.M.; Chang, E.B. The Human Microbiome and Obesity: Moving beyond Associations. Cell Host

Microbe 2017, 22, 589–599. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cmet.2014.10.004
http://doi.org/10.1007/BF02529735
http://www.ncbi.nlm.nih.gov/pubmed/8588739
http://doi.org/10.2337/db06-1491
http://doi.org/10.1038/sj.ijo.0801911
http://www.ncbi.nlm.nih.gov/pubmed/11840215
http://doi.org/10.1016/S0140-6736(16)00271-3
http://doi.org/10.1016/j.cmet.2020.02.014
http://www.ncbi.nlm.nih.gov/pubmed/32187525
http://doi.org/10.1159/000430801
http://doi.org/10.1159/000496183
http://doi.org/10.1371/journal.pmed.1003051
http://www.ncbi.nlm.nih.gov/pubmed/32150549
http://doi.org/10.1016/j.cgh.2019.07.006
http://doi.org/10.1053/j.gastro.2012.06.031
http://doi.org/10.1016/j.molmet.2020.101076
http://www.ncbi.nlm.nih.gov/pubmed/32916306
www.fda.gov
http://doi.org/10.1038/nmicrobiol.2017.57
http://www.ncbi.nlm.nih.gov/pubmed/28440276
http://doi.org/10.1038/s41591-019-0495-2
http://www.ncbi.nlm.nih.gov/pubmed/31263284
http://doi.org/10.1097/MCO.0000000000000419
http://www.ncbi.nlm.nih.gov/pubmed/28862999
http://doi.org/10.1073/pnas.1219451110
http://doi.org/10.1371/journal.pone.0041079
http://doi.org/10.1038/npjbiofilms.2016.9
http://doi.org/10.1210/jc.2011-0647
http://doi.org/10.3390/nu13041214
http://doi.org/10.1038/s41564-020-0721-1
http://doi.org/10.1073/pnas.222658699
http://doi.org/10.2174/0929867324666171005110620
http://www.ncbi.nlm.nih.gov/pubmed/28982315
http://doi.org/10.1016/j.chom.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29120742

	Gut and Brain Control of Energy Homeostasis 
	Circadian Rhythms, Eating Patterns and Gut Microbiota in Energy Homeostasis Control 
	Gut Microbiota Influences Circadian Rhythms Affecting Metabolism 
	Eating Patterns, Gut Microbial Diurnal Oscillations and Energy Homeostasis 

	Diet Composition Influences Gut Microbiota and Gut-to-Brain Nutrient-Sensing 
	Western Diets 
	Vegetarian Diets 
	Mediterranean Diet 
	Diets Based on Macronutrients Ratio Variations 

	Microbial Ligands Mediating Gut–Brain Communication and Energy Homeostasis 
	Short Chain Fatty Acids 
	Microbial Metabolites of Bile Acids 
	Amino Acid Derived Metabolites 
	Cellular Components of Gut Bacteria 

	References

