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INTRODUCTION

Our gut  and our brain are deeply interconnected.  A nauseous feel ing 
before an important  exam, a knotted stomach whi le about to skydive 
— whenever we face a stressful  s i tuat ion our emotions and anxiety can 
translate into “gut-wrenching” exper iences.  Whi le the way our brain 
controls  our gut  is  relat ively wel l  documented,  ins ight  into the feedback 
the gut  can exert  on the brain is  only start ing to emerge. 

Our brain sends informat ion and controls  the way our gastrointest inal 
t ract  operates,  and our gut ,  of ten depicted as our body’s “second brain” 
is  in turn able to af fect  our mood,  mental  heal th,  and beyond [1 ] ,  [2 ].  This 
bi -di rect ional  mind-gut  connect ion rel ies on a vast  web of  neuronal 
c i rcui t ry  and a plethora of  neurotransmit ters ,  hormones,  and  
st i l l - to-discover chemicals constant ly  providing updates on the state 
af fa i rs  f rom both ends,  through the so-cal led gut  brain axis  (GBA) . 

What i f  this crosstalk would go beyond these two protagonists'  act ions 
and be orchestrated by a third ent i ty,  the largest colony of residents 
inside our bodies:  our gut microbiota? These tr i l l ions of microorganisms, 
including bacter ia,  fungi ,  prot ists ,  archaea, and viruses that colonize 
every corner of  our gastrointest inal  (GI )  t ract  deeply impact our dai ly 
l ives [3].  I t  has become increasingly clear that the gut microbiota is a key 
regulator of  host physiology and a cr i t ical  determinant of  human health 
and disease. Indeed, these microbes not only provide essential  capacit ies 
for the fermentat ion of non-digest ible food substrates l ike dietary f ibers, 
but they also play an essential  role in the development and funct ion of 
the GI tract ,  the immune system and the nervous system, by control l ing 
the metabol ic state of  the body through the gut brain axis  [3] ,  [4]. 
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Our gut microbiota’s diversity and composit ion t ightly inf luence hundreds 
i f  not thousands of metabolic processes. Gut microbial  communit ies 
are dynamic entit ies that can change both in composit ion and activity 
throughout our l ives. They respond to a myriad of factors,  including 
age, genetics,  hygiene, drugs, and, more importantly,  diet [5].  Therefore, 
a careful consideration of the specif ic nutr ients and dietary habits 
promoting a healthy gut microbiota offers the opportunity to extensively 
act upon our health and prevent the onset of a wide range of adverse 
condit ions. 

Through this  paper,  we provide insights on how food can impact  our 
heal th and diseases through the inf luence that  our gut  microbiota plays 
on the intr icate and crucia l  connect ions taking place between the gut 
and the brain. 
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THE MICROBIOTA-GUT-BRAIN CONNECTION

The gut  and the brain communicate in tandem both physical ly  and 
biochemical ly  through the gut  brain axis .  This complex c i rcui t ry  involves 
three main communicat ion channels :  the nervous system, the endocr ine 
system, and the immune system, a l l  connected in one way or  another to 
the microbiota and i ts  metabol i tes [3] ,  [4 ] ,  [6 ] ,  [7 ]  (F igure 1 ) .

Figure 1 .  The bidirect ional  communicat ion between the gut  microbiota and the brain is  mediated 
by direct  and indirect  pathways involv ing the endocr ine system, the nervous system, and the 
immune system. These pathways use var ious ef fectors including,  hormones,  neurotransmit ters , 
microbial  metabol i tes,  pept ides,  enzymes,  immune factors further inf luencing our metabol ism 
and overal l  heal th.  The act ivat ion of  the hypothalamic–pitui tary–adrenal  (HPA) axis  is  associated 
with the occurrence of  stress factors or  dysbiosis .  Under the inf luence of  the adrenocort icotropic 
hormone (ACTH),  the adrenal  gland begins to produce and secrete the stress hormone (cort isol ) , 
which is  responsible for  the modulat ion of  intest inal  immune and barr ier  funct ions.  
Created in BioRender.com.
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The Nervous System

Our brain and spinal  cord connect  to our per ipheral  nervous system, 
in part icular  to the enter ic  nervous system — a mesh- l ike system 
of  neurons that  governs the funct ion of  the gastrointest inal  t ract 
considered as our second brain — via the vagus nerve through the use 
of  neurotransmit ters .  The enter ic  nervous system controls  numerous 
processes related to the digest ive funct ions such as the speed at  which 
the food transi t  through the gut ,  the secret ion of  acid in our stomach, 
and the product ion of  mucus on the intest inal  l in ing;  and also modulates 
immune and endocr ine funct ion.  

As ment ioned ear l ier  the gut-brain connect ion is  bidirect ional ,  meaning 
that  beyond i ts  extensive role in monitor ing our digest ive t ract  and 
sat iety,  the brain can also receive informat ion and feedback f rom the 
gut .  Indeed,  in the past  decade,  the gut  brain axis  has been increasingly 
recognized for  i ts  importance in regulat ing higher-order cognit ive and 
psychological  processes.  For example,  several  mood disorders,  such as 
anxiety,  depression,  and aut ism spectrum disorders,  are correlated to 
funct ional  GI  disrupt ions [1 ] ,  [5 ] ,  [8 ]–[10].  Moreover,  ear ly  l i fe gastrointest inal 
infect ion with bacter ia l  pathogens such as enteropathogenic Escher ichia 
col i ,  can have dramat ic consequences on the GBA communicat ion 
and cognit ive funct ion in adulthood through the impairment of  key 
neurodevelopmental  processes [11 ] ,  [ 12].

Indeed,  a large proport ion of  the most potent  neurotransmit ters , 
including Dopamine and Serotonin (5-HT) ,  which contr ibute to our 
feel ings of  happiness,  as wel l  as gamma-aminobutyr ic  acid (GABA) and 
Glutamate (Glu) ,  which help control  feel ings of  fear  and anxiety,  are 
produced by our gut  cel ls  and the tr i l l ions of  microbes inhabit ing our 
digest ive t ract  [13] ,  [ 14].  This  led to the emerging concept of  “microbial 
endocr inology,”  which considers these neurochemicals as a common 
shared language that  enables the communicat ion between the gut 
microbiota and their  host  [14]–[16]. 
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Interest ingly,  theor ies suggest  that  microbes are using these 
neurotransmit ters to their  advantage to control  our cravings and 
coerce us into del iver ing speci f ic  foods to them. For example,  some 
sugar-hungry bacter ia fed with sweets wi l l  secrete dopamine,  further 
reinforcing our feel ing of  happiness and craving for  that  candy bar 
star ing at  us.

The role that  the gut  microbiota may play in the modulat ion the vagal 
pathway to control  our feeding behavior  and reward s ignal ing is 
a lso supported by animal  studies in which overeat ing and/or obesi ty 
phenotype can be transmit ted to germ-free animal  v ia the t ransfer  of  the 
GI  microbiota f rom indiv iduals fed with high-fat  diet  [17] ,  [ 18].

The Endocrine System

In  addit ion to neurotransmit ters ,  communicat ion along the GBA involves 
the act ion of  hormones such as cort isol  through a major  channel 
known as the hypothalamic-pi tu i tary-adrenal  (HPA) axis .  The HPA 
axis const i tutes the pr imary neuroendocr ine coordinator  of  the stress 
response but  a lso regulates di f ferent  body processes,  including bowel 
funct ion dur ing digest ion,  immunity,  emotions,  and mood [19]. 

Not  surpr is ingly,  the act ivat ion of  stress responses or  dysregulat ion 
of  the HPA axis is  of ten l inked to gastrointest inal  d isorders such as 
inf lammatory bowel disease ( IBD) or  col i t is  [9].  Several  l ines of  evidence, 
including studies using deep-sequencing methods,  suggest  that  stress 
in ear ly  l i fe can have long-term effects on the composit ion of  the gut 
microbiota and mood disorders [20]–[22].  Stress can induce increased 
permeabi l i ty,  a l lowing bacter ia and bacter ia l -by-product  ant igens 
to cross the intest inal  epi thel ia l  barr ier,  and act ivate inf lammatory 
responses suscept ible to a l ter ing gut  microbiota composit ion and GI 
funct ion both local ly  and dista l ly  in the brain [23].  Interest ingly,  in  animals , 
probiot ic  t reatment can prevent chronic stress through i ts  benef ic ia l 
ef fect  on the intest inal  barr ier  funct ion  [24]. 
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The bidirectional i ty of the gut brain axis applies to our endocrine system 
too. Evidence suggests that the gut microbiota play a cri t ical  role in the 
regulat ion of sex hormones, such as estrogens, and that poor gut health 
increases the r isk of estrogen-related diseases such as Polycystic ovary 
syndrome (PCOS),  endometriosis,  and even breast cancer in women [25]–[27]. 

The Immune System

Our immune system const i tutes our body’s f ront l ine of  defense against 
harmful  external  agents and endogenous perturbat ion of  homeostasis .  I t 
is  character ized by two components: 

1 .  The innate immunity ,  a  bui l t - in ,  rapid,  and non-speci f ic  response to 
any foreign molecules (e. i . ;  ant igen) ,  and 

2.  The adapt ive immunity  react ing to speci f ic  ant igens for  a s lower but 
more select ive and targeted response to pathogens including those 
previously unmet. 

Although the immune system spreads across al l  t issues, sites l ike the gut 
are part icularly r ich in immune cel ls.  About three-quarters of al l  human 
body immune cel ls are located in the gastrointestinal tract [28],  exposing 
them to a constant interaction with the gut microbiota. These interactions 
“teach” our immune system to dist inguish and tolerate beneficial  bacteria 
from pathogenic agents amongst tr i l l ions of entit ies [29]. 

The detect ion of  foreign bacter ia ,  bacter ia l  by-products ,  or  ant igens by 
immune cel ls  ant ibodies t r igger the product ion of  smal l  proteins cal led 
cytokines,  spreading the s ignal  and coordinat ing the response to other 
immune cel ls .  Cytokines and other proinf lammatory immune factors , 
such as L ipopolysacchar ides (LPS)  can act ivate microgl ia cel ls  — the 
brain-speci f ic  type of  immune cel ls  — to further f ight  pathogens but  may 
also lead to mental  d isorders.  The act ivat ion threshold for  pathogenic 
st imulat ion depends on a f inely tuned balancing act  between ant i -  and 
pro- inf lammatory cytokines. 
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Recent evidence reveals that short-chain fatty acids (SCFAs) — the 
primary metabolites of the intestinal microbiota produced by anaerobic 
fermentation — exhibit  potent immunomodulatory propert ies on both 
innate and adaptive response through the modulation of cytokine 
production, and the induction of regulatory T cel l  expansion [30].  Therefore, 
an imbalance of our gut microbial  community,  known as dysbiosis,  can 
have dramatic consequences on the regulat ion of immune homeostasis 
leading to autoimmune and immune-mediated diseases [31] ,  [32]. 

In  addit ion,  the intest inal  microbiota strongly inf luence vi tamin 
metabol ism which can in turn have profound consequences on host 
immunity [33].  Indeed,  v i tamins are essent ia l  for  the development, 
maintenance,  and funct ion of  the immune system. Since we cannot 
produce them, v i tamins must  be acquired ei ther f rom diet ,  or  through 
their  synthesis by commensal  bacter ia .  This impl ies that  not  only 
composit ional  changes in gut  microbiota can af fect  immune funct ion 
but  that  the immune system can in turn modulate v i tamin biosynthesis 
through i ts  act ion on the gut  microbiota [34]. 
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FEEDING THE GUT

The health of  a natural  ecosystem is  of ten measured by the r ichness and 
divers i ty  of  i ts  species community.  Our gut  microbiota is  no di f ferent . 
Est imated at  100 tr i l l ions of  microbes including bacter ia ,  yeast ,  prot ists 
and vi ruses,  the divers i ty  of  microbial  species inhabit ing our gut  is 
subject  to dynamic changes that  play a pivotal  role in our heal th and 
wel l -being throughout l i fe [35] ,  [36]. 

The progress in next-generat ion sequencing technologies has 
revolut ionized the way in which microbes that  colonize the GI  t ract 
are ident i f ied and funct ional ly  character ized,  a l lowing the discovery of 
unculturable species and their  metabol ic  capabi l i t ies [37] ,  [38].  Al though 
there are s imi lar i t ies in the microbial  phylum commonly found in 
our GI  t ract  – with Bacteroidetes  and Firmicutes represent ing about 
90% of  our ent i re f lora [39] – the composit ion of  our gut  microbiota 
is  a complex ent i ty  evolv ing throughout our l i fe stages,  showing an 
important  var iabi l i ty  within and between indiv iduals .  Indeed,  the 
di f ferent  anatomical  regions of  our digest ive t ract  const i tute var ious 
ecological  n iches character ized by their  own physiology,  pH,  O2 tension, 
and digest ive f low rates l inked to speci f ic  microbial  assembly [40] ,  [41 ]. 
For  instance,  whi le some bacter ia thr ive in the acidic environment of 
the smal l  intest ine,  others requir ing an anaerobic (depr ived of  oxygen) 
habitat  f ind their  opt imal  condit ions in the large intest ine [40]. 

Var ious factors inf luence our gut  microbiota f ingerpr int ,  including 
genet ic ,  mode of  bir th del ivery,  h istory of  infect ions,  use of  medicat ions 
(ant ib iot ics) ,  and arguably one of  most  important ,  our diet  [3] ,  [42] ,  [43].  In 
l ink with these factors ,  inter- indiv idual  var iabi l i ty  in gut  microbiota 
composit ion begins ear ly  in l i fe.  At  bi r th ,  neonates’  GI  t ract  is  colonized 
by speci f ic  sets of  microbes inher i ted f rom the mother and determined 
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by the mode of  del ivery.  Unl ike natural ly  del ivered babies,  newborns 
del ivered by C-sect ion are not  exposed to vaginal  species (most ly 
represented by Lactobaci l lus spp . )  nor  to fecal  microbes leading to 
essent ia l  d i f ferences in the establ ishment and composit ion of  their  gut 
microbiota.  Studies suggest  that  these di f ferences have been associated 
with long- last ing adverse ef fects on postnatal  immune development, 
predisposing to infect ions,  a l lergies,  and inf lammatory disorders through 
chi ldhood [44]–[47]. 

The First Meal

Our f i rst  encounter with food is  instrumental  in  shaping our gut 
microbiota.  Rich in fats ,  protein,  carbs and other heal th-promoting 
compounds,  human mi lk const i tutes a complete and nutr i t ious source 
of  food for  the baby.  However,  long-standing quest ions have been 
occupying researchers’  minds for  decades.  Why is  the thi rd most 
abundant c lass of  molecules found in breast  mi lk – a col lect ion of 
complex sugars known as human mi lk ol igosacchar ides (HMOs) – 
undigest ible by babies? What ’s  the reason mothers would produce 
energet ical ly  cost ly  compounds i f  they were not  meant to serve babies' 
needs? 

In the f i rst  hal f  of  the 20th century research on HMOs exper ienced a 
breakthrough with their  character izat ion as “Bif idus  factors”.  Act ing as 
prebiot ics ,  in  other words,  substances promoting the growth of  intest inal 
bacter ia ,  such as Bi f idobacter ia and Bacteroides  [48] ,  [49],  these sugars play 
a cr i t ical  role in shaping the infant ’s  gut  microbiota further inf luencing 
their  short  and long-term health.  With over 200 HMOs ident i f ied so 
far,  these complex carbs exhibi t  an important  structural  d ivers i ty  that 
t ranslates into a wide array of  biological  funct ions extending beyond 
their  role in feeding babies gut  good guys. 

Recent studies are cont inuously providing new insights regarding HMO’s 
benef ic ia l  heal th impact ,  including ant i -adhesive propert ies against 
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pathogens,  modulat ion of  the epithel ia l  and mucosal  barr ier,  as wel l 
as an extensive ef fect  on immune cel l  funct ion,  brain development, 
and cognit ion [50]–[53]  (F igure 2A) .  For example,  s ia l ic  acid,  a sugar group 
enter ing in the composit ion of  certa in HMOs const i tutes an important 
nutr ient  for  the developing brain and is  associated with cognit ive 
benef i t  as shown in animal  studies [54] ,  [55].  These l ines of  evidence along 
with our recent abi l i ty  to synthet ize HMOs [56] provide unprecedented 
opportuni t ies to rethink mi lk formulas and reduce the discrepancy in 
heal th outcomes observed between breast- fed and formula- fed babies. 

Figure 2.  From bir th to adulthood our diet  plays a pivotal  role in the structural  and funct ional 
capaci ty of  our microbiota.  (A)  Dur ing the f i rst  month of  l i fe,  Human Mi lk Ol igosacchar ides 
(HMOs) promote the growth of  benef ic ia l  bacter ia and posi t ively inf luence brain development 
and cognit ion.  As the baby starts  t ransi t ioning to sol id food,  i ts  microbiota undergoes drast ic 
changes in composit ion and funct ion.  (B)  Later  in l i fe,  the consumption of  food r ich in Microbiota 
Accessible Carbohydrates (MAC),  Polyphenols ,  and Probiot ics help bui ld a heal thy microbiota 
and achieve better  heal th outcomes.  Along with Polyphenols ,  the product ion of  Short  Chain Fatty 
Acids (SCFAs)  and neurotransmit ters such as gamma-aminobutyr ic  acid (GABA) and Serotonin by 
benef ic ia l  bacter ia exert  a posi t ive impact  on var ious t issues and body systems.   
Created in BioRender.com.

A.

B.
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Through the weaning phase the microbiota membership undergoes 
a radical  change as the infant  starts  t ransi t ioning to sol id food.  This 
change is  character ized by a “bloom” in microbial  d ivers i ty  occurr ing 
almost  immediately af ter  the introduct ion of  sol id food.  Studies show 
that  the role of  HMOs is  instrumental  in  prepar ing the ground for  the 
digest ion of  the baby’s f i rst  meal  by favor iz ing the ear ly  colonizat ion of 
the gut  with the r ight  microbiota [49] ,  [57].

Building a Healthy Microbiota

The establishment of a healthy microbiota during the first years of l i fe is 
crit ical in setting the right dialing system between our gut and our brain. 
Nonetheless, it is never too late to act upon microbiota gut brain (MGB) 
axis communication. The gut microbiota is a dynamic entity evolving 
throughout our entire l ife, deeply influenced by diet, drugs (antibiotics), and 
supplements including prebiotics and probiotics. Prebiotics refer to non-
digestible food ingredients including f ibers and polyphenols that promote 
the growth of resident beneficial  bacteria [58].  Probiotics on the other hand 
represent the l ive microorganisms contained in food and that confer a 
health benefit  to the host by improving intestinal microbial  balance [59]. 
Although they differ in nature both pre- and probiotics are important to 
human health and constitute strong drivers shaping the composition and 
the functional capacity of the gut microbiota [60].

The big MACs

Unl ike s imple carbs such as glucose,  f ructose and galactose,  complex 
carbs known as dietary f ibers cannot be absorbed by the smal l  intest ine 
due to the lack of  digest ive enzymes in our body able to degrade them. 
However dietary f ibers and certa in types of  fermentable f ibers cal led 
microbiota accessible carbohydrates (MACs)  — part icular ly  abundant 
in f ru i ts ,  vegetables,  and plant-based diets — const i tute a favored 
food source for  the microbes l iv ing further down in the colon.  As these 
microbes start  ferment ing MACs,  they manufacture a wide divers i ty  of 
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metabol i tes such as short  chain fat ty  acids (SCFAs) ,  that  are ut i l ized by 
host  intest inal  cel ls  (colonocytes)  promoting colonic intest inal  epi thel ia l 
integr i ty  and a heal thy gut .  In  addit ion,  SCFAs af fect  both posi t ively 
and negat ively other gut  bacter ia and further enr ich and modulate the 
microbial  community assembly [60]. 

A l though a  large number  of  SCFAs have been ident i f ied so far,  acetate, 
propionate,  and butyrate  are amongst  the most  abundant  [61 ] .  Not  on ly 
do these metabol i tes  const i tu te  key factors  feeding our  gut  microbes, 
but  they a lso p lay  an extens ive ro le  in  our  ent i re  phys io logy through 
the i r  act ion in  the regulat ion of  immune funct ion ,  host  metabol ism 
and bra in  homeostas is  (more on butyrate ’s  heal th  benef i t  in  our  keto 
paper ) .  Once absorbed SCFAs enter the systemic circulat ion exert ing 
their beneficial  effect in distal  organs including the l iver,  heart ,  and brain. 
As major actors of the MGB axis crosstalk,  SCFAs interact with a series 
of receptors located in various cel l  populat ions from the gastrointestinal 
mucosa to the immune and nervous systems, promoting direct and indirect 
signal ing to the brain [62]–[64].  Through their act ion on brain myelination 
– a process part icularly important during early neurodevelopment to 
provide the foundation for brain connectivity – SFCAs are able to restore 
antibiot ic induced anxiety in animal models [65].  A l ternat ive ly,  these 
metabol i tes  have a lso been shown to  contro l  gene express ion through 
the regulat ion of  the epigenet ic  landscape,  therefore in f luenc ing a 
wide range of  b io logica l  processes inc luding energy metabol ism and 
innate immune memory [66] ,  [67 ].  A l though more research is  s t i l l  needed to 
fu l ly  understand SFCAs impl icat ion in  human heal th  and how th is  could 
t rans la te  in to  appl icable  d ietary  in tervent ion ,  these metabol i tes  c lear ly 
represent  promis ing targets  for  development  of  novel  therapeut ic 
methods to  t reat  bra in  d isorders  and improve cogni t ive  funct ion .

https://foodandhealth.ucdavis.edu/ketones-the-fourth-macronutrient/
https://foodandhealth.ucdavis.edu/ketones-the-fourth-macronutrient/
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Polyphenols

Along with fibers, polyphenols represent another important class of plant-
derived substances known for their potent health benefits through their 
antioxidant, anti- inflammatory and neuroprotective properties [68].  According 
to recent studies these ef fects may be associated with the act ion that 
polyphenols exert  on our microbiota by select ively inhibi t ing the growth 
of  pathogenic bacter ia and promoting the growth of  the benef ic ia l  ones 
including SCFAs’  producing bacter ia [69] ,  [70].  Reciprocal ly,  the microbiota 
i tsel f  can inf luence polyphenols bioavai labi l i ty  as wel l  as using them 
as precursors for  the product ion of  benef ic ia l  metabol i tes [71 ].  Because 
certa in microbes are better  than others in processing polyphenols , 
inter- indiv idual  di f ferences in gut  microbiota composit ion can resul t  in 
s igni f icant  var iat ion in their  b io-t ransformat ion and absorpt ion [72] ,  [73]. 
In  addit ion,  the low bioavai labi l i ty  of  dietary polyphenols const i tutes a 
ser ious l imitat ion to their  therapeut ic potent ia l .  To overcome this  barr ier, 
innovat ion in food formulat ion is  cr i t ical  to improve the way phenol ic 
compounds can be del ivered throughout the GI  t ract  and achieve health 
benef i ts .  F lavonoids for  example,  a c lass of  polyphenols interact ing with 
the gut  microbiota and support ing memory,  cardiovascular  and brain 
heal th,  is  undergoing extensive research to improve i ts  absorpt ion and 
how i t  can be supplemented in food products for  dietary intervent ion [74].

Probiotics 

As discussed,  eat ing nutr i t ious and divers i f ied food is  arguably an 
ef f ic ient  way to nurture a heal thy microbiota and prevent dysbiosis 
associated diseases.  However,  i t  is  becoming increasingly c lear 
that  we al l  respond di f ferent ly  to diet ,  which largely stems from the 
inter indiv idual  var iabi l i ty  of  the microbial  community inhabit ing our gut . 
Also,  in addit ion to feeding commensal  microbes with food that  enhance 
the product ion of  benef ic ia l  metabol i tes,  enr iching our microbiota with 
selected stra ins of  probiot ics is  another way to improve gut  microbiota 
funct ional  capaci ty.  Therefore,  when the integr i ty  of  the microbiota 
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is  chal lenged by diverse factors including stress,  poor diet ,  bacter ia l 
infect ion or  ant ibiot ic  t reatment ,  probiot ics have proven to be helpful  to 
restor ing the microbial  intest inal  balance and recover ing f rom dysbiosis 
through the reinforcement of  the gut  barr ier  [75].

The re la t ionship  between probiot ics  and our  microbiota  is  as  o ld  as 
human h is tory  and c losely  re la ted to  the process of  fermentat ion used 
for  centur ies  to  increase food and dr ink  preservat ion  [76].  Probiot ic 
microorganisms present  in  fermented food such as  Kef i r,  kombucha 
or  k imchi  (usual ly  conta in ing lact ic  ac id  bacter ia  and yeast )  produce 
usefu l  metabol i tes  such as  organic  ac ids  and ant imicrobia l  compounds 
that  inh ib i t  the growth of  pathogens and spoi lage organisms. 
Assoc iated wi th  heal th  promot ing ef fects  inc luding mi t igat ion of 
metabol ic  syndrome [77] ,  [78 ],  probiot ic  bacter ia have become increasingly 
popular.  In  combinat ion with prebiot ics ( termed as synbiot ics)  or  under 
the newly developed form of  postbiot ics ( isolated bioact ives)  they are 
now widely appl ied to var ious food products and supplements,  as wel l  as 
animal  feed,  as an al ternat ive to ant ibiot ic  t reatment [79]. 

Whether probiot ic  t reatment can be ef fect ive in reshaping our microbiota 
divers i ty  on the long run is  st i l l  debated and s igni f icant  var iat ion in 
ef f icacy can not  only be observed between probiot ic  species but  a lso 
between di f ferent  stra ins.  Al though probiot ics are general ly  regarded as 
safe,  many probiot ics sold as dietary supplements don’t  require approval 
f rom the Food and Drug Administrat ion and the benef i ts  being c la imed 
are not  a lways scient i f ical ly  establ ished.  In addit ion,  there are growing 
concerns associated with the potent ia l  impl icat ion of  probiot ic  bacter ia 
in ant ibiot ic  resistance.  Indeed,  probiot ic  bacter ia can carry ant ibiot ic 
resistance genes that  may be transferred to opportunist ic  pathogens 
shar ing the same intest inal  habitat  [80] ,  [81 ].  Given the recent and 
unregulated expansion of  the probiot ic  market  i t  is  important  to remain 
conscious of  the potent ia l  r isk associated with an excessive use of 
probiot ics to keep the balance in favor of  their  benef ic ia l  heal th ef fects .
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Psychobiotics

A new c lass  of  probiot ics  of  in terest  for  the i r  d is t inct ive ro le  in 
bra in  heal th  and psychotropic  act iv i ty  is  emerging:  the psychobiot ic . 
Psychobiot ics  represent  promis ing tools  to  a l lev ia te  the symptoms 
of  severa l  bra in  d isorders  inc luding aut ism spectrum disorders , 
Park inson’s  d isease,  mul t ip le  sc leros is ,  insomnia ,  depress ion,  d iabet ic 
neuropathy and others  [82].  Mood d isorders  and psychiat r ic  condi t ions 
such as  depress ion are character ized by an hyperact ivat ion of  the HPA, 
enhanced permeabi l i ty  o f  the b lood-bra in  barr ier  and decreased levels 
of  serotonin  caused by pro inf lammatory  cytok ines .  Some Lactobaci l lus 
and Bi f idobacter ium  s t ra ins  are  repor ted to  be ef fect ive in 
amel iorat ing these symptoms.  Indeed,  through the i r  ant i - in f lammatory 
proper t ies  and the natura l  product ion of  neuroact ive metabol i tes 
and neurot ransmi t ters  such as  GABA and Serotonin ,  they p lay  an 
extens ive ro le  in  the regulat ion of  HPA act iv i ty  leading to  a  decrease 
in  cor t iso l  leve ls  [83]– [85].  Furthermore,  an act ive area of  research is  the 
metabol ic/genet ic engineer ing of  bacter ia to enhance the product ion 
of  neurotransmit ters for  microbiome therapy [86] ,  [87].  In  mouse model 
oral  administrat ion of  bacter ia genet ical ly  engineered to cont inuously 
produce L-DOPA is  showing promising resul ts  in the mit igat ion of 
Parkinson’s disease [88].     

The development of  psychobiot ic  and microbiome treatments are 
expected to provide valuable al ternat ives to the use of  convent ional 
ant i -depressant and benef i t  pat ient  suf fer ing f rom mood disorders and 
neurodegenerat ive and neurodevelopmental  d isorders.

Minimizing the impact of the bad guys

Nurtur ing a heal thy microbiota also means l imit ing our exposure to 
factors suscept ible to impair  i ts  composit ion and funct ion such as 
ant ibiot ics ,  poor diet ,  or  bacter ia l  infect ion.  Xenobiot ics const i tute 
a wel l -documented class of  compounds known for  their  deleter ious 
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impact  on gut  heal th.  They include a wide range of  molecules such as 
ant ibiot ics ,  pest ic ides,  a i r  pol lutants ,  polychlor inated biphenyls (PCBs) , 
and heavy metals able to induce profound funct ional  changes to the 
gut  microbiota and induce dysbiosis  [89].  In  addit ion,  the gut  microbiota 
also contr ibutes to the biotransformat ion of  xenobiot ics ,  af fect ing 
their  act iv i t ies,  toxic i t ies,  and l i fet imes within the body making the 
character izat ion of  their  ef fects on our metabol ism chal lenging [90]. 
Depending on what they feed on, even good gut microbes can impact our 
health through the by-products they secrete. Food such as red meat and 
full-fat dairy products are particularly rich in choline, carnitine, and betaine, 
used by certain gut bacteria as precursors to produce Trimethylamine 
(TMA). In the l iver circulating TMA is oxidized to form Trimethylamine-
N-oxide (TMAO), a key driver of vascular inflammation, recognized as 
biomarker for atherosclerosis and cardiovascular diseases (CVD) as 
observed in patient with high TMAO blood level  [91]–[94].  On the bright side, 
the growth of TMA producing bacteria can be inhibited through dietary 
intervention using bioactive ingredients and phytochemicals in order to 
reduce TMAO biosynthesis and mitigate CVD [95]. 
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CONCLUSION

Our current  understanding of  the MGB axis represents a change in 
paradigm in the way we think about human health and cl in ical  medicine. 
Al though the ident i ty  of  what const i tutes a heal thy gut  microbiota 
remains chal lenging,  our comprehension of  the relat ionship between 
the key members of  our gut  community and their  inf luence on our 
physiology is  gett ing deeper than ever [5].  From our immune system, to 
our endocr ine system, to our nervous system, our gut  microbiota and i ts 
by-products modulate the most important  communicat ion centers of  our 
body as i l lustrated by their  central  role in the gut-brain axis . 

We now know that  gut  microbiota dr ive benef ic ia l  heal th development 
and prevent disease when balanced,  whereas a dysbiot ic  microbiome 
can create disease and in certa in cases,  impede recovery.  Since 
histor ical  breakthroughs using germ-free mice or  fecal  t ransplant 
exper iments,  the recent progress in omics technologies is  revolut ioniz ing 
the f ie ld.  We can now interpret  how food af fects the divers i ty  of  our gut 
microbes,  promote the growth of  benef ic ia l  bacter ia and decipher the 
impact  of  their  metabol i tes on our body. 

Science based dietary intervent ions are key to improving human health 
and addit ional  research is  needed to keep unfolding the ef fects of  gut 
microbiota in other areas of  human health ( i .e  other organs and systems) 
as wel l  as at  a l l  s tages of  l i fe ( f rom prenatal  " in-utero" development 
to the elder ly ) .  Meanwhi le,  the development of  the next  generat ion 
of  heal thy " -biot ics",  metabol i tes-based products and therapeut ic 
strategies leveraging the way our microbiota respond to diet  and af fect 
brain funct ion,  wi l l  of fer  unprecedented opportuni t ies to rethink our 
relat ionship with food and achieve better  heal th outcomes.
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