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Inappropriate food intake behavior is one of the main drivers for fat mass

development leading to obesity. Importantly the gut microbiota-mediated

signals have emerged as key actors regulating food intake acting mainly

on the hypothalamus, and thereby controlling hunger or satiety/satiation

feelings. However, food intake is also controlled by the hedonic and reward

systems leading to food intake based on pleasure (i.e., non-homeostatic

control of food intake). This review focus on both the homeostatic and

the non-homeostatic controls of food intake and the implication of the

gut microbiota on the control of these systems. The gut-brain axis is

involved in the communications between the gut microbes and the brain

to modulate host food intake behaviors through systemic and nervous

pathways. Therefore, here we describe several mediators of the gut-brain

axis including gastrointestinal hormones, neurotransmitters, bioactive lipids

as well as bacterial metabolites and compounds. The modulation of gut-brain

axis by gut microbes is deeply addressed in the context of host food intake

with a specific focus on hedonic feeding. Finally, we also discuss possible gut

microbiota-based therapeutic approaches that could lead to potential clinical

applications to restore food reward alterations. Therapeutic applications to

tackle these dysregulations is of utmost importance since most of the available

solutions to treat obesity present low success rate.
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Gut-brain axis related to food intake

The gut-brain axis is a complex bi-directional communication system connecting
the gastrointestinal (GI) tract and the central nervous system (CNS). This connection
allows the brain to be informed among other components of the energy status in
the periphery. The CNS sends then feedbacks to maintain energy homeostasis (Cryan
et al., 2019). Two pathways are involved in this communication: the nervous and the
systemic pathways.
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Nervous pathway

The GI tract is the largest place where intestinal neurons are
following in number those from the CNS (i.e., often seen as our
second brain) and clearly connected to the brain. Afferent fibers
convey sensory information from the upper gastrointestinal
tract to the CNS via vagal and splanchnic nerve pathways.
Gut vagal and splanchnic afferents play a role in the control
of satiation (Sclafani et al., 2003). These connections maintain
the brain informed about the energy status from the periphery.
The most afferences described in the control of food intake
are vagal afferences. These vagal afferences come from the
intestine and have their cell bodies in the nodose ganglia and
project to the nucleus tractus solitarus (NTS) in the brainstem.
The NTS contains projections to several regions of the brain
including the hypothalamus (Berthoud et al., 2004; Rinaman,
2010). Vagal afferents detect mobility or distension and express
a vast variety of GI hormones receptors such as glucagon-like
peptide-1 (GLP-1), cholecystokinin (CCK), peptide YY (PYY)
or ghrelin receptors (Berthoud et al., 2004; Ye and Liddle, 2017).
It has been proven that specific stimuli from the GI tract activate
distinct population of vagal afferents (Egerod et al., 2018; Wang
et al., 2020).

Few years ago, functional synapses between enteroendocrine
cells (EECs) and vagal afferents nerves have been discovered.
Basolateral cytoplasmic elongations of EECs, called neuropods,
connects directly to the vagal pathway permitting a fast
and precise signal to the brain, through the nodose ganglia
(Kaelberer et al., 2018; Liddle, 2019).

The key role of the vagus nerve in the gut-brain axis
regulating the non-homeostatic food intake was shown by Han
et al. (2018a). For the first time, the authors demonstrated using
optogenetics tools a functional pathway linking the gut to the
brain reward system, involving the vagus nerve, the right nodose
ganglion, the NTS, and the dorsal striatum (Han et al., 2018a).

Systemic pathway

Besides neurons, the gut also contains various type of
cells. The gut is also one the largest compartment where the
immune system is developed [e.g., the gut-associated lymphoid
tissue (GALT) and immune infiltrating cells]. Moreover,
although the intestinal EECs are representing only 1% of the
total intestinal epithelial cells, the gut constitutes the biggest
endocrine organ (Plovier and Cani, 2017). Thirty hormones
have been identified in the GI tract and therefore the intestine
represents an incredible reservoir of peptides acting at distance
from the gut and on different organs. EECs are present all
along the GI tract and form an important endocrine organ
implicated in the control of food intake as described in the
previous paragraph. In a postprandial state, EECs secrete
GLP-1, CCK, and PYY all of them acting as anorexigenic

hormones (Latorre et al., 2016). In contrast, ghrelin is released
by the stomach and acts as an orexigenic hormone (Wren
et al., 2001). These hormones can be released in the blood
or activates the vagal afferents nerves, thereby targeting the
brain (Figure 1).

Food intake control in physiology
and pathology

Food intake is controlled according to energy expenditure
to maintain a stable body weight over time through a process
called homeostatic control of food intake (Morton et al., 2014).
However, food intake is also controlled by a non-homeostatic
system, namely the reward system. This system induces an
eating behavior for pleasure rather than for energy needs and
stimulates the intake of high nutritional value food, rich in
sugar and/or fat, known as “palatable food” (Stice et al., 2013;
Alastair et al., 2015). Even if some alterations of the homeostatic
system of food intake have been reported during obesity and
are still an important field of research, there is now a very
strong current of thought that a major cause of the increase
in food intake associated with the rise of obesity resides in
the hedonic rather than the homeostatic system. Indeed, in
the present context of the increased availability, accessibility
and affordability of energy-dense foods also referred as the
obesogenic environment, homeostatic system can be overridden
by the hedonic control of food intake (Volkow et al., 2011). That
said, the investigation of the homeostatic control of food intake
is still important to consider.

Homeostatic control of food intake

In physiology
Based on these peripheral signals relayed to the brain, food

intake, appetite and satiety are mainly integrated at the level
of hypothalamic neuronal circuits (Figure 1; Joly-Amado et al.,
2014). Neurons within the hypothalamus play critical roles in
the homeostatic control of energy and body weight by adjusting
energy intake to energy expenditure in response to biological
and environmental cues.

The homeostatic feeding is mainly orchestrated in the
arcuate nucleus of the hypothalamus (Arc) by different
types of neuron populations: the co-expressing Agouti-
related protein (AgRP) and neuropeptide Y (NPY) neurons
and the co-expressing pro-opiomelanocortin (POMC) and
cocaine-amphetamine-related transcript (CART) neurons, with
orexigenic and anorexigenic functions, respectively (Figure 1;
Morton et al., 2006). Importantly, these populations of neurons
interact together by inhibiting each other. Upon activation,
POMC neurons release α-melanocyte-stimulating hormones
(α-MSH), that binds to melanocortin 4 receptor (MC4R) in

Frontiers in Neuroscience 02 frontiersin.org

https://doi.org/10.3389/fnins.2022.947240
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-947240 July 25, 2022 Time: 12:4 # 3

de Wouters d’Oplinter et al. 10.3389/fnins.2022.947240

FIGURE 1

The homeostatic control of food intake upon peripheric signals. Orexigenic hormones or neurotransmitters are in green; anorexigenic
hormones or neurotransmitters are in red. PVN: paraventricular nucleus; SIM1, single–minded family BHLH transcription factor 1; LH, lateral
hypothalamus; MCH, melanin-concentrating hormone; Arc, arcuate nucleus; AgRP, agouti-related protein; NPY, neuropeptide Y; POMC,
pro-opiomelanocortin; CART, cocaine-amphetamine-related transcript; NTS, nucleus tractus solitarus; VAN, vagal afferent nerves; CCK,
cholecystokinin; GLP-1, glucagon-like peptide 1; PYY, peptide YY; MC4R, Melanocortin 4 receptor. Created with BioRender.com.

the paraventricular nucleus (PVN) and leads to decreased
food intake. On the opposite, AgRP/NPY activation in the
Arc, stimulates the release of AgRP and NPY, inhibiting
MC4R-expressing neurons in the paraventricular nucleus of
the hypothalamus (PVN). Overall, the PVN is characterized
by neurons expressing the single minded 1 transcription factor
(SIM1) (Figure 1; Morton et al., 2014). The Arc and PVN
are located at a strategic position in the hypothalamus along
the third ventricle. The third ventricle is more permeable due
to its fenestred brain barrier, allowing peripheral signals to
enter the hypothalamus and then bind receptors located in the
Arc and PVN. Arc neurons senses metabolic signals from the
periphery since it express receptors for circulating molecules,
produced by peripheral organs such as PYY, ghrelin, leptin,
and GLP-1 (Cone, 2005). The Arc communicates with the
brainstem including the NTS, which also collects information
from the periphery (Figure 1). The vagal afferent fibers
end in the NTS, which also express gut peptides receptors
including cholecystokinine receptor 1 (CCK1R) and GLP-1
receptor (GLP1R).

The main peripheral actors described in the homeostatic
control of food intake are insulin, leptin ghrelin, CCK,
GLP-1, PYY, and GIP (Figure 1). Insulin is produced and

secreted by the pancreas into the circulation in response to
postprandial increase in blood glucose and it readily reaches
tissues throughout the body, including the brain. Even if the
main effects of insulin in the periphery is to induce glucose
uptake by the tissues, in the brain, the majority of glucose
transport into neurons occurred independently of insulin. In
the brain, insulin inhibits AgRP/NPY neurons and activates
POMC neurons in the Arc thereby inducing anorexigenic effects
(Figure 1; Bruning et al., 2000; Obici et al., 2002; Dodd and
Tiganis, 2017).

The idea that fat mass signals are involved in the
hypothalamic control of food intake has already been proposed
in 1953 (Kennedy, 1953). Later, this signal from the fat mass
has been identified with the discovery of leptin in 1994 (Zhang
et al., 1994). Leptin is produced by adipocytes in a proportional
quantity to the fat mass (Considine et al., 1996) and is released
in the circulation thereby reaching the brain. Like insulin, leptin
in the brain inhibits AgRP/NPY neurons and activates POMC
neurons in the Arc inducing anorexigenic effects (Figure 1;
Thornton et al., 1997; Wilson et al., 1999; Cowley et al., 2001;
Varela and Horvath, 2012).

On the opposite, the main hormone involved in orexigenic
effects is ghrelin. Ghrelin is synthetized by the stomach increases
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synthesis of AgRP and NPY in the Arc, thereby inducing
its orexigenic effects (Figure 1; Kamegai et al., 2000; Tschop
et al., 2000; Asakawa et al., 2001). Ghrelin also inhibits POMC
neuronal activity, however, since ghrelin receptor expression has
not been reported in POMC neurons, this inhibitory effect may
be mediated by the activation of NPY/AgRP neurons interacting
and inhibiting POMC neurons (Figure 1; Willesen et al., 1999;
Chen et al., 2017).

Besides the stomach other parts of the intestine also
synthetize peptides targeting the hypothalamus to control food
intake. Enteroendocrine cells (EECs) located all along the
intestine, from the duodenum to the colon, are involved in the
synthesis and release of gastro-intestinal peptides some of which
are involved in the homeostatic control of food intake.

CCK is produced by CCK cells, which are EECs located
all along the intestine with the majority of them being in
the duodenum (Polak et al., 1975; Egerod et al., 2012). CCK
is produced in response to nutrients in the intestinal lumen,
mainly lipids and protein and is inducing anorexigenic effect
mainly by the activation of POMC neurons expressed in cells
of the nucleus of the solitary tract, through the vagus nerve
(Figure 1; Lorenz and Goldman, 1982; Liou et al., 2011; Wang
et al., 2011; Warrilow et al., 2022).

The glucose-dependent insulinotropic peptide (GIP) is
synthesized within and released from intestine, mainly in the
duodenum and proximal jejunum (Mortensen et al., 2003). GIP
is secreted in response to nutrient ingestion, especially glucose
or fat and its effect on food intake are mainly mediated by GLP-
1 (Roberge and Brubaker, 1993). GLP-1 is another anorexigenic
peptide produced by EECs (L-cells) present at high density in the
ileum and distal colon (Hansen et al., 2013). GLP-1 production
and secretion is induced in response to the presence of nutrients
in the intestine either by a direct or indirect effect mediated by
the GIP (Roberge and Brubaker, 1993). Even if the activation of
central GLP-1 receptors plays a role in mediating food intake
effect of GLP-1, since the short half-life of GLP-1, it is likely
that endogenous gut-derived GLP-1 suppresses food intake by
acting through the vagus nerve (Abbott et al., 2005; Hayes
et al., 2011). Both central and peripheral GLP-1 agonists are
able to inhibit NPY and AgRP neurons and activate POMC
neurons thereby inducing its anorexigenic effects (Figure 1;
Seo et al., 2008; Secher et al., 2014; He et al., 2019). PYY is
an additional anorexigenic peptide mainly secreted in ileum
and large intestine EECs in response to fat ingestion (Morley
et al., 1985; Bottcher et al., 1993). PYY induced its anorexigenic
effects through the inhibition of NPY/AgRP neurons in the
hypothalamus (Figure 1; Acuna-Goycolea and van den Pol,
2005). Besides the intestine, other organs also contribute to the
homeostatic control of food intake by secreting other hormones
such as the adiponectin from the adipose tissue or amylin,
polypeptide Y from the pancreas.

Importantly, the different hormones and brain structures
do not act separately but interact to influence food intake

(Ronveaux et al., 2015). In the next section (“Systemic
pathway”), we will describe how reward-related structures
influence food intake. The connections between the homeostatic
and non-homeostatic controls of food intake are essential to
maintain a stable weight and mainly occur at the level of the
lateral hypothalamus (LH) (Figure 1). The LH is composed of
2 neuronal populations: one expressing melanin-concentrating
hormone (MCH) and one expressing orexins. MCH neurons
project to the nucleus accumbens (Nac), whereas orexin neurons
project to the ventral tegmental area (VTA), two brain areas
involved in the reward system (Murray et al., 2014).

Moreover, it is important to note that besides the control
of food intake by acting on the brain (via endocrine and
nervous routes), the main functions exerted by the gut peptides
secreted are also linked to gastric emptying and intestinal
motility, the regulation of secretion from the pancreas and the
gallbladder and the stimulation of insulin secretion, also known
as the incretin effect. Overall, gastric emptying and intestinal
motility are also additional key players controlling satiation
(Cummings and Overduin, 2007).

In physiopathology (obesity)
Over the past 25 years, sequencing studies have led to the

discovery of several genes involved in homeostatic control of
food intake whose disruption causes morbid obesity in humans.
The detailed study of people with these monogenic obesity
syndromes has provided unique insights into the role these
neural circuits play in modulating human appetite and body
weight (Farooqi, 2022). To date, almost all of these genes
encode proteins involved in the leptin-melanocortin pathway
(van der Klaauw and Farooqi, 2015). However, mutations
that disrupt the production or bioactivity of leptin or in
the gene encoding the leptin receptor are very rare and
contribute to only 1–5% of severe obesity in children (Montague
et al., 1997; Clement et al., 1998; Albuquerque et al., 2017).
Therefore, other mechanisms are involved in inappropriate food
intake during obesity.

In fact, hyperleptinemia and resistance to reducing body
mass are two characteristics of typical obesity. Indeed, leptin
is overexpressed at the gene level in the adipose tissue of
individuals with obesity and strong positive associations exist
between plasma leptin levels and body fat percentage (Lonnqvist
et al., 1995; Considine et al., 1996). Therefore, several studies
point toward leptin resistance instead of loss of leptin during
obesity (Frederich et al., 1995). Similar observations are made
for insulin since it is becoming increasingly apparent that
neurons in the brain also become resistant to insulin; however,
the relative contributions of central insulin resistance to the
development of obesity and T2D remain poorly understood (De
Souza et al., 2005; Dodd and Tiganis, 2017). In conclusion, any
disruption in the production and or action of these mediators
involved in homeostatic control of food intake can lead to
overconsumption and obesity.
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FIGURE 2

The reward system controlling non-homeostatic food intake.
Nac, nucleus accumbens; GABA, γ-aminobutyric acid; VTA,
ventral tegmental area. Created with BioRender.com.

Non-homeostatic control of food
intake

In physiology
As mentioned earlier, food intake is also influenced by non-

homeostatic signals, inducing food intake for pleasure. The
hedonic intake of food depends mainly on taste, odor, texture,
and appearance (Rosenstein and Oster, 1988; Sorokowska et al.,
2017; Tan et al., 2020). The reward system was essential for
our hunter-gatherer ancestors to favor a good energy storage
in order to increase the survival rate. However, today in most
western countries, humans are in omnipresence of palatable
food and do not have to face a period of famine. Therefore,
in these conditions, the reward system can lead to overeating
and positive energy balance and induce obesity (Wiss et al.,
2018; de Araujo et al., 2020). In 1954, Olds and Milner were the
first to identify rewarding sites in rat brains (Olds and Milner,
1954). Few years after this discovery, the catecholaminergic
system has been highlighted to be implicated in the processes
of reward (Poschel and Ninteman, 1963; Wise, 1977; Olds
and Fobes, 1981). Nowadays it is well established that the
reward system involved the mesocorticolimbic pathway that
includes dopaminergic neurons located in the VTA and their
axons projecting to the striatum, including the Nac and to
the prefrontal cortex (PFC) (Figure 2; Arias-Carrion et al.,
2010). Other structures have been proved to be implicated in
reward processes such as amygdala, ventral pallidum and the
hippocampus (Palmiter, 2007; Arias-Carrion et al., 2010; Kenny,
2011).

Dopamine seems to be the major and common driver of
the food and drug reward in the mesocorticolimbic pathway
(Robinson and Berridge, 2003; Garcia-Cabrerizo et al., 2021).
It has already been demonstrated in 1989 that blocking the
dopaminergic pathway inhibits the response for food during an
operant task (Wise and Rompre, 1989). In response to rewarding

stimuli, such as palatable food, dopamine is released in the
mesocorticolimbic pathway promoting reward behaviors. In
physiological state, dopamine is synthetized in two steps: first
tyrosine is produced by a rate-limiting enzyme, the tyrosine
hydroxylase (TH) to produce dihydroxyphenylalanine (DOPA),
then the aromatic L-amino acid decarboxylase dopamine
produces dopamine. Dopamine is stored in vesicles, before
being released in the synaptic space. Eighty percent of the
dopamine is recaptured by the dopamine transporter (DAT),
whereas the rest is degraded into 3-methoxytyramine and 3,4-
dihydroxyphenylacetic acid (DOPAC). Both are transformed
into homovanillic acid (HVA).

In addition to dopaminergic neurons, γ-aminobutyric acid
(GABA)-ergic and glutamatergic releasing neurons are also
present in the VTA and involved in the reward processes—
either by modulating the activity of dopamine neurons or
independently of dopamine by sending projections to the brain
structures innervated by VTA dopamine neurons (Figure 2;
Morales and Margolis, 2017). Opioid signaling is also involved
in the reward system since opioid receptors and their
endogenous ligands are expressed in several areas of the brain,
including in the VTA, Nac and PFC (Figure 2; Le Merrer et al.,
2009). Bioactive lipids such as endocannabinoids, are involved
in both homeostatic and rewarding mechanisms of food intake.
Endocannabinoids, endocannabinoid receptors including CB1
receptors, and synthetizing enzymes are all present in the
mesolimbic system and, in particular, in the Nac and VTA
(Figure 2; Di Marzo et al., 2009).

The reward system encodes for the three psychological
components of food intake: wanting, liking and learning. The
dopaminergic system seems to control mostly the wanting
component while GABAergic and opioid systems seem to be also
implicated in the liking component (Robinson and Berridge,
2003; Garcia-Cabrerizo et al., 2021).

Wanting

The wanting component is related to the motivation to
obtain a reward, and is the predominant behavior during
the first phase of the food intake, the appetitive phase. This
component induces an effort to acquire a specific nutrient
in order to access to the rewarding value of it. A neuronal
activation in the reward-related areas is observed in humans in
response to visual cues of high caloric food compared to control
food (Page et al., 2011). This component present dynamic
fluctuations depending on the physiological state, when hungry,
the “wanting” is significantly amplified (Berthoud et al., 2017).

In humans, the motivational component can be evaluated
with analysis through a work to access rewarding food for
example through computer game (Griffioen-Roose et al., 2010).
While in rodents, the wanting component is often assessed with
an operant conditioning test. The mouse must press on a lever
to obtain a palatable food or other rewarding nutrients. The
more the mouse is motivated, the more it will press on the
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lever. A principle of progressive ratio is often used to really
assess the motivation with an incremental number of lever
presses asked for each additional reward delivered, in contrast
to the fixed ratio which delivers one reward after one lever press
(Buccafusco, 2009).

Liking

The liking component refers to the hedonic part of the
reward system; it is related to the pleasure felt by eating
a specific food, prominent during the consummatory phase.
Hedonic word derives from the ancient Greek hedonikós,
meaning “pleasurable.” Before consumption of food, the
hedonic component is neutral and become active only after
ingestion (Robinson and Berridge, 1993, 2003).

In human adults, a subjective self-report is used to report the
rate how much they like (or dislike) a stimulus (Thomsen, 2015).
In animals and in young humans, orofacial reaction can be
analyzed after an oral administration of substance to assess the
liking component (Thomsen, 2015). This hedonic component
is essential to discriminate control (neutral) food to palatable
food and induces a preference for the intake of this latter: it
helps to make a choice between tastes. The liking component
can be assessed in animal models with a food preference test.
The preference is analyzed using two or more food samples free
access presenting to animals. In humans, lists of ranked food are
often asked (de Araujo et al., 2020).

Learning

An attraction to certain type of food like sweet exists due
to a conditioning process. It is a learning process making
the link between associated stimuli and the pleasure felt
during post-absorption via a Pavlovian conditioning. This
component of the food reward occurs after the ingestion, and
will strongly influence the wanting, depending on the type of
liking experienced. In his experiment, Pavlov rang a bell every
time he served food to his dog. Then 1 day, Pavlov rang the bell
without giving food at its dog. However, this one was already
drooling. It was the discovery of the learning process (Clark,
2018). The brain anticipates the rewarding value of a specific
food and encourages its absorption. This component is essential
to make the link between stimuli and long-term effects on
health. This component is stable over the time and also helps to
make choice between different food (Kringelbach et al., 2012).
For example, the gastro-intestinal consequences of a food intake
will impact the future intake of this type of food.

With rodents, the learning component can be assessed
with a conditioned place preference. The system is made of
two different easily recognizable compartments characterized
by different walls and grounds. To know the preferred
compartment in baseline, the time spent by the mouse in each
compartment is recorded during a pre-test with full access to
each compartment. During trainings, the mouse is restrained
in one compartment with the associated treatment: the less

preferred compartment is used for rewarding trainings, the
mouse can have access to palatable food whereas the most
preferred compartment is used as control. After several days
of trainings, the test ends with a session of free access to each
compartment in absence of food. The aim of this test is to
reverse the less preferred compartment due to food rewards
received during trainings (Buccafusco, 2009). Any alteration
of the learning component (i.e., the capacity of association
between food stimulus and environment) could be associated
with alterations of food reward.

Even if each component seems to activate distinct circuits
in the reward system, it is mostly impossible to really separate
them during food behaviors analysis. In the literature, there
is still controversy about this discrimination (Garbinsky et al.,
2014; Jiang et al., 2015; Polk et al., 2017). For example, the
Leeds Food Preference Questionnaire permits an analysis of
an explicit wanting and an implicit liking in humans. For the
wanting component, participants are asking to answer to “which
food do you most want to eat now?” between two food pictures
(Finlayson et al., 2008, 2011).

In physiopathology (obesity)
In 2001, Wang et al. (2001) were the first to show a

dysregulation of the dopaminergic reward system in obese
humans. Several studies have shown that long-term overeating
in both rodents and humans induces a decrease in the dopamine
released, in the dopamine turnover (ratio between DOPAC
and dopamine), in the dopamine receptors 1 and 2 (DRD1
and DRD2) and an increase in the DAT (Alastair et al., 2015;
Décarie-Spain et al., 2016; for more information see reviews
Alastair et al., 2015; Décarie-Spain et al., 2016).

In the context of obesity, altered food reward behaviors have
been demonstrated in preclinical models. Studies have proven
that rats under high-fat diet pressed less on the lever during the
operant conditioning test to obtain a food reward compared to
lean rats, suggesting an alteration of the wanting component.
During the conditioned place preference, these obese rats spent
less time in the compartment associated with palatable food
than lean mice. Therefore, the learning component seems also
to be dysregulated in the context of obesity (Davis et al., 2008;
Tracy et al., 2015). Furthermore, several studies demonstrated
that obese mice present a decrease in the preference for palatable
food compared to lean mice, suggesting an alteration of the
liking component in the context of obesity (Vucetic et al., 2011;
Carlin et al., 2013).

Epstein et al. (2007) and Stice et al. (2008b) have proved
that obese humans show a decrease of the striatal activation
in response to food reward consumption compared to lean
humans. These altered food reward behaviors are often called
food addiction, because of neuronal and behavioral similarities
with drug addiction, as well as neuronal adaptations. After
the stimulation with repeated palatable stimuli, the individuals
need to increase the size of the portion of food ingested to
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obtain the same pleasure, for the same food reward stimulation,
obese individuals will show less striatal activation. However, the
scientific community is not yet unanimously agreed on the term
food addiction (Kenny, 2011; Wiss et al., 2018; Campana et al.,
2019).

One human genetic-related condition—TaqIA A1 allele
polymorphism—associated with altered reward process is
particularly interesting to study and to understand the
underlying biological mechanisms. The TaqIA A1 allele
polymorphism affects 30–40% of the population and is
associated with 30–40% decrease in the DRD2 abundance in the
striatum (Stice et al., 2010). These neuronal changes correlate
with addiction and compulsive behavior (Wang et al., 2001; Stice
et al., 2008a). One study showed that this genetic susceptibility
was present in 67% of overweight or obese subjects included in
the study (Chen et al., 2012).

Importantly, even if the homeostatic and non-homeostatic
systems are described separately, these systems work in concert
to control food intake. For instance, Figlewicz et al. (2003) have
demonstrated that dopaminergic neurons in the VTA expresses
insulin and leptin receptors and several studies have shown their
implications in the food reward. Indeed, mice with a specific
leptin receptor long-term RNA mediated knockdown in the
VTA present an increase in the palatable food intake (Hommel
et al., 2006). Moreover, it has been described that mesencephalic
dopamine neurons coexpress CCK (Crawley, 1991; Hokfelt
et al., 2002). Therefore, it is now suggested that these systems
need to be simultaneously investigated instead of separately.

Gut microbiota and the control of
food intake

The gut microbiome includes microorganisms (bacteria,
archaea, viruses, yeast, and fungi) that colonize the gut, their
genomes and metabolites. The gut microbiota has emerged
as a key player into the gut-brain axis through the vagal
and humoral pathways to modulate host metabolism and
food intake (Figure 3; Delzenne et al., 2011; van de Wouw
et al., 2017; Cani et al., 2019). One pioneer study showed in
2010, by fecal material transplantation, the causal role of the
gut microbiota into eating behavior alterations (hyperphagia)
associated with the obese phenotype of Toll-like receptor 5
(TLR5) knockout mice (Vijay-Kumar et al., 2010). Several
tools have been developed to modulate the gut microbiota
composition though different approaches: by the administration
of microbes (beneficial microbes or probiotic as defined in
Table 1) or by dietary intervention with specific substrate for gut
microbes (prebiotic as defined in Table 1). Importantly, some of
these approaches have been shown to impact host food intake.
Moreover, some gut microbiota components and metabolites
have also been described to be involved in the homeostatic
control of food intake.

Gut microbiota and homeostatic
control of food intake

In this part of the review, we will focus mainly on the L
cells and the products of these EECs that have also been directly
linked with the control of food intake and whose concentrations
are under the possible control of the gut microbiota.

Enteroendocrine cells and gut microbes:
Impact on glucagon-like peptide-1 and
peptide YY

To the best of our knowledge, the earliest demonstration
describing specific changes in EECs physiology and linked
to gut microbes came from experiments using germ-free
(GF) animals. In a first study published in 1989, it was
shown that the circulating levels of “enteroglucagon” and
PYY were much higher in animals raised without microbes
compared to conventionally raised animals (Goodlad et al.,
1989). Surprisingly, in the proximal small intestine, protein
levels of key peptide the GLP-1 and PYY were found to be
significantly lower in GF mice (Duca et al., 2012). In the same
study, the density of the EECs was lower in the ileum while
higher in the colon of GF mice.

Wichmann et al. (2013) aimed at deciphering how the
gut microbiota could influence the GLP-1 producing cells
and confirmed the increased expression of proglucagon gene,
increased GLP-1-positive cell number in the colon and higher
circulating GLP-1 in GF mice vs. conventionalized mice. Various
dietary polysaccharides (e.g., dietary fibers) are not digested
by the host enzymes and part of them are metabolized by
gut microbes through anaerobic fermentation. A substantial
proportion of these non-digestible compounds will be used as
an energy source by specific gut bacteria thereby contributing
to the production of different metabolites, such as the short
chain fatty acids (SCFAs) (e.g., acetate, butyrate and propionate)
(Louis and Flint, 2016). Interestingly, monocolonization of the
intestine of GF mice with Escherichia coli (which does not
produce SCFAs) does not affect proglucagon expression or
L cell number, while using a known SCFAs producer such
as Bacteroides thetaiotaomicron is significantly affecting these
parameters. Altogether, these data suggest that SCFAs are
involved in the dialogue between gut microbes and EEC cells
(Figure 3; Wichmann et al., 2013).

More than 20 years ago, our laboratory discovered in
either genetically or diet-induced obesity rodents that treating
them with a diet enriched with prebiotics such as inulin
or oligofructose (i.e., inulin-type fructans) modulates the gut
microbes and improves metabolic parameters together with
decreasing food intake (Daubioul et al., 2000; Cani et al., 2004,
2005, 2006; Delzenne et al., 2005). Seeking for the molecular
mechanism that explains the lower food intake and improved
glucose tolerance, the improved phenotype was associated with
higher GLP-1 content and proglucagon mRNA expression in the
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FIGURE 3

The role of the gut microbiota in homeostatic and non-homeostatic controls of food intake. Potential links are represented in dashed arrows.
Demonstrated links are represented in solid arrows. PVN, paraventricular nucleus; SIM1, single–minded family BHLH transcription factor 1; LH,
lateral hypothalamus; Str, striatum; Nac, nucleus accumbens; GABA, γ-aminobutyric acid; PFC, prefrontal cortex; Arc, arcuate nucleus; AgRP,
agouti-related protein; NPY, neuropeptide Y; POMC, pro-opiomelanocortin; CART, cocaine-amphetamine-related transcript; NTS, nucleus
tractus solitarus; VTA, ventral tegmental area; DA, dopamine; VAN, vagal afferent nerves; CCK, cholecystokinin; GLP-1, glucagon-like peptide 1;
PYY, peptide YY; SCFAs, short-chain fatty acids; LPS, lipopolysaccharide; MC4R, Melanocortin 4 receptor. Created with BioRender.com.

intestinal segments and higher levels of GLP-1 in the portal vein
blood (Cani et al., 2004, 2005, 2006). In the same line, deleting
the production of PYY is linked with obesity and hyperphagia
in mice (Batterham et al., 2006), whereas prebiotic treatment
is associated with increased level of PYY in the circulation
(Delzenne et al., 2005).

Later, we discovered that these effects were accompanied by
an increased number of EECs L-cells (Cani et al., 2007b; Everard
et al., 2011). Of note, these properties were not limited to
inulin-type fructans since resistant starches and arabinoxylans
also fermentable and modifying the microbiota, decreased food

intake, fat mass and body weight gain, together with increased
plasma GLP-1 and PYY levels (Zhou et al., 2008; Aziz et al.,
2009). Similarly, the microbial fermentation of these other fiber
compounds led to the production of SCFAs.

Short chain fatty acids
Approximatively 100–150 mmol/kg of SCFAs can be found

in the caecum and colon. Acetate, propionate and butyrate
represent a ratio of 60/20/20. Besides their local effects in
the intestine part of them can impact others organs located
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TABLE 1 Definitions of prebiotic (Gibson et al., 2017) and probiotic
(Hill et al., 2014).

Probiotic Live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host

Prebiotic A substrate that is selectively utilized by host microorganisms
conferring a health benefit

Created with BioRender.com.

at distance of the gut including the brain (Frost et al., 2014;
Canfora et al., 2015).

On a mechanistic point of view, there are several effectors
linking SCFAs and the secretion of gut peptides from the EEC.
Indeed, SCFAs have been shown to bind and activate the free
fatty acid receptor 2 and 3 (FFAR2 and FFAR3) also known
as specific G-protein-coupled receptors 43 and 41, respectively
(GPR-43 and GPR-41) (Brown et al., 2003). Importantly, both
GPR-41 and GPR-43 are expressed on EEC L-cells and are
directly activated by the SCFAs produced by the gut microbiota
and eventually promote the secretion of gut peptides such as
GLP-1 and PYY (Figure 3; de Vos et al., 2022). Of note, mice
lacking these receptors display altered secretion of GLP-1 and
PYY after exposure to SCFAs or specific prebiotics (Psichas et al.,
2015; Koh et al., 2016; Brooks et al., 2017).

Various bacterial species are changed after prebiotic
supplementation. Ten years ago, we discovered that prebiotics
also strongly increased the abundance of Akkermansia
muciniphila (Everard et al., 2011). Strikingly, this bacterium
was almost lacking in obese/diabetic mice, while prebiotics
restored its abundance (Everard et al., 2013). A. muciniphila
can produce propionate and acetate, both acting as agonists for
agonists GPR-41, GPR-43 (Derrien et al., 2004). We discovered
that the administration of A. muciniphila exerts protective
effects against diet-induced obesity, diabetes, hepatic steatosis,
gut barrier dysfunction and in specific models of increased
caloric intake (Everard et al., 2013, 2019; Plovier et al., 2017;
Depommier et al., 2020).

In a therapeutic point of view, there is a great therapeutic
interest in modulating the production of SCFAs by using the
gut microbiota. Indeed, targeting the endogenous production
of GLP-1 and PYY is highly attractive since the levels of
these peptides are decreased in obese and diabetic individuals
(Ranganath et al., 1996; Mannucci et al., 2000; Verdich et al.,
2001; Vilsboll et al., 2001; Batterham et al., 2003; le Roux et al.,
2006). In overweight adults, the supplementation in inulin-
propionate ester (delivering specifically propionate in the colon)
not only increased PYY and GLP-1 plasma concentrations, but
decreased also significantly energy intake, leading to weight
loss (Chambers et al., 2015). Moreover, deleting the production
of PYY is linked with obesity and hyperphagia in mice
(Batterham et al., 2006).

In addition to the effects of SCFAs in the intestine, SCFAs
themselves are also able to enter the circulation through the

portal vein (Cummings et al., 1987; Weaver et al., 1988) and
eventually reach organ at distance including the brain (Frost
et al., 2014; Canfora et al., 2015). It has been shown that gut-
derived acetate is able to reach the brain and impact food
behavior suppressing appetite (Frost et al., 2014).

Endocannabinoids
As discussed here above, prebiotic supplementation was

associated with SCFAs production and correlated with the
production of GLP-1/PYY. However, other mediators are
involved in this crosstalk between gut microbes and host food
intake. Interestingly, the administration of A. muciniphila can
also increases the levels of specific bioactive lipids related
to endocannabinoids (Figure 3) (i.e., N-oleoylethanolamine
(OEA), 2-oleoylglycerol (2-OG), 2-arachidonoylglycerol [2-AG)
and 1 and 2 palmitoylglycerol (1-PG/2-PG)] (Everard et al.,
2013; Depommier et al., 2021). Some of these lipids, including
OEA and 2-OG have been shown to trigger the secretion of GLP-
1 by activating the G-coupled receptor 119 (GPR119) (Figure 3;
Lan et al., 2009; Lauffer et al., 2009; Hansen et al., 2011; Moss
et al., 2015). This suggests that A. muciniphila exerts beneficial
effects on the metabolic health of its host by modulating the
production of GLP-1 through different metabolic products.
More recently the role of the protein P9 specifically produced by
A. muciniphila has also been proposed and shown to promote
the secretion of GLP-1 by stimulating the L-cells via a different
mechanism than GPR43/41 or GPR119-dependent pathways
(Cani and Knauf, 2021; Yoon et al., 2021).

Besides the role of A. muciniphila, it has been discovered
that the human gut microbiota can produce N-acyl amides.
Those bacterial metabolites are mimicking endocannabinoid-
like lipids with some of them activating some endocannabinoid
related receptors such as GPR119 (Cohen et al., 2017).
Therefore, activating GPR119 present on the L-cells triggers
GLP-1 secretion and eventually may control food intake,
glucose, and energy metabolism (Cohen et al., 2017; Yang
et al., 2018). More recently, by using in GF mice an
extensive analysis of the endocannabinoidome (eCBome) which
comprises numerous bioactive lipid families biochemically
related to endocannabinoids, their receptors, and metabolic
enzymes, we discovered that the gut microbiota plays an
important role on the regulation of this system and this on
numerous organs and targets including the EEC and their
products (Manca et al., 2020a).

The eCBome is widely distributed in various tissues and
organs including the hypothalamus and different areas of
the brain but also in the liver, the gut, and the adipose
tissues. Therefore, the eCBome is now viewed as a key target
to modulate numerous physiological functions such as the
control of food intake but also glucose/lipid metabolism and
inflammation among other pathways. Hence, understanding the
link between the eCBome and more specifically the role of the
gut microbiota on this system constitutes an important target.
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Lipopolysaccharide
Gut barrier plays a key role in the symbiotic relationship

between gut microbes and the host since it allows the
uptake of essential nutrients and immune sensing, while
being restrictive against pathogenic molecules and bacteria
(Regnier et al., 2021). Indeed, alterations of the gut barrier,
facilitates lipopolysaccharide (LPS) translocation into the
circulation. This increase in plasma lipopolysaccharide (LPS)
(defined as metabolic endotoxemia) is involved in the onset
of low-grade inflammation characterizing obesity (Cani et al.,
2007a). LPS induces the activation of pro-inflammatory
pathways mainly through TLR4 in several organs including
the brain. Interestingly hypothalamic inflammation has
been associated with homeostatic food intake alterations
(Thaler et al., 2013).

That said, it is important to precise that even before the
onset of inflammation, the administration of LPS has been
demonstrated to stimulate the secretion of GLP-1 from EECs
through a TLR4-dependent mechanism (Figure 3; Lebrun et al.,
2017).

Caseinolytic peptidase B
Some bacterial components are also able to enter the blood

circulation to reach the brain. It has been described for the
caseinolytic peptidase B (ClpB), a chaperone protein from
Escherichia coli, that mimics anorexigenic hormone α-MSH and
binds to its receptor MC4R (Figure 3; Tennoune et al., 2014).
This protein has been associated with eating disorders (anorexia
nervosa, bulimia, binge-eating disorders) and obesity in human
populations (Tennoune et al., 2014).

Gut microbiota and non-homeostatic
control of food intake

As described above, the control of non-homeostatic food
intake is mainly driven by dopaminergic neurons at the level
of the mesocorticolimbic brain areas. Interestingly, animal
models depleted in gut microbiota have demonstrated the key
role of gut microbes in the dopaminergic transmission. In one
study, GF mice showed increased synthetizing dopamine
turnover (ratio DOPAC/dopamine) in the striatum as
compared to conventional specific pathogen free (SPF)
mice (Diaz Heijtz et al., 2011). Another study showed that
GF rats have lower dopamine degradation turnover rate
(ratio HVA/dopamine) in the striatum as compared to
SPF mice (Crumeyrolle-Arias et al., 2014). These results
were further confirmed with another approach of gut
microbiota depletion: mice treated with antibiotics (Desbonnet
et al., 2015). These pioneering studies opened the field
for the investigation of the role of gut microbes in many
dopaminergic-related disease including Parkinson’s disease,
addictions or hedonic dysregulations associated with obesity
(Hamamah et al., 2022).

The impacts of the alterations of the dopaminergic system
in absence of gut microbiota were then confirmed on a food
intake and more precisely on behavior. Indeed, GF mice show
increased hedonic intake (increased preference for lipid solution
and increased intake of highly concentrated sucrose solution)
compared to control mice (Duca et al., 2012; Swartz et al.,
2012). More recently, we showed that lean antibiotic-treated
mice eat significantly more high-fat high-sucrose (HFHS) diet
during a food preference test compared to lean mice with
intact gut microbiota (de Wouters d’Oplinter et al., 2021).
Even if these studies identified a role of gut microbes in
hedonic feeding, our team were the first to establish the
proof-of concept of the causal role of gut microbes in altered
hedonic food intake associated with obesity (de Wouters
d’Oplinter et al., 2021). After transferring the fecal material
from obese mice into lean recipient mice, obese gut microbiota
recipient mice behave as their obese donors: they eat less
palatable food (HFHS) than lean gut microbiota recipient
mice. We also showed that mice transferred from obese gut
microbiota donors have similar dopaminergic alterations as
observed during obesity, including reduced expressions of
DRD1 and DRD2, TH and increased expression of DAT in
the striatum as compared to mice receiving gut microbiota
from lean mice. These data demonstrate the causal roles of gut
microbes in the alteration of dopaminergic mesocorticolimbic
system during obesity.

Amino acids metabolism
The gut microbiota modulates the intestinal production

of neurotransmitters involved in the reward system including
serotonin and dopamine from key amino acids precursors
such as tryptophan, phenylalanine and tyrosine (Strandwitz,
2018). For instance, it has been shown that gut microbes
increase colonic expression of tryptophan hydroxylase 1, the
rate limiting enzyme synthetizing serotonin from tryptophan
(Reigstad et al., 2015). However, the impacts of intestinal amino
acids modulation on the brain and in particular on the food
reward system still needs to be address.

Moreover, amino acids themselves can influence the gut
microbiota composition and the reward system through the
gut-brain axis. Indeed, tryptophan has not only homeostatic
anorexigenic properties (shown on the hypothalamus, in hungry
conditions), but has also inhibiting effects on palatable food
intake. In fact, intra gastric infusion of tryptophan reduced
palatable intake in satiated mice and was associated with
decreased cFOS expression in the Nac shell and core (Figure 3;
Gartner et al., 2018).

Recently, a large-scale clinical study strengthened
the key associations between fecal amino acids, the gut
microbiota and the reward system in the context of obesity
(Dong et al., 2022). After confirming the alterations of
the reward system in obesity at the level of the Nac, the
authors characterized the obese gut microbiota by a higher
Prevotella/Bacteroides ratio. They further linked this ratio with
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nucleus accumbens alterations and fecal tryptophan, with
significant interactions. In this model, subjects with higher
body-mass index, would have higher Prevotella/Bacteroides
ratio and decreased fecal tryptophan. Whether if the link
between reduced tryptophan and alterations of the reward
system is mediated by modulations of neurotransmitters
remains to be demonstrated. Another human study showed
a negative association between bacterial gene functionality
coding for the enzyme synthetizing phenylalanine, the
precursor of dopamine, and the ventral striatal functional
MRI response during reward anticipation (Aarts et al., 2017).
These results suggest a potential role of gut microbes in
neurotransmitters production in the intestine and their
impacts on the brain. However, so far, these were only
correlations, the causal role of neurotransmitters modulated
by the gut microbiota on the reward system remains to
be demonstrated.

Vagus nerve
Reward-signaling pathways from the gut to the brain have

been highlighted thanks to the development of optogenetic
technologies and vagotomy protocols. In 2018, Han et al.
(2018b) demonstrated that one key mechanism by which
the gut communicates with the brain and influence the
food reward system is the vagus nerve, and uses glutamate
as neurotransmitter. So far, it is not clear if the gut
microbiota uses this pathway to influence the food reward
system. However, several evidence have been raised in favor
of that hypothesis, since vagal afferent nerves expressed
receptors for gut-derived compounds such as SCFAs or
gut peptides (GLP-1) influencing homeostatic and hedonic
food intakes (Figure 3; Egerod et al., 2018; Cook et al.,
2021).

Glucagon-like peptide-1
Acetate, butyrate and propionate have been broadly

described as beneficial gut-derived metabolites in the context
of obesity for their impact on food intake through the release
of satiation gut peptides GLP-1 and PYY (de Vos et al., 2022).
Importantly, homeostatic and non-homeostatic systems can
interact and GLP-1 receptors (GLP1R) are also expressed in
reward-related areas including the VTA and the Nac (Alhadeff
et al., 2012; Decarie-Spain and Kanoski, 2021). Moreover, micro-
injections of exendin-4, a GLP-1 analog, in the Nac and in the
VTA reduces sucrose and fat intakes, whereas the antagonist of
GLP1R, exendin-9 has opposite effects (Alhadeff et al., 2012).
The same pharmacological approach demonstrated that GLP1R
activation was able to reverse the conditioned place preference-
induced behavior and operant conditioning for sucrose reward
(Dickson et al., 2012), potentially acting through an inhibition
of dopaminergic firing and signaling in the Nac (Wang et al.,
2015; Konanur et al., 2020). Therefore, one may suggest that
modulation of GLP-1 by gut microbes could also impact the

reward system (Figure 3). Of note, GLP-1 is also produced
locally in the brain, from preproglucagon neurons (Trapp and
Brierley, 2022). The implication of gut-derived GLP-1 from
brain-derived GLP-1 on the reward system is not yet clearly
established and the roles of gut microbes in the regulation of
brain-derived GLP-1 remain to be investigated.

Short chain fatty acids
In the context of the reward system, effects of SCFAs

can also be observed independently of GLP1 and PYY
modulations. Indeed, a small clinical study involving healthy
men showed that the administration of inulin-propionate
ester, increasing selectively colonic propionate, was associated
with reduces anticipatory reward responses in the human
striatum to high-energy foods (Byrne et al., 2016). These
results were not linked with changes in plasma PYY or GLP-
1 suggesting an effect of propionate on the food reward
system independent of GLP-1 and PYY (Figure 3). In another
context of reward alterations, i.e., the chronic unpredictable
mild stress (CUMS), the supplementation in propionate intra-
rectally, restore the sucrose preference, together with the
concentration of dopamine in the prefrontal cortex of rats (Li
et al., 2018). Conversely, another study investigating CUMS
showed an increase in sucrose preference after inducing stress
and a decrease in sucrose preference upon SCFAs administration
(van de Wouw et al., 2018). It is worth noting that in this study,
SCFAs administration did not change SCFAs levels in the feces.

Endocannabinoids
Endocannabinoids have been described as important

neurotransmitters involved in the food reward system mainly
through the activation of cannabinoid receptor 1 (CB1) and
2 (CB2) in the brain and in the gut, and by mediating fat
preference (DiPatrizio et al., 2013; Lau et al., 2017). The
vagus nerve implication in the effects of endocannabinoids
on the reward-related processes has been demonstrated in
this context (Figure 3). Indeed, a recent study showed that
blocking peripheral CB1 receptors decreased dopaminergic
neurons activation and palatable food intake though the vagus
nerve (Berland et al., 2022). The vagal pathway is also token
by other bioactive lipids related to the endocannabinoid such
as OEA. This a gut-derived endocannabinoid was identified as
an intestinal lipid sensor, to increase striatal dopamine release,
and decrease high-fat intake in favor of low-fat solution intake
(Tellez et al., 2013; Hankir et al., 2017).

More studies need to investigate respective effects of other
endocannabinoids on hedonic food intake. One study in binge-
eating subjects showed that plasma levels of anandamide was
significantly elevated after eating palatable food without changes
in 2-AG levels (Monteleone et al., 2017); while another one
in rodents showed that 2-AG was elevated after binge-eating
episode (Berland et al., 2022).
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Interestingly since gut microbes are able to modulate
endocannabinoids and related lipids they could represent
potential mediators between gut microbes and food
reward. Indeed, GF mice exhibited altered brain and
intestinal endocannabinoidome (i.e., bioactive lipids and
their receptors), while these effects are reversed after
fecal material transplantation (Manca et al., 2020a,b). It
is clear that endocannabinoids signal through the vagus
nerve to influence the reward system as well as that gut
microbes are able to modulate endocannabinoids and
related lipids both in the intestine and the gut (Manca
et al., 2020a). However, the direct role of gut microbes
through endocannabinoid lipids on the food reward
system need to be demonstrated. Taken together, these
results suggest that endocannabinoids represent potential
mediators between the gut microbiota and the food reward
system (Figure 3).

Inflammation
Among the mechanisms underlying food reward alterations,

inflammation has emerged as a promising pathway (Sun et al.,
2017). Activation of pro-inflammatory pathways in reward-
related areas (Nac) has been described after high-fat feeding,
together with impaired motivation for sucrose rewards during
an operant conditioning task (Décarie-Spain et al., 2018).
Interestingly, silencing an important pathway of LPS inducing
inflammation, that is nuclear factor-κB (NFκB) pathway,
decreases the compulsive sucrose seeking (Décarie-Spain et al.,
2018). Alterations in the gut microbiota composition has
been identified to mediate inflammation through the systemic
circulation and the brain, notably through the disruption of
the gut and blood-brain barrier integrity (Cani et al., 2008;
Everard et al., 2013; Braniste et al., 2014; Erny et al., 2015).
More precisely, in the Nac, the inflammation induced by a high-
fat diet is reversed after antibiotic treatment and transferable

by fecal transplantation (Soto et al., 2018). The role of the gut
microbiota in inflammation-mediated behavioral alterations of
the food reward system still needs to be answered.

In a mechanistic point of view, it has been shown that
modulation of the gut microbiota by the administration
of SCFAs restores microglia (immune cells of the brain)
malformation and immaturity of the cortex of GF mice
(Erny et al., 2015). In addition, the gut microbes play key
roles in the maintain of the blood brain barrier which
acts as a crucial gatekeeper to control the passage of
molecules between the circulatory system and the brain,
including pro inflammatory molecules. Therefore, the maintain
of an appropriate BBB by the gut microbiota represents
an important mechanism of protection during inflammation
(Braniste et al., 2014).

Conclusion and therapeutic
perspectives

In the treatment of eating disorders such as binge eating,
strongly associated with obesity, only few pharmacological
approaches appear to be effective (Aguera et al., 2021).
Considering the gut microbiota interactions with the food
reward system previously described, the modulation of the gut
microbiota seems promising to treat eating disorders. However,
so far, only few studies have investigated this approach.

Some interesting associations were found between the use
of Bifidobacterium infantis and dopamine modulation in reward
related area of the brain, however, its impacts on food reward
remains to be demonstrated (Desbonnet et al., 2008). One
study found an inverse correlation between the abundance
of Akkermansia muciniphila and the food addiction score in
women (Dong et al., 2020). Akkermansia muciniphila acts on
multiple pathways involved in the reward system including
inflammation, the production of SCFA, the endocannabinoid
tone, making it a good candidate in the regulation of food
reward alterations. Some interesting associations were also
found about Bifidobacterium infantis. Its supplementation
revealed anti-inflammatory properties in rodents, coupled with
increased plasma concentrations of tryptophan and decrease
DOPAC in the cortical area of the brain (Desbonnet et al.,
2015). Another potential beneficial bacterium in this context
is Bifidobacterium pseudocatenulatum. Indeed, this bacterium
influences hedonic food behavior by reversing HFD-induced
reduction in sucrose preference (Agusti et al., 2018). Other
eating disorders related to the reward system such as binge
eating are also associated with obesity. The same research group
also investigated the administration of Bacteroides uniformis in
a binge eating model of mice. Its supplementation decreases the
total caloric intake of the binge episode, but with no difference in
hedonic intake (sucrose solution). Besides, Bacteroides uniformis
was associated with an increased expression of dopamine
receptor 1 in the prefrontal cortex (Agusti et al., 2021). However,
the effects of gut microbes on other components of the food
reward as well as the effect of other beneficial microbes and the
mechanisms related to these effects still need to be investigated.

The prebiotic approach modifies the gut microbiota
composition with beneficial effects on the host, notably through
the production of SCFAs. If their effects on homeostatic food
intake are consistent, it is not the case in hedonic mechanisms.
On the one hand, the administration of fructo-oligosaccharides
to diet-induced obese mice decreased their motivation for
sucrose pellets as compared to diet-induced obese mice, after
an overnight fasting, suggesting a worsening of their wanting
component of the reward (Delbes et al., 2018). These behavioral
results were not associated with changes in dopaminergic
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markers expressions in the nucleus accumbens. On the other
hand, another study using prebiotics, has shown that inulin (a
long chain fructan) increases sucrose preference and ameliorates
gut microbiota composition alterations induced by a high-fat
diet (Bernard et al., 2019). Finally, an oligosaccharide from the
human milk namely the 2-fucosyllactose, has been shown to
potentiate the motivation for food reward through the vagus
nerve (Vazquez et al., 2016).

In conclusion, we demonstrated the causal roles of gut
microbes in food reward alterations associated with obesity and
combined with these studies altogether this support the interest
of using gut microbiota targeted approaches to modulate food
reward behavior that is altered during obesity the related
mechanism remain to be addressed.
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