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Abstract 

The brain controls the nerve system, allowing complex emotional and cogniti v e acti vities. The micr obiota–gut–brain axis is a bidi- 
rectional neural, hormonal, and immune signaling pathway that could link the gastrointestinal tract to the brain. Over the past few 

decades, gut microbiota has been demonstrated to be an essential component of the gastrointestinal tract that plays a crucial role 
in regulating most functions of various body organs. The effects of the microbiota on the brain occur through the production of neu- 
r otransmitters, hormones, and meta bolites, r egulation of host-pr oduced meta bolites, or thr ough the synthesis of meta bolites by the 
micr obiota themselv es. This affects the host’s behavior, mood, attention state, and the brain’s food r ew ard system. Meanwhile, ther e is 
an intimate association between the gut microbiota and exercise. Exercise can change gut microbiota numerically and qualitatively, 
which may be partiall y r esponsib le for the widespread benefits of regular physical activity on human health. Functional magnetic 
r esonance ima ging (fMRI) is a non-inv asi v e method to show ar eas of brain acti vity ena b ling the delineation of specific brain r egions 
inv olv ed in neur ocogniti v e disorders. Thr ough combining exercise tasks and fMRI techniques, researchers can observe the effects of 
exercise on higher brain functions. However, exercise’s effects on brain health via gut micr obiota hav e been little studied. This article 
re vie ws and highlights the connections between these three inter actions, whic h will help us to further understand the positive effects 
of exercise on brain health and provide new strategies and approaches for the pr ev ention and treatment of brain diseases. 

Ke yw or ds: br ain health; microbiota; exer cise; fMRI; anxiety disorders; de pr ession; cognition; food r ew ard 
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Introduction 

Brain health has a significant impact on every facet of our daily 
functioning, including sensory perception, motor control, orienta- 
tion and cognitive function, emotion regulation, and execution of 
a ppr opriate behaviour under social cognition (Wang et al., 2020 ). In 

addition to emotional and cognitive processes, food rew ar d is inti- 
mately connected to brain health. It is encoded by specific neural 
pathways in the brain and can be influenced by metabolic sig- 
naling; visual, olfactory, and gustatory stim uli deriv ed fr om per- 
ception of food; and cognitive mechanisms such as attention,
learning, and memory (Berthoud et al., 2017 ). When the brain’s 
r e w ar d system is ov er activ ated, the human body will consume 
foods abundant with fat, carbohydrates, and energy, which may 
lead to overweight and obesity over time (Brondel et al., 2022 ). A 

scientific assessment of brain health is necessary to define and 

pr omote optim um br ain health. A number of questionnair es hav e 
been devised to examine the health of the brain by having fre- 
quent car egiv ers or close famil y members self-r eport or observ e 
e v eryday activities or skills. But given the multifaceted nature of 
brain health, it is still difficult to provide a thorough assessment or 
measur ement of br ain health using a single indicator. Fortunately,
functional magnetic resonance imaging (fMRI) has been used to 
assess the functional connectivity and integrity of the brain net- 
work (Modi et al., 2017 ). 
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Micr oor ganisms colonize extensiv el y on the skin, r espir atory
r act, ur ogenital tr act, eyes, and gastr ointestinal (GI) tr act, with

ost residing in the gut. The gut harbors various microorganisms,
ncluding bacteria, archaea, fungi, and viruses . Among all these ,
acteria are the most abundant, di verse, and extensi v el y studied
icr oor ganisms in the human body (Cryan et al., 2019 ; Fülling et

l., 2019 ; Morais et al., 2021 ). 
Physiological and homeostatic functions are under regulation 

f a bidirectional gut–brain axis (Osadchiy et al., 2019 ). In the past
ecade, the r a pid de v elopment of micr obiome science has been
ccompanied by a shift in our understanding of the traditional
ut–brain axis, to w ar d a mor e systemicall y biological perspectiv e
nown as the micr obiota–gut–br ain (MGB) axis (Mayer et al., 2022 ).
he MGB axis is constituted with a tw o-w ay signal pathw ay con-
ecting the GI tract and the central nervous system (CNS). The
GB axis executes inter-organ functions through three signaling 

athwa ys , including the neural, endocrine, and immune pathways
Kasarello et al., 2023 ). 

The intestinal microbiota has been extensively recognized and 

tudied for its potential to affect host or ganism div ersity and
uantity, ho w e v er, it is important to acknowledge that the host
lso r ecipr ocall y influences the dynamics and functioning of the
icrobiota (Clarke et al., 2013 ; Erny et al., 2015 ; Lyte, 2014 ; Sharon

t al., 2019 ). Curr entl y, aer obic exercise has been demonstrated
School of Medicine/West China Hospital (WCSM/WCH) of Sichuan Uni v ersity. 
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o affect the GI system by enhancing microbiome and functional
etabolism in both humans and mice (Dalton et al., 2019 ). Mean-
hile, exercise has demonstrated promising potential in ame-

iorating symptoms of anxiety and depr ession, impr oving cogni-
ive function, and modulating appetite and food r e w ar d mech-
nisms. Such effects are mediated by alteration in bacteria dis-
ribution and subsequent metabolite production (Beaulieu et al.,
020 ; Cornier et al., 2012 ). Consequentl y, ther e has been a no-
able increase in scholarly attention to the intricate correlation
etw een exer cise and the MGB axis . Meanwhile , the emergence of
r ain ima ging tec hnology, specificall y fMRI, enables visualization
f the k e y br ain r egions associated with the r egulation of anxiety
isorders, depression, cognition, and food rew ar d in response to
xer cise (May er, 2011 ). This r e vie w endeavors to provide a succinct
ummary of the complex interaction among metabolites derived
rom gut microbiota, physical exercise, and cognitive well-being. 

ut microbiota-derived metabolites and 

rain health 

etabolites, the small molecules formed during microbial
etabolism, serve as the k e y mediators regulating the interaction

etween gut microbiota and the brain. In perfect alignment with
his intriguing interplay, the World Health Organization dedicates
ttention to the crucial subject of br ain health, whic h encom-
asses multifaceted dimensions such as social-emotional, cog-
itive, and sensory functions. Extensive gut microbiota-derived
etabolites have been unraveled as mediators that predispose in-

ividuals to various brain diseases . Hence , attaining a more com-
r ehensiv e understanding of the role and dynamics of metabo-

ites originating from gut microbiota would provide promising po-
ential for the discovery of mechanistic predictive biomarkers for
rain diseases and the development of possible screening and
her a peutic options . T he gut microbial metabolites can be further
ategorized into the following thr ee gr oups, based on the ingredi-
nt and synthetic pathways: (i) metabolites produced by bacteria
rom dietary components, (ii) metabolites produced by the host
nd influenced by gut bacteria, and (iii) metabolites synthesized
e novo by gut bacteria. 

etabolites produced by bacteria from dietary 

omponents 

hort-chain fatty acids 
hort-chain fatty acids (SCFAs) primarily arise from the microbial
ermentation of plant-synthesized pol ysacc harides including cel-
uloses , fibers , starches , and sugars . Among the SCFAs , acetic , pro-
ionic, and butyric acid are the predominant forms (Guilloteau et
l., 2010 ). 

The production of butyrate is predominantly attributed to the
irmicutes F. prausnitzii and Eubacterium rectale (Flint et al., 2012 ).
mong SCFAs, butyrate is the SCFAs that is most r eadil y taken
p by the brain (Oldendorf, 1973 ). Owing to its potential as a neu-
 opharmacological a gent, butyr ate has been extensiv el y exam-
ned and studied, particularly at supraphysiological doses, to ex-
lore the epigenetic mechanisms regulating CNS neuronal tran-
cription and behaviours (Stilling et al., 2016 ). Pr e vious studies
av e r e v ealed that butyr ate can impr ov e memory in mouse mod-
ls presenting with Alzheimer’s disease (AD) (Govindarajan et al.,
011 ). Ad ditionally, n umerous studies have documented that the
loc ka ge of histone deacetylases (HDACs) could enhance mem-
ry encoding and demonstrate a favorable effect over the biolog-
cal expression of synaptic plasticity genes (Bieszczad et al., 2015 ;
hang and Bieszczad, 2022 ). Recently, a study using obese mouse
odels reported that cognitive decline can be induced by quino-

inic acid. Following the administration of butyrate treatment to
he animals, it was discov er ed that butyrate treatment could in-
ibit the HDACs 2 activity, leading to enhanced histone H3 acetyla-
ion, thus favouring binding to the br ain-deriv ed neur otr ophic fac-
or (BDNF) promoters PII and PIV. This mechanism helps pr e v ent
he quinolinic acid-induced reduction in BDNF, thus reversing the
ynaptic and cognitive impairments (Ge et al., 2023 ). Additionally,
tudies by Duncan and Elli and their colleagues documented a
 educed concentr ations of butyr ate and butyr ate-pr oducing bac-
eria in the feces of those with obesity, suggesting that butyrate

ay contribute to the pr e v ention of obesity-r elated cognitiv e de-
line (Duncan et al., 2007 ; Elli et al., 2010 ). Meanwhile, giv en ther e
as been limited evidence, further studies may be r equir ed to elu-
idate the correlation between butyr ate-mediated activ ation of
rown adipose tissue and appetite control (Li et al., 2018 ). 

Propionic acid is primarily produced by Bacteroides spp. (Flint
t al., 2012 ). Importantly, propionic acid has the potential to in-
uence food r e w ar d. It signals through SCFAs receptors, specif-

call y FFA3, whic h ar e expr essed on the portal nerv es . T he ac-
ion of propionate enhances the activity in the dorsal v a gal com-
lex, a region that receives inputs from both the vagus nerve
nd the hypothalamus . T he hypothalamus is a crucial brain re-
ion contributing to the regulation of appetite and metabolism
De Vadder et al., 2014 ). Clinical studies demonstrated the inges-
ion of either control inulin, or an alternative biological compound
alled inulin-propionate ester, a unique dietary molecule favor-
ng the synthesis of propionate within the GI tract, will diminish
triatum-r egulated anticipatory r e w ar d responses to w ar d foods
ith high calorie le v els (Byrne et al., 2016 ). Ther efor e, it is sug-

ested that propionic acid may play a contribute to personal food
hoice, while further studies may be warranted to elucidate the
ossible mec hanisms. Ov er all, SCFAs demonstr ate its ability to
 egulate pr ocesses r elated to mood, cognition, and food r e w ar d
ia the gut–brain pathwa ys . 

etabolites produced by the host and influenced 

y gut bacteria 

erotonin 

erotonin, a common neurotransmitter widely distributed in the
NS and GI tr act, has demonstr ated an intimate association with
ut microbiota. In both the CNS and peripheral system, Trypto-
han (Trp) is a biological molecule serving as the precursor for
entral and peripheral serotonin production (Richard et al., 2009 ).
entr al ser otonin in the br ain is synthesized via the Tr p hydr oxy-

ase 2 enzyme, whereas enterochromaffin cells produce > 90% of
he total serotonin through the Trp hydroxylase 1 enzyme. Despite
he fact that serotonin synthesized peripherally would not be able
o cross the blood–brain barrier (BBB) (Agus et al., 2018 ), peripheral
erotonin and related metabolites in the GIT have indirect influ-
nce over the CNS by acting on the enteric nervous system (De
ar o et al., 2019 ; P ascale et al., 2020 ). Mor eov er, the intestinal mi-
r obiota secr etes enzymes that modulate the metabolic pathways
f tryptophan, altering the le v el of downstream metabolites in-
luding ser otonin, kynur enine, or indole deriv ativ es, thus exerting
nfluence on serotonin levels in the brain (Agus et al., 2018 ). Central
er otonin is extensiv el y synthesized in the hippocampus (HPC),
ntorhinal cortex, and other brain structures, as a significant neu-
 omodulator for cognitiv e function (Pourhamzeh et al., 2022 ). Mi-
r obiota can dir ectl y influence the synthesis and metabolism of
eur oactiv e molecules, as well as displaying autocrine functions
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(Socała et al., 2021 ). For example, Candida , Esc heric hia , Enterococ- 
cus , and Streptococcus belong to serotonin producers (Dinan et al.,
2015 ). Evidence for direct regulation comes from germ-free (GF) 
animals . GF mice , in particular, consistentl y exhibit c hallenges in 

visual and working memory deficits mediated by the HPC (Og- 
bonnaya et al., 2015 ). Ser otoner gic signaling is integr al to patho- 
genesis of an extensive spectrum of psychiatric presentations, no- 
tably GAD and major de pressi ve disorder. Medications remains to 
be the mainstay of the tr eatment thr ough incr ease in CNS ser o- 
tonin le v el via se v er al mec hanisms: selectiv e inhibition of CNS 
ser otonin r euptak e, non-selecti ve inhibition of both serotonin and 

nore pine phrine reuptak e, and inhibition of monoamine oxidase 
function (Roth et al., 2021 ). Meanwhile, the ser otoner gic system 

functions tonically inhibit food intake and demonstrate a positive 
correlation to w ar d the regulation of carbohydr ate pr efer ence. Pr e- 
vious studies focusing on the rat population have demonstrated 

that administration of metergoline, a ligand acting as antagonist 
ov er the 5-HT r eceptor, will incr ease food intake and a higher pref- 
erence for carbohydrates (Stallone and Nicolaidis, 1989 ). A recent 
article has also highlighted the role of GI microbiome on modifi- 
cation and alteration of behaviours associated with host dietary 
choices, with a hypothesis that Trp level might explain the under- 
l ying pathophysiology. Ther efor e, we might unr av el a potential as- 
sociation between the gut microbiota and host for a ging behavior 
(Tr e v elline and Kohl, 2022 ). Ho w e v er, mor e compr ehensiv e studies
may be warranted to elucidate the specific mechanisms regarding 
how serotonin modulates personal food choices. 

Inter estingl y, in addition to its role in serotonin synthesis, Trp 

also contributes to the synthesis of kynurenine (Cervenka et al.,
2017 ). Mice that r eceiv ed fecal micr obial tr ansplants fr om de- 
pressed patients exhibited increased anxiety levels, higher cir- 
culating le v els of kynur enine and ele v ated kynur enine/Tr p r a- 
tios (Evrensel et al., 2020 ; Kelly et al., 2016 ). Furthermore, in GF 
mice, Clarke et al. reported an ele v ated Tr p le v el, with an in- 
creased incidence of anxiety-like beha vior. T hese findings may 
imply that pathophysiology of anxiety and depression could be 
multi-factorial (Clarke et al., 2013 ). 

BDNF 

BDNF, one of the most widel y expr essed and compr ehensiv el y 
studied neur otr ophins, is found in m ultiple r egions of the br ain,
including the cortex and HPC. BDNF exerts a significant impact 
on the de v elopment, surviv al, and maintenance of neurons in the 
CNS (Numakaw a et al., 2018 ). Tropomy osin-related kinase B (TrkB) 
and p75 neur otr ophin r eceptor (p75NTR) ar e the two receptors 
of BDNF (Podyma et al., 2021 ). Owing to its dir ect involv ement in 

neural functions, the role of BDNF in brain health has sparked 

consider able sc holarl y inter est and inv estigation. BDNF signaling 
pathways has been extensiv el y studied for its contribution toward 

the pathogenesis of mood disorders. It was reported that individu- 
als with depression exhibit a decreased levels of BDNF messenger 
RN A (mRN A) and pr otein, particularl y in the HPC, using cytology 
and post-mortem biopsy (Castrén and Monteggia, 2021 ; Ray et al.,
2014 ). Furthermor e, r educed BDNF expr ession in older adults has 
been associated with impair ed memory, neur odegener ation, and 

other cognitive impairments commonly seen in AD (Camuso and 

Canterini, 2023 ). Of note, BDNF, TrkB, and p75NTR ar e r ecognized 

for their contribution to whole-body energy homeostasis. TrkB sig- 
naling pr edominantl y exhibits anor exigenic effects, counter act- 
ing weight gain, while p75NTR induces weight gain in response to 
lipid-rich diet and increases food consumption following the fast- 
ing state (Podyma et al., 2020 , 2021 ). 
Se v er al r eports hav e highlighted the possible involv ement of
he gut microbiota in regulating BDNF expression (Lee et al., 2018 ;
anuh et al., 2019 ). Aged r ats exhibit a r eduction of hippocam-
al BDNF le v el of ∼50% compared with younger rats. Li et al . per-
ormed a fecal microbiota transplantation (FMT) test that trans- 
err ed gut micr obiota fr om the elderl y mice to their younger
ounter parts. Subsequentl y, they observ ed a r eduction in the hip-
ocampal BDNF le v els, suggesting a possible corr elation between
ut microbiota and BDNF regulation (Li et al., 2020 ). Coincidently,
ecal tr ansplantation incr eases micr obiota div ersity among young
ats, including sub-species of Prevotella , Bacteroides , and Parabacteri- 
ides (Li et al., 2020 ). Meanwhile, the administr ation of or al antimi-
robials to specific pathogen-free mice caused a transient alter- 
tion in microbiota composition, resulting in an elevated level of
actobacilli and Actinobacteria species, alongside with lo w er quan-
ity of γ -proteobacteria and Bacteroidetes . Furthermore, hippocam- 
al BDNF expression and exploratory behavior are fav ored b y this
her a p y (Ber cik et al., 2011 ). These findings imply that the compo-
ition of the GI microbiome plays a crucial role in modulating HPC
DNF le v els. 

ytokines 
ytokines are signaling molecules secreted by immune cells. In- 
ammation in the GI tract can be initiated after local infection,

mbalance in the microbiota quantity and div ersity, or exposur e to
arious food antigens. Such triggers would lead to the production
f pro-inflammatory cytokines, such as Interferon- γ , Interleukin- 
 β (IL-1 β), IL-6, and tumor necrosis factor- α, which can cause
amage to w ar d the tight junctions within the intestinal epithe-

ium, leading to reduced BBB integrity (Parker et al., 2020 ). Numer-
us neurological conditions can arise in conjunction with comor- 
id GI inflammatory diseases and secondary alteration in serum 

e v el of pr o-inflammatory biomarkers (Benakis et al., 2020 ). The
ecline in cognitive function associated with aging is linked to
 c hr onic, low-gr ade inflammatory state in both the enteric sys-
em and CNS. This leads to an increase in the level of microglia
ells , T-lymphocytes , and border-associated macr opha ges in the
r ain, along with alter ations in the gut microbiome composition

Golomb et al., 2020 ; Mrdjen et al., 2018 ). Ther efor e, we should pos-
ulate a close association between intestinal inflammation and 

eurological impairments pertaining to behavior and brain func- 
ion. Further investigations with the special focus on the bidirec-
ional communication between the gut and the brain could en-
ighten ne w str ategies and opportunities for the pr e v ention and
reatment of relevant neurological disorders. 

etabolites synthesized de novo by gut bacteria 

ipopolysaccharides 
r am-negativ e bacteria’s primary cell wall component,

ipopol ysacc harides (LPS), is regarded as a bacterial endotoxin
hen it enters the circulation. By attaching itself to the extracel-

ular toll-lik e rece ptor 4 on a variety of cell types, LPS causes a
trong inflammatory reaction, increases microglial activity, and 

auses neuronal cell death. Such a process will ultimately lead
o cognitive impairment and cytokine-mediated sickness behav- 
or, which may include impaired exercising capacity, reduced 

 ppetite, food intoler ance, and withdr awal fr om social activities
Mailing et al., 2019 ; Zhao et al., 2020 ). Lactobacillus rhamnosus can
 educe circulating LPS le v els by altering gut permeability (Long et
l., 2021 ). 

Recentl y, ne w e vidence r eported that the flor a-deriv ed pepti-
ogl ycan fr a gment m ur am yl dipe ptide can cross the BBB and act
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n Nod2 receptors on GABAergic neurons in hypothalamic areas,
ence regulating appetite and body temperature in mice (Gabanyi
t al., 2022 ). 

xercise influences brain health 

n increasing number of research articles have suggested that ex-
rcise plays a crucial role in enhancing brain health. Regular exer-
ise has demonstrated remarkable benefits to w ar d mental health,
emory enhancement, impr ov ement in cognitiv e function, and
odulation of food r e w ar d responses. No w adays, fMRI serves as a

aluable tool that provides high-spatial resolution, allowing spa-
iall y accur ate measur ement of functional and structur al CNS
hanges post-exertion (Won et al., 2021 ). Ther efor e, this r e vie w will
lso focus on the use of fMRI to investigate the effects of exercise
n various aspects of brain function. 

he impact of exercise on anxiety disorders, and 

epression 

n extensive number of studies have consistently reported a ben-
ficial correlation betw een exer cise and emotional well-being, in-
luding reductions in anxiety le v els and depr ession symptoms
Andersson et al., 2022 ; Goodwin, 2003 ; P ear ce et al., 2022 ; Singh
t al., 2023 ; Ströhle, 2009 ). 

xercise and anxiety disorders 
eneral anxiety disorders (GAD) are characterized by psycholog-

cal symptoms, including anxiety, fear, nervousness, and gener-
lized worry, alongside with the presence of physical symptoms,
uch as palpitations , dyspnoea, dizziness , and muscle tension (Le-
chsenring et al., 2023 ). The diagnosis of anxiety disorders is estab-
ished by e v aluating the se v erity, fr equency, and dur ation of the
ymptoms, and whether such anxiety is linked with substantial
sychosocial stigma and/or impairment in occupational, social,
nd other crucial areas of daily functioning (Leichsenring et al.,
023 ). Man y studies hav e established a corr elation between anx-
ety disorders and the gut microbiome (MacKay et al., 2024 ). Pa-
ients with GAD exhibited decreased microbial quantity and di-
ersity, along with distinct metagenomic composition, suggesting
icrobiota dysbiosis in GAD patients (Jiang et al., 2018 ). According

o fMRI r esults, fr ontal lobe lesions causing a loss of functional
onnectivity between cortical areas such the insula, amygdala,
nterior cingulate cortex, medial temporal, and prefrontal cortex
PFC) ar e c har acteristics of anxiety disorders (Fonzo, Etkin, 2017 ;
enwood et al., 2022 ; Steinhäuser et al., 2023 ). Machine learning
tudies using fMRI as a featur e hav e demonstr ated the ca pacity to
ifferentiate patients with anxiety disorders and healthy individ-
als within the contr olled gr oup. This would suggest a promising
otential for enhancing dia gnostic accur acy and tailored targeted
reatments at an earlier stage (Rezaei et al., 2023 ). 

The tr aditional tr eatment for GAD involv es medication and
ognitiv e behavior al psyc hother a p y. Ho w e v er, in the last decades,
hysical exercise, specificall y aer obic exercise, has been ex-
ensiv el y pr escribed as a distinctiv e domain under the non-
harmacological ther a py for anxiety disorders (de Souza Moura
t al., 2015 ; Ramos-Sanchez et al., 2021 ). In a randomized con-
rolled trial (LeBouthillier and Asmundson, 2017 ), 48 individuals
ia gnosed with anxiety-r elated disor der w er e r andoml y assigned
o a 4-w eek exer cising pr ogr am with fortnightl y participation. P ar-
icipants were randomly distributed several groups: aerobic exer-
ise, r esistance tr aining, or no exercise. Statistics r e v ealed effec-
iveness in both aerobic and resistance training for the improve-
ent of anxiety disorder. Aerobic exercise specifically improves
v er all psyc hological distr ess and anxiety, while r esistance tr ain-
ng r elie v es disorder-specific symptoms, anxiety sensitivity, dis-
r ess toler ance, and intoler ance of uncertainty. Sur prisingl y, some
 esearc h found that e v en a single episode of exercise can help al-
eviate anxiety (Broman-Fulks et al., 2015 ; Connor et al., 2023 ), Al-
hough anxiety has shown effectiveness in alleviation of anxiety-
 elated symptoms, ther e r emains disa gr eement r egarding its ef-
ectiveness as compared with the conventional medication and
syc hological ther a pies . Meanwhile , there has been no consen-
us determining the ideal exercise intensity for the most effective
esponse. Subsequent studies should involve participants with

oderate to high anxiety levels and incorporate fMRI to visually
ssess whether exercise enhances activation of brain regions re-
ated to anxiety disorders, notably including the PFC as well as
nterior cingulate cortex (Connor et al., 2023 ). 

xercise and depression 

epression is characterized by depressed mood and anhedonia. It
s a perv asiv e mental illness linked to high rates of morbidity and
eath (Zhao et al., 2020 ). The etiology of depression remains un-
lear. Potential causes would include genetics, neur otr ansmitter
hanges, diet, and psychosocial factors (Rajendram et al., 2021 ).
ctivation of cytokine-mediated kynurenine pathway results in
n increase breakdown of Trp, ultimately leading to decreased
er otonin le v els, whic h is a widel y ac knowledged featur e of de-
ression (Polity ́nska et al., 2022 ). Meanwhile, depression is closely

inked to structural and functional changes in the brain. In terms
f structur al c hanges, r eductions in volume hav e been observ ed
n the HPC and the dorsolateral PFC (DLPFC) (Campbell and Mac-
ueen, 2004 ; Geerlings and Gerritsen, 2017 ). In terms of functional
 hanges, ther e has been evidence indicating a decreased activity
n the DLPFC, the HPC, the orbitofrontal cortex (OFC), and DLPFC-
FC connectivity . Notably , the increase in HPC activity is dir ectl y
orrelated with the improvement in mood symptoms (Han et al.,
023 ). Additionall y, r ecent studies employing single-nucleus RNA
equencing have uncov er ed disturbances in deep layer excitatory
eur ons, astr ocytes, and oligodendr ocyte pr ecursor cells in the
FC of males experiencing depr ession. Conv ersel y, females with
epression exhibit diminished activation of microglia and height-
ned synaptic connectivity (Maitra et al., 2023 ). 

Evidence from systematic reviews suggests that exercise has a
oderate effect size for treating depression and has comparable

ffects to e vidence-based ther a peutics including medications and
BT (Mutrie et al., 2018 ). 

In an 11-year longitudinal study involving 33 908 adults, reg-
lar exercise demonstrated efficacy in mitigating depression. Re-
arkably, participation in 1 hour of exercise per w eek w as associ-

ted with a 12% reduction in the incidence of depression (Harvey
t al., 2018 ). Exercise has been shown in animal r esearc h to en-
ance the de v elopment and functionality of the HPC in individ-
als with depression. Following a 6-week treadmill exercise pro-
ram (20 minutes per day), rats exhibiting de pressi ve-lik e symp-
oms demonstrated a notable reversal in hippocampal volume
ecline . Additionally, an o verall increase in the astrocytes and
n ele v ated density of ne wl y emer ged astr ocytes within the HPC
er e observ ed (Li et al., 2021 ). Similar r esults hav e been r eplicated

n clinical r esearc h. Various studies hav e r e v ealed that a ppr opri-
te aerobic exercise exerts a favourable effect on preserving hip-
ocampal volume integrity, fostering HPC r egener ation, activ ating
FC function, and e v entuall y impr oving the br ain neur opr ocess-
ng efficiency while postponing cognitive decline in patients with
epression (Alderman et al., 2016 ; Olson et al., 2017 ; Zhao et al.,
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2020 ). Additionally, an 8-week organized, supervised exercise in- 
tervention’s effects on hippocampal function and total brain ac- 
tivity in hypoactive persons with or without depression are ex- 
amined in a small fMRI pilot r esearc h that uses the subsequent 
memory paradigm. According to this resear ch, exer cise causes a 
gener al deactiv ation of the HPC and other memory-r elated br ain 

areas in people with depr ession. Ther efor e, this indicates a poten- 
tial correlation between exercise and enhanced cortical inhibition 

or incr eased neur al netw ork efficienc y in br ain r egions that ar e 
known to inhibit memory encoding during the process of mem- 
ory encoding (Gour gouv elis et al., 2017 ). 

Based on the evidence, it can be inferred that exercise exerts 
a positive effect in alleviating depression, particularly in cases 
with mild to moder ate pr esentations, and can be recommended 

as a complementary a ppr oac h alongside tr aditional tr eatments.
P articipating in moder ate-intensity aer obic exercise sessions, oc- 
curring 3–5 times weekl y, with dur ations spanning 4–16 weeks,
is recommended for alleviating de pressi ve symptoms (Xie et al.,
2021 ). Ho w e v er, ther e has been limited evidence examining the 
correlation between exertional activity, neuroimaging, and de- 
pr ession. The r elated studies should be str engthened, and ther e 
should be a compr ehensiv e e v aluation of whether exercise would 

induce activation of brain regions involved in the pathogenesis of 
depression. 

The impact of exercise on cognition 

Tests of visuospatial, memory, attention, langua ge, abstr action,
and orientation are relative measures of cognition (Taylor, Work- 
man, 2021 ). T hese functions in volv e se v er al br ain r egions, includ- 
ing the PFC , amygdala, HPC , parietal cortex, inferior frontal gyrus 
(IFG), dorsal anterior cingulate gyrus (ACG), and dorsolateral pre- 
frontal gyrus (McGillivray et al., 2021 ). The functional connectiv- 
ity among the default mode network (DMN), the fr onto-executiv e 
network, and the frontoparietal network is intricately linked to 
cognition (Voss et al., 2010 ). Poor diet, systemic inflammation, and 

aging could contribute to cognition impairment, whereas the in- 
terventions aimed at modulating the gut microbiome can alter 
cognition (Leigh and Morris, 2020 ; Yao et al., 2022 ). 

Between the continuum of typical aging and dementia lies a 
transitional state referred to as mild cognitive impairment (MCI).
The identification and prediction of MCI have notable clinical 
v alue in earl y dementia dia gnosis and pr ediction of pr ognosis (Yao 
et al., 2022 ). 

There has been a surprising increase in the significance of exer- 
cise as a non-pharmacological ther a peutic in the aversion of cog- 
nitive decline, enhancement of cognitive function, optimization 

of daily activities, and clinical improvement in neuropsychiatric 
symptoms (Huang et al., 2020 ; Karamacoska et al., 2023 ; Langoni et 
al., 2019 ; Mollinedo Cardalda et al., 2019 ; Wilke et al., 2019 ; Xiong 
et al., 2021 ). Se v er al observ ational studies utilizing fMRI tec hnol- 
ogy have indicated that habitual exercise can enhance the func- 
tional connectivity of the DMN, as well as impr ov e attention and 

language networks, in relation to aging-related cognitive decline 
(Voss et al., 2010 ; Zlatar et al., 2013 ). Inter estingl y, a specific form of 
exercise, Tai Chi Chuan (TCC), has demonstrated the ability to in- 
crease cortical thickness in the posterior cingulate gyrus, a region 

link ed to cogniti ve function and functional homogeneity (Wei et 
al., 2014 , 2013 ). These findings suggest that long-tern engagement 
in 11 hours of TCC practice per week could lead to regional struc- 
tur al c hanges , implicating that TCC ma y exhibit similar changes 
in neural patterns that are observed in aerobic exercise. Several 
studies investigated how exercise-induced changes affect cogni- 
ive function among both healthy individuals and those with MCI
sing fMRI (Table 1 ). Most intervention studies conducted on cog-
itiv e decline hav e focused on aer obic exercise . Walking at an a v-
r a ge 60% of maximum heart rate for 40 minutes per da y o ver the
ourse of 1 year has been found to enhance functional connectiv-
ty between various regions of the frontal, posterior, and temporal 
ortices within the DMN and a Fr ontal Executiv e Network (Voss
t al., 2010 ). Re vie w r eports suggest that aer obic exercise, with du-
ations spanning from 3 and 6 months, demonstrates a primary
mpact on specific tempor al, fr ontal, and parietal r egions within
he diseased brain (Haeger et al., 2019 ). Furthermore, the HPC, one
f the first structures affected by AD, has been identified as a cen-
r al r egion of inter est in these studies (Fjell and Walhovd, 2010 ).
n individuals with amnestic MCI, participation in a 16-week reg-
men of aerobic training, involving 3 sessions weekl y, eac h lasting
p to 40 minutes, conducted at a le v el of intensity ranging from
0 to 80% of cardiac r eserv e . T here has been a notable increase in
unctional plasticity during associative memory encoding in pre- 
r ontal r egions, including the left IFG, the left pr ecentr al gyrus,
nd the left middle frontal gyrus (Yogev-Seligmann et al., 2021 ).
eanwhile, two studies investigated on resistance training and 

ognitive decline . T he first study enr olled 86 women with pr obable
CI. The diagnosis was made based on clinical history of memory

omplaints and a reduced score in the Montreal Cognitive Assess-
ent. P articipants fr om the interv ention gr oup wer e assigned to a

-month tr aining pr ogr am, wher eas participants fr om the contr ol
r oup wer e distributed to aer obic tr aining. Both exercising pr o-
r ams wer e conducted twice per week with equal session dura-
ion. The group that underwent resistance training (seven partic- 
pants) sho w ed r emarked incr ease in both Str oop task and asso-
iative memory task compared to control groups. Additionally, re- 
istance training altered the way that the right lingual, occipital-
usiform gyri, and right frontal pole of the brain functioned (Naga-

atsu et al., 2012 ). In the second article, the intervention group
er e pr ovided with pr ogr essiv e r esistance tr aining pr ogr ams for a

otal duration of 26 w eeks. Each w eek participants were asked to
articipate in two 90-minute sessions. It has been reported that
 esistance tr aining has led to significant impr ov ements in global
ognition and an expansion of gray matter in the posterior cingu-
ate. Inter estingl y, no additional ther a peutic benefit was discov-
red in the combination of resistance and cognitive training (Suo
t al., 2016 ). 

Furthermor e, m ultiple studies have examined the influence of
he intensity of exertional activities on the perse v er ance of cog-
itive function. Although short-term moderate-intensity exercise 
oosts cognitive functionality, no statistically significant associa- 
ions wer e r eported between brief high-intensity aerobic exercise 
nd cognitiv e impr ov ement. Sudo et al. r eported an impairment in
ognitive performance during high-intensity exercise (Sudo et al.,
022 ), while the majority of studies indicate that high-intensity
xercise does not affect cognitive control, or only has a modest
ut statistically significant improvement on cognitive (Loprinzi 
t al., 2021 ; Moreau and Chou, 2019 ). In a 60-minute acute high-
ntensity exercise, there was no observ ed decr ease in cognitive
unctionality following fatigue and tiredness (Davranche et al.,
018 ). T he impro vement in cognition due to exercise can be at-
ributed in large part to its upregulation of po w erful antioxidant
nzymes, r esulting in incr eased antioxidant le v els and activ ation
f antioxidant enzyme activity (de Meirelles et al., 2014 ; Gomez-
abr er a et al., 2008 ). The intensity of exercise correlates closely
ith le v els of antioxidant enzymes, as str en uous physical acti v-

ty notably boosts o xidati ve stress response, consequently ele-
ating the body’s antioxidant le v els (Gomez-Cabr er a et al., 2008 ;
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Table 1: List: of included studies on exercise-r elated c hanges affect cognitive function among both healthy individuals and those with 

MCI using fMRI. 

Ex details 

Participant Intensity Dur a tion Frequency fMRI results after Ex Reference 

Walkers ( n = 30) 
YA controls ( n = 32) 
FTB controls ( n = 35) 

Av er a ge 60% 

HRmax 
40 min/week 1 year To walkers: functional 

connectivity between aspects of 
the frontal, posterior, and 
temporal cortices within the 
DMN, a FE Network, and the FP 
network ↑ 

(Voss et al., 2010 ) 

Elderly ( n = 120) - - Habitual Ex Functional connectivity of the 
DMN ↑ 

(Voss et al., 2010 ) 

PA ( n = 15) 
SO controls ( n = 12) 
YA controls ( n = 14) 

- At least 45 
min/week 

Habitual Ex Attention and language 
networks ↑ 

(Zlatar et al., 
2013 ) 

TCC ( n = 22) 
health controls 
( n = 18) 

- 11 ± 3 
hours/week 

Habitual Ex Cortical thickness in the left 
superior temporal gyrus, medial 
occipito-temporal sulcus, 
lingual sulcus, and right insula, 
pr ecentr al gyrus, DLPFC ↑ 

(Wei et al., 2013 ) 

TCC ( n = 18) 
health controls 
( n = 22) 

- 11.9 ± 5.1 
hours/week 

Habitual Ex Functional homogeneity in the 
PosCG ↑ 

(Wei et al., 2014 ) 

YA ( n = 28) NR 7.5 minutes 
balance training 
and 35 minutes 
rest/week 

1 day/week for 6 
weeks 

The FP network connectivity ↑ (Taubert et al., 
2011 ) 

MCI ( n = 17) 
health controls 
( n = 18) 

50–60% HRR Up to 30 min/day 4 days/week 
for 12 weeks, 
at least 44 
sessions 

To all individuals: the activation 
strength of the 11 brain regions 
activated in the semantic 
memory task ↓ 

(Smith et al., 
2013 ) 

aMCI: 
AET ( n = 31) 
SAT controls ( n = 39) 

AET: up to 
85–90% HRmax 
SAT: 
< 50% HRmax 

Up to 30–40 
min/day 

4–5 days/week 
for 12 months 

To all individuals: memory and 
executive function 
performance ↑ 
To AET: hippocampal atrophy ↓ 

(Tarumi et al., 
2019 ) 

aMCI: 
AET ( n = 13) 
BAT controls ( n = 14) 

AET: up to 
70–80% 

HRR 
BAT: < 0% HRR 

Up to 40 min/day 3 days/week for 
16 weeks 

To AET: frontal activity and 
neur al sync hr onization suc h as 
the frontal cortex and TPJ ↑ 

(Yogev- 
Seligmann et al., 
2021 ) 

MCI: 
PRT + CCT ( n = 27) 
PRT + SHAM CCT 

( n = 22) 
CCT + SHAM PRT 

( n = 24) 
double SHAM 

( n = 27) 

NR 90 min/day 2 days/week for 
26 weeks 

To PRT: 
global cognition and gray matter 
in the posterior cingulate ↑ 
To CCT: 
functional connectivity between 
the HPC and superior frontal 
cortex ↑ 

(Suo et al., 2016 ) 

Ex: exer cise; YA: y oung adult group; FTB: flexibility, toning, and balance gr oup; HRmax: maxim um heart r ate; FE: fr ontal executiv e; FP: fr ontal parietal; PA: physical 
activity; SO: sedentary old group; PosCG: post-central gyrus; NR: no report; HRR: heart rate reserve, was defined as age-predicted maximal heart rate (220 − age) 
minus resting heart rate determined after 10 min of supine rest prior to the exercise test; aMCI: amnestic mild cognitive impairment; AET: a contr ol gr oup that 
participated in an aerobic exercise training program; SAT: a control group that participated in a stretching and toning program; BAT: a control group that participated 
in a balance and toning pr ogr am; TPJ: tempor o-parietal junction; PRT: pr ogr essiv e r esistance tr aining; CCT: computerized cognitiv e tr aining; ↑ : incr ease; ↓ : decr ease. 
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obari et al., 2021 ). The increase in antioxidant enzyme le v els
ithin the body can bolster antioxidant defense mechanisms, de-

rease o xidati ve stress, thereby enhancing both physical perfor-
ance (such as balance, muscle strength, and coordination) and

ognitive functions (Madiha et al., 2021 ). 
Exercise training can change the brain’s structure and func-

ion. According to current publications, two critical open ques-
ions warrant further investigations in the future: first, whether
he clinical impr ov ement in cognitiv e function would persist af-
er cessation of the intervention, and if so, what is the maximal
ur ation? Second, could exercise-based interv ention inhibit or de-
elerate the conversion from MCI to dementia state? 
he impact of exercise on food reward 

ood r e w ar ds consist of tw o distinct components: liking, which
elates to the enjoyment and taste of food, as evidenced by brain
ignals in the insula and the OFC, and wanting, whic h driv es in-
ividuals to eat, as observed through brain signals in the cingu-

ate cortex, the thalamus, and the putamen (Berridge, 1996 ; Born
t al., 2011 ; Schultz et al., 2000 ). Changes occur in the brain’s re-
 ar ding functions regarding energy-dense and tasty meals, such
s those abundant in lipids and carbohydrates, could be a sub-
tantial contributor to the onset of obesity (Brondel et al., 2022 ). In
he brains of obese individuals with disordered eating patterns,
he lateral hypothalamus-dorsolateral HPC neural circuitry is
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Table 2: Summary: of the study on the effects of exercise on food r e ward using fMRI. 

Ex details 

Participant BMI (kg/m 

2 ) Intensity Dur a tion Frequency fMRI results after Ex Reference 

Healthy 
individuals 
( n = 37) 

24.5 ± 3.7 - 151.1 ± 159.9 
min/week 

Habitual Ex To high-calorie foods: the mOFC 

and left anterior insula ↓ 
(Killgore et al., 
2013 ) 

Lean individuals 
( n = 22) 
Individuals with 
obesity ( n = 18) 

Lean individuals: 
22.6 ± 1.9 
Individuals with 
obesity: 
35.2 ± 4.0 

- 129.3 ± 97.1 
min/day 

Habitual Ex To all individuals: the left 
postcentral gyrus and middle 
insula ↓ 

(Luo et al., 2018 ) 

Healthy 
individuals 
( n = 30) 

23.6 ± 0.4 83% 

HRmax 
60 min Acute Ex To high-calorie foods: the insula, 

putamen, Rolandic operculum, 
and OFC ↓ 

(Ev er o et al., 2012 ) 

Healthy men 
( n = 15) 

24.2 ± 2.4 70% VO 2 max 60 min Acute Ex To low-calorie foods: the insula, 
putamen and left 
pallidum ↑ and the OFC ↓ 
To high-calorie foods: the 
DLPFC ↑ and the OFC , HPC , and 
left pallidum ↓ 

(Cr abtr ee et al., 
2014 ) 

Healthy men 
( n = 24) 

23.5 ± 1.6 74% 

HRmax 
AMIE:60 min 
or 
HIIT: four 
minutes of 
warm-up and five 
all-out 
cycling efforts 

Acute Ex MOR binding correlated 
negativ el y with the 
exercise-induced changes in 
neural anticipatory food rew ar d 
responses in OFC and cingulate 
cortices, insula, v entr al 
striatum, amygdala, and 
thalamus 

(Saanijoki et al., 
2018 ) 

Healthy men 
( n = 23) 

22.9 ± 2.1 70% VO 2 max 60 min Acute Ex To high-calorie foods: the left 
precuneous cortex, left frontal 
pole, and left posterior cingulate 
gyrus ↑ 

(Thac kr ay et al., 
2023 ) 

Individuals with 
obe- 
sity/overweight 
( n = 12) 

33.0 ± 4.0 Up to 
75% VO 2 max 

Up to 40–60 
min/day 

5 days/week 
for 24 weeks 

The bilateral parietal cortices, 
left insula, and visual cortex ↓ 

(Cornier et al., 
2012 ) 

BMI: body mass index; Ex: exercise; mOFC: medial OFC; HRmax: maximum heart rate; VO 2 max: maximal oxygen consumption; AMIE: aerobic moderate-intensity 
exercise; HIIT: high-intensity interval training; ↑ : increases neural responses; ↓ : reduce the neuronal response 
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impaired (Barbosa et al., 2023 ). Limited exertion correlates with in- 
cr eased pr efer ence and desir e for foods with high energy density,
while conv ersel y, habitual moder ate-to-vigor ous physical activity 
inhibit such behaviours (Beaulieu et al., 2020 ). 

fMRI studies have shown different hemodynamic responses to 
visual images representing high- and low-calorie diets at the neu- 
r onal le v el. Suc h alter ation is most notable in brain regions im- 
plicated involv ed r e ward pr ocessing and was further augmented 

after exer cise, suggesting exer cising could induce an altered an- 
ticipatory r e w ar d pr ocessing (Table 2 ) (Killgor e et al., 2013 ; Luo 
et al., 2018 ). According to published r esearc h, subjects in good 

health who perform acute aerobic exercise for 60 minutes show 

decr eased neur al r eactivity to high-calorie foods in the bilateral 
insula, OFC, and putamen, and incr eased neur onal r eactivity in 

the left precuneus (Evero et al., 2012 ; T hackra y et al., 2023 ). High- 
intensity exercise at 70% of maximum heart rate for 60 minutes 
decr eases neur onal activity to pictur es of high-calorie food in OFC 

and left HPC, as compared with non-foods. It also increases acti- 
vation in the dorsolateral PFC immediately after exercise, as com- 
par ed with r est (Cr abtr ee et al., 2014 ). Furthermor e, the endoge- 
nous μ-opioid receptor (MOR) system has demonstrated contrib- 
utory effects to w ar d the r e w ar ding responses for both meals and 

physical activities. High-intensity interval training of continuous 
erobic cycling at 74% maximal heart rate for 60 minutes corre-
ated with alterations in MOR binding and has been adversely as-
ociated with the post-activity modifications in neuronal antic- 
patory food r e w ar d in OFC, thalam us, v entr al striatum, amyg-
ala, cingulate cortices, insula, and thalamus (Saanijoki et al.,
018 ). Similarly, long-term exercise has the potential to modify
ood r e w ar d r esponses on an individual le v el (Beaulieu et al., 2020 ;
ornier et al., 2012 ). After 12 weeks of physical training, obese in-
ividuals demonstrated a significant reduction in cravings for fat- 
nriched foods and a reduced desire for sweet foods (Beaulieu et
l. , 2020 ; Thivel et al. , 2020 ). Meanwhile, Cornier et al. allocated par-
icipants to either a continuous exercise pr ogr am lasting 24 weeks,
ith each week having five training sessions of 40–60 minutes,
r a control group. Their study revealed that, in the intervention
r oup, ther e was a r emarkable decr ease in neur onal activ ation in
he OFC and left HPC when participants r eceiv ed visual stim ulus
f high calorie foods, as contrasted with inedible stimuli (Cornier
t al., 2012 ). 

Exercise can influence food r e w ar d b y affecting liking, w anting,
nd the satisfaction associated with the ingestion of food with
igher energy contents . T his ma y ha ve implications for weight
anagement and appetite control. Ho w ever, it is crucial to ac-

nowledge that the relationship between exercise and food re- 
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Figure 1: Description of the positive effects of exercise on gut microbiota and brain functions SCFAs: Short-chain fatty acids; BDNF: Brain-derived 
neur otr ophic factor; LPS: Lipopol ysacc haride; fMRI: Functional magnetic resonance imaging; ↑ : increase; ↓ : decrease. 
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 ar d is multifaceted and could be influenced by multiple con-
ributing factors including physical exercise le v el and individual
 har acteristics. 

xercise influences gut microbiota 

ecentl y, ther e has been increasing emphasis on investigating the
otential mechanisms linking the gut microbiota with specific
r ain diseases suc h as depr ession and AD (Amin et al., 2023 ; Kim et
l., 2021 ). It has been hypothesized that an alteration in gut bacte-
ial population may adv ersel y affect the physiological activities of
he CNS. As pr e viousl y mentioned, exercise has a well-established
enefit in brain health. Additionally, some articles advised that
xercise might demonstrate a promising effect to modify the di-
ersity of intestinal flora, thereby enhancing GBA functionality
Fig. 1 ). 

xercise can optimize the composition of the 

icrobiota 

xercise can increase the proportion of SCFAs-producing bacteria.
 study conducted by Estaki et al. reported a rise in total SCFAs
roduction in C57BL/6 mice after engaging in a voluntary wheel
unning pr ogr am for 6 weeks (Estaki et al., 2020 ). Furthermore,
edentary mice fed with a high-fat and high-c holester ol diet re-
eiv ed FMT fr om C57BL/6J mice that underw ent exer cise had an
ncreased total SCFAs concentration in their feces, as compared
o those r eceiving FMT fr om sedentary animals (Li et al., 2023 ).
mong the SCFAs, butyrate seems to be notably affected by ex-
rtion. In studies conducted on r odents, enga ging in 5 weeks of
oluntary wheel running has been demonstrated to have a pos-
tive influence on certain bacterial taxa, including Bacteroidales ,
lostridiaceae , Lachnospiraceae , Ruminococcaceae , and the Clostridiales
rder (Evans et al., 2014 ). These taxa are contributory to the produc-
ion of butyrate. In humans, exercise appears to be equally effec-
ive in boosting SCFAs. A study comparing active women to seden-
ary counterparts found that women who engaged in at least 3
ours of exercise per week had higher le v els of Faecalibacterium
rausnitzii , Roseburia hominis , and Akkermansia muciniphila (Bressa
t al., 2017 ). Faecalibacterium prausnitzii and Roseburia hominis have
emonstr ated a dir ect contributory effect to w ar d the synthesis of
utyr ate, while ther e has been documented benefits in reducing
ody mass index and enhanced metabolic functions secondary to
le v ation in Akkermansia muciniphila le v el (Dao et al., 2016 ; Louis,
lint, 2009 ). Meta genomic anal yses hav e r e v ealed that athletes ex-
ibit unique pathways for the biosynthesis of amino acids and
r eakdown of carbohydr ate . Meanwhile , there has been an ele-
 ated SCFAs concentr ation in their feces (Barton et al., 2018 ). Ex-
rcise has the potential to regulate the production of SCFAs. In
 eturn, the incr ease in SCFAs le v el can dir ectl y enhance GI func-
ionality and also have beneficial effects on CNS health (Dalile
t al., 2019 ; Generoso et al., 2021 ). SCFAs stimulate mitochondrial
iogenesis , impro ve respiratory capacity, and activate antioxidant
nzyme activity to impr ov e cognition (Amin et al., 2023 ). 

Se v er al studies, both in animals and humans, provide evidence
hat exercise increases the ratio of Firmicutes to Bacteroidetes phyla ,
hich has been reported substantial correlation with maximal
 xygen uptak e (Durk et al., 2019 ; Kang et al., 2014 ; Lambert et al.,
015 ; Petriz et al., 2014 ). Initially, a cross-sectional study conducted
n 2014 focused on a group of elite rugb y athletes. It w as reported
hat they had a higher α diversity and a lo w er abundance of Bac-
eroides and Lactobacillus species than their lean sedentary coun-
erparts (Clarke et al., 2014 ). Later, in 2018, a controlled longitudi-
al study was carried out to further assess the influence of exer-
ise on the intestinal flora (Allen et al., 2018 ). This study enrolled
2 sedentary adults with both lean and obese body habitus . T hey
articipated in a supervised endurance exercise pr ogr am with a
otal of 6 weeks duration. Allen et al. reported that exercise could
nduce an ele v ated pr e v alence of Faecalibacterium species and re-
uced Bacteroides species in lean individuals, with contrasting pat-
erns observed in the obese counterparts. A comparable study was
ndertaken to investigate whether consistent exercise could alter
he gut metagenome in pr e viousl y sedentary, ov erw eight w omen.
ollo wing 6 w eeks of light-to-moder ate le v el cycling, Munukka et
l. observed an increased in the relative abundance of Akkermansia
uciniphila and a drop in Proteobacteria (Munukka et al., 2018 ). 
Physical exercise also appears to have a positive effect on the

ntestinal flora-induced biosynthesis of Tr p, phen ylalanine, and
yrosine . T his is supported by findings from fecal samples of half-

ar athon and cr oss-country tr ainees. (Tabone et al., 2021 ; Zhao et
l., 2018 ). Furthermore, a decline in serum Trp levels was noted in
ndividuals assigned with cycling test. Meanwhile, following a sin-
le session of endurance exercise, an increased level of kynurenic
cid (KYNA) and an ov er all ele v ation in KYN/Tr p r atio wer e also
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reported (Joisten et al., 2020 ; Manaf et al., 2018 ). Ther efor e, we could 

hypothesize that the decrease in serum Trp could be secondary to 
increased CNS uptake, as there has been enhanced serotonin pro- 
duction within the CNS. 

Apart from its ability to modify the quantity and diversity of 
gut microbiota, exercise also demonstrates potential to reduce 
the pr e v alence of diarrhoeal disorders secondary to microbiota 
changes . For instance , a study in volving 33 elderly participants in 

Ja pan r e v ealed that a 5-week endurance exercise regimen lo w er 
the incidence of Clostridium difficile infection, a primary culprit be- 
hind infectious diarrhea attributed to toxin production in the host 
intestine (Rupnik et al., 2009 ; Taniguchi et al., 2018 ). 

Exercise can modify the functional capacity of 
the gut microbiota 

Exercise also seems to positiv el y influence some metabolites reg- 
ulated by gut bacteria. Exercise increases the expression of BDNF 
mRNA in se v er al br ain ar eas in animal models (Cotman et al.,
2007 ). The pr ecise pr ocesses by whic h sport induces BDNF ex- 
pression of genes in the neural network, nevertheless, are yet un- 
clear. According to one theory, exercise may raise BDNF levels by 
c hanging the BDNF pr omoters’ e pigenetic mark ers (Guan et al.,
2009 ; Koppel and T immusk, 2013 ). W e may hypothesize that an 

endogenous chemical is created after exercise, which can function 

as a metabolite contributing to BDNF tr anscription r egulation, as 
exercise may cause metabolic alterations. Exercise causes D- β- 
hydr oxybutyr ate , a ketone substance , to accumulate in the HPC,
according to some r esearc h. According to Sleiman et al ., it func- 
tions as both a form of energy and an inhibitor of class I HDACs,
which causes secondary BDNF expression (Sleiman et al., 2016 ). 

The modulation of inflammatory states through exercise has 
a notable impact on both gut microbiota and health. After ex- 
ertional activities, there has been a significant rise in anti- 
inflammatory cytokines and anti-apoptotic proteins within the 
l ymphocytes r esiding in the intestine, associated with the de- 
cr ease in pr o-inflammatory cytokines . T her efor e, the dual effect 
may contribute to a reduction in gut inflammation (Donoso et 
al., 2023 ). Voluntary wheel running has been demonstrated to 
exert a regulatory effect over the immune function through de- 
creasing Turicibacter quantity and diversity in both faecal samples 
and the caecum (Evans et al., 2014 ). Similarly, participants with 

sedentary lifestyles who activ el y participate in either sprint inter- 
v al or moder atel y vigor ous physical activity sho w ed decreases in 

both systemic and intestinal le v els of the pro-inflammatory mark- 
ers TNF- α and LPS-binding protein (Motiani et al., 2020 ). 

Exercise on the gut microbiota among different 
populations 

Evidence indicates that exercise’s type, intensity, frequency, and 

dur ation may c hange the micr obiota’s v ariety and composition,
potentiall y pr oviding health benefits (Campaniello et al., 2022 ; 
Suryani et al., 2022 ). Se v er al publications hav e r e v ealed that 
medium-intensity endurance exercise leads to most favorable 
outcomes, but r esults v ary depending on the population and ex- 
ercise protocol (Lensu, Pekkala, 2021 ). The r elativ e abundance of 
SCFA was significantly influenced by the substantial ele v ation in 

physical activity among non-athletes. Aerobic training lasting for 
60 minutes and physical activity involving more than 60% of max- 
im um heart r ate also exerted an influence on β diversity indexes.
Compared to non-athletes, athletes exhibited increased diversity 
in the intestinal micr obiota. Ne v ertheless, this was concomitant a 
reduced abundance of bacteria responsible for the production of 
CFA and lactic acid (Dzie wiec ka et al., 2022 ). A study sho w ed that
ge also has a positive correlation with microbial α-diversity in
ndividuals from Colombia, the USA, and the UK (de la Cuesta-
ulua ga et al., 2019 ). Elderl y individuals who ar e physicall y ac-
ive , for instance , senior orienteering athletes , exhibited a more
omogenous microbiota composition, concomitantly associated 

ith a greater presence of Faecalibacterium prausnitzii comparing 
ith non-active elderly residents within the community. Faecal- 

bacterium prausnitzii has been noted for its beneficial c har acter-
stics . Moreo ver, senior orienteers demonstrated a reduced pres-
nce of Parasutterella excrementihominis and various unclassified 

ubspecies of Bilophila , both of whic h hav e been linked with com-
romised gut functionality (Fart et al., 2020 ). The composition of
he intestinal flor a fr om activ e elderl y individuals r esembled that
rom 18 to 60 years old at both the phylum and famil y le v els (Zhu
t al., 2020 ). 

Ne v ertheless, the existing r esearc h primaril y tar gets older
dults , obese individuals , and athletes . T her efor e, further stud-
es should involve a broader spectrum of the general popula-
ion and ensure both genders have equal representation. While 

an y studies hav e r eported benefits of exercise on the gut mi-
r obiota, ther e hav e been inconsistencies and contr ov ersies, par-
icularl y r egarding the influence of exercise on specific microbial
opulations. 

s the gut microbiota the mediator between 

xercise and brain health ? 

iven the known dysbiosis in man y br ain health and the effects
f exercise on both the gut microbiome and brain health, it is
ogical to explore how these factors intersect. Studies might look 
t whether the gut flora of an athlete could have a partial im-
act on brain health. There has been evidence that the gut mi-
robiota influences brain health, pointing to a possible beneficial 
eedback loop between the variety of the microbiome and brain
unction (Madiha et al., 2021 ). Some animal studies have begun to
npack the intricate relationship among gut microbiota, exercise,
nd CNS functionality, offering new opportunities into potential 
echanisms that elucidate the positive effects of physical activ- 

ty on brain function (Table 3 ). 

nxiety disorders and depression 

ie et al. administered swimming training to male C57/BL6J mice
ged 5 weeks, 5 days a week for a duration of 5 weeks . T heir
 esearc h r e v ealed that swimming exercise r e v ersed depr essiv e
ehaviors triggered by chronic unpredictable mild stress, with 

n observed rise in the levels of Desulfovibrio , Streptococcus , and
-75-a5 (Xie et al., 2022 ). Similarly, another r esearc h on swim-
ing exercise also indicates that it impr ov es depr ession-r elated

ymptoms through its anti-inflammatory activity and its abil- 
ty to rebalance gut Escherichia coli and Lactobacilli (Ding and Du,
022 ). In a separate study, Soares et al. conducted a 4-week run-
ing experiment on male Wistar rats , unco vering potential anxi-
lytic effects associated with intermittent fasting combined with 

er obic tr aining, along with an incr ease in pr opionic acid le v els
Soares et al., 2021 ). Watanabe et al. investigated the effects of 10
 eeks v oluntary exer cise on the incr eased expr ession of BDNF
nd lo w ered biosynthesis of two proteins, Zo-1 and Claudin 5, that
av e been extensiv el y involv ed in the de v elopment of tight junc-
ion in the brain. This suggests that exercise may affect the in-
egrity of the BBB, potentially enhancing the exchange of nutri-
nts and metabolites between the blood and the brain. Further-
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Ta ble 3: Exer cise effects on micr obiota and br ain health. 

Exercise details 
Changes in 
brain health 

Gut microbiota 
outcomes Model Intensity Dur a tion Frequency Reference 

Anxiety and depression 
Male C57/BL6J mice \ (Swimming) 50 min/day 5 days/week for 5 

weeks 
De pression-Lik e 
behavioral ↓ 

Abundance of 
Desulfovibrio ; 
Streptococcus , and 
p-75-a5 ↑ 

(Xie et al ., 2022 ) 

Male C57/BL6J mice \ (Swimming) 60 min/day 5 days/ week for 4 
weeks 

De pression-Lik e 
behavioral ↓ ; The 
expression of 
cytokines ↓ in the 
HPC 

Abundance of 
Lactobacilli ↑ ; 
Abundance of 
Esc heric hia coli ↓ 

(Ding, Du, 2022 ) 

Male Wistar rats 15 m/min 30 min/day 5 days/week for 4 
weeks 

Behavioural 
parameters of 
anxiety ↓ 

Propionic acid ↑ (Soares et al ., 2021 ) 

Male C57/BL6J mice \ (Wheel running) Free and unlimited 
access 

10 weeks De pression-Lik e 
behavioral ↓ ; The 
expression of BDNF 
↑ and the 
expression of Zo-1 
and Claudin5 ↓ in 
the HPC 

β diversity ↑ ; 
Abundance of 
Bacteroidetes and 
Actinobacteria ↑ ; 
Abundance of 
Firmicutes ↓ 

(Watanabe et al ., 
2023 ) 

Cognition 
Male C57BL/6 mice 7 m/min 60 min/day 5 days/week for 16 

weeks 
Contextual 
memory ↑ ; Trend 
cued memory ↑ 

Abundance of 
Firmicutes ↑ ; 
Abundance of 
Bacteriodetes and 
Tenericutes ↑ 

(Kang et al ., 2014 ) 

Male APP/PS1 
transgenic mice 

Ten cycles of four 
minutes at high 
intensity 
(20 m/min) and two 
minutes at low 

intensity 
(10 m/min) 

60 min/day 4 days/week for 20 
weeks 

Spatial memory ↑ Abundance of 
Eubacteria , Roseburia 
and Clostridia in AD 

mice ↑ ; Abundance 
of Prevotella , 
Bacterioides , 
Bacterioides fra gilis 
and Lactobacillus 
johnsonii in AD 

mice ↓ 

(Abraham et al ., ) 

Male APP/PS1 mice \ (Running wheel) Free and unlimited 
access 

16 weeks Spatial learning 
and memory 
function ↑ 

Abundance of the 
phyla Proteobacteria 
and Tenericutes , 
genera Bacteroide s 
and Faecalibacterium 

↑ ; Abundance of 
the genera 
Allobaculum ↓ 

(Wang et al .,2021 ) 

Male C57/BL6J mice At 35–40%, 55–60% 

or 75–80% of the 
maximal capacity 
r espectiv el y in 
young mice and old 
mice 

5 days/week for 4 
weeks 

Learning and 
memory function 
↑ ; The expression 
of C3ar1, C3 and 
IL-6 ↓ in the HPC 

β diversity ↑ ; 
Abundance of 
Bacteroidales and 
Alistipes ↑ 
Abundance of 
lactobacilliaceae and 
lactobacillus ↓ 

(Lai et al ., 2021 ) 

Male LCR rats and 
HCR rats 

20 m/min 31.5 min/day 5 days/week for 6 
weeks 

Postoper ativ e 
freezing time and 
the decrement in 
recall (dwelling 
time) in LCR rats 

α and β diversity ↑ ; 
Abundance of 
Firmicutes ↑ ; 
Abundance of 
Bacteriodetes ↑ 

(Feng et al ., 2017 ) 

m: Meters; min: Minutes; LCR: Low-capacity runner; HCR: High-capacity runner; IL-6: Interleukin −6; HPC: Hippocampus; APP/PS1: APPSwe/PS1De9; AD: Alzheimer’s 
disease; BDNF(Bdnf): Br ain-deriv ed neur otr ophic factor; C3ar1: Complement 3a r eceptor 1; C3: Complement 3; ↑ : incr eases neur al r esponses; ↓ : r educe the neur onal 
response 
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mor e, they observ ed an incr ease in β div ersity (Watanabe et al.,
2023 ). 

Wang et al., conducted a 12-week moderate-intensity aerobic 
exercise intervention on young adolescents with subthreshold 

de pression. The y found that the relative abundance of certain gut 
microbiota, including Coprococcus , Blautia , Dorea , and Tyzzerella at 
the genus le v el, as well as Tyzzerella nexilis and Ruminococcus obeum 

at the species le v el, incr eased after the intervention. Addition- 
all y, ther e was an impr ov ement in depression symptoms (Wang et 
al., 2023 ), suggesting that exercise may exert clinical benefits on 

depr ession thr ough modulation of the composition of intestinal 
flor a. The underl ying mec hanisms ar e likel y to be complex and 

m ulti-factorial, including gut micr obiota composition, BBB func- 
tion, and incr eased le v els of neur otr ophic factors suc h as BDNF.
Future clinical studies are needed to confirm these findings and 

to explore the mechanisms underlying these effects in more de- 
tail. 

Cognition 

Kang et al. conveyed a 16-week study focusing on adult mice, indi- 
cating impr ov ements in memory along with c hanges in the v ari- 
ety of gut microbes (Kang et al., 2014 ). More precisely, the exercise 
regimen led to an augmentation in the pr e v alence of Firmicutes 
coupled with a simultaneous decline in the quantity of Bacteri- 
odetes and Tenericutes . Additionally, using certain measures linked 

to fear conditioning, the r esearc hers discov er ed a potential corre- 
lation between Ruminococcaceae and Lachnospiraceae . Although fur- 
ther investigation is warranted, the hypothesis between bacterial 
richness and context memory may serve as a reasonable micro- 
biota biomarker if further assessment of exercise-induced cogni- 
tion impr ov ement. 

Exercise has been shown to impr ov e AD-r elated histopatholog- 
ical markers and cognitive abilities in the interim. Exercising may 
also raise the quantity of bacteria that produce SCAFs and lo w er 
the number of germs that contribute to the de v elopment of ill- 
ness. In a study involving APP/PS1 transgenic mice who were given 

a 20-week treadmill running regimen, researchers observed im- 
pr ov ements in spatial memory and an increase in the quantity 
of Eubacteria , Roseburia , and Clostridia in their bodies . Con v ersel y,
there was a decrease in the abundance of Prevotella , Bacteroides ,
Bacteroides fragilis , and L. johnsonii in AD mice. Notably, higher lev- 
els of B. thetaiotaomicron were associated with poorer performance 
in the Morris water maze test, whic h e v aluates spatial hippocam- 
pal memory, while higher le v els of L. johnsonii were positively cor- 
related with β-amyloid content and localization (Abraham et al.,
2019 ). Another r esearc h found that voluntary wheel running im- 
pr ov ed gut microbiota and cognitive function in young APP/PS1 
mice, suggesting that early initiation of exercise could potentially 
pr e v ent or delay the onset of cognitiv e-r elated disorders (Wang 
et al., 2021 ). Low intensity exercise has also been shown to en- 
hance learning and memory in surgical mice while mitigating the 
neur oinflammatory pr ocess secondary to sur gical interv ention, as 
well as preserving the diversity of intestinal flora (Lai et al., 2021 ).
These studies provide consolidated evidence that, hypothetically, 
the gut microbiota may play a role in inflammatory modulation 

and may contribute positiv el y to cognitive disorders (Feng et al.,
2017 ). In conclusion, there has been strong evidence supporting 
the crucial role intestinal flora played in inflammatory modula- 
tion and cognitive health. Engagement in exertional activities can 

positiv el y modulate gut microbiota composition and foster the 
growth of beneficial bacteria. T herefore , this ma y be considered 

pr omising ther a peutic a ppr oac h for futur e pr e v ention and tr eat- 
ment of cognitiv e-r elated disorders. 
ood reward 

 clinical study has identified a noteworthy association between 

 sedentary lifestyle and dietary habits c har acterized b y lo w fiber
ntake and high consumption of sugars and processed meat. Fur-
hermore, individuals with a sedentary lifestyle exhibited signifi- 
antl y higher le v els of viscer al and total cor por al fat composition.
d ditionally, the di versity and network complexity of the gut mi-
r obiota wer e notabl y r educed in sedentary individuals compared
o those who were physically active (Castellanos et al., 2019 ). 

Curr entl y, an intricate association between intestinal flora, ex- 
rcise, and brain health remains an underexplored territory in 

linical r esearc h. Despite the gr owing inter est in the gut–br ain
xis and the role of microbiota in overall health, there remains sig-
ificant information regarding the underlying mechanisms. In the 
utur e, a mor e compr ehensiv e a ppr oac h combining clinical stud-
es with animal r esearc h could lead to deeper insights into this
omplex interplay. By integrating fMRI with clinical and animal 
 esearc h, r esearc hers can attain a mor e pr ofound understand-
ng regarding the interplay between the neural networks, the gut–
r ain inter actions, and r egulation of cognition and emotion. Ther e
re still limited clinical studies examining the intricate relation- 
hip among gut microbiota, exercise, and brain health, and future
xploration is recommended for clarification of the underlying 
echanisms. 

onclusion and future prospective 

esearc h r esults show that although more variety in the micro-
iota impr ov es br ain function and may be a useful indicator for
etter health, metabolites from the gut microbiota are associated 

ith negative health outcomes . T herefore , it is critical to get more
nsight into how exercise affects the microbiota and CNS as well as
ther consequences related to host health. There is evidence that
hanges in the gut microbiota’s composition occur under physi- 
al and mental stress during exercise (Clark and Mach, 2016 ). Al-
erations in the composition of GI flora play a pivotal role in the
athogenesis of obesity and cognitive impairment (Gérard, 2016 ; 
otger-Albertí and Fernández-Real, 2023 ). 
The pr e v alence of AD is expected to more than double by 2050,

osing significant challenges to healthcare infrastructure (Angrist 
t al., 2020 ). The tr ac k r ecord for de v eloping tr eatments for AD
as been marked by decades of failure, and the arrival of expen-
iv e, pr esymptomatic tr eatments will pr esent specific c hallenges
o the healthcare system. Akbari et al. reported in their random-
zed, double-blinded controlled trial that supplementation of a 
2-week course of probiotics containing Lactobaccilus acidophilus ,
actobacillus casei , Bifidobacterium bifidum , and Lactobacillus fermen- 
um would have favorable effects on reducing plasma malondi- 
ldehyde and serum high-sensiti vity C-reacti ve protein levels, in-
icating a decrease in inflammatory responses (Akbari et al., 2016 ).
 statisticall y significant impr ov ement in cognitiv e function has
lso been reported, with an av er a ge impr ov ement in MMSE scor e
f + 27.90 ± 8.07% in the intervention group compared to −5.03

3.00% in the control group. Despite the promising future for
he use of micr obiota-deriv ed ther a peutics in tr eatment or pr e-
ention of major neurocognitive disorders including AD, further 
arge-scale RCTs with an extended follow-up period should be 
onducted to further e v aluate clinical r esponses in div erse popu-
ations . Meanwhile , as there has been limited evidence regarding
he potential risks and complications associated with microtia- 
eriv ed ther a peutics, it could be c hallenging for patients with cog-
itive disorders to give informed consent for specific clinical trials.
n alternative domain of treatment would include exercise, which 
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s considered as a more promising, affordable and accessible op-
ion for individuals with AD. In comparison to other treatments
uc h as behavior al ther a py or micr obiota tr ansplantation, exer-
ise may r epr esent a pr omising, affordable, and easily accessible
reatment option for individuals with brain disorders. It is postu-
ated that the secret to this process lies in how exercise affects
he gut microbiota’s ability to communicate with the brain. The
ffects are still mostly unclear, thus future study should concen-
rate on them. 

The purpose of this review was to demonstrate the critical
unction that the MGB axis plays in preserving optimum health
y controlling the amount and variety of microbiota as well
s the production of secondary metabolites . T he potential bio-
ec hanisms of inter actions displayed in this r e vie w may eluci-

ate the possible underl ying mec hanism and provide further in-
ight into the existing knowledge ga p. Potential futur e r esearc h
f interest would include further evaluation of possible mecha-
isms, de v elopment of mor e effectiv e tr eatment str ategies that

ncor por ate exercise pr ogr ams, and determine the clinical ef-
cacy and accessibility of such interventions . T he mechanism
nd biological basis of MGB axis still remain a vast area for fu-
ur e explor ation. The impact of gut micr obiota extends beyond
I, metabolic, and immune diseases to include certain mental
isorders and the food-r e ward system associated with obesity.
iven that the etiologies of abovementioned disorders have not
et been definitiv el y identified, intestinal micr obiota may act as
 possible etiology or might have direct and indirect contribu-
ions to the current etiologies . Meanwhile , exercise has demon-
trated a promising effect as an intervention for cognitive dis-
rders and mental health disorders through targeting the gut
icrobiota. 
Further studies would be also warranted to evaluate the effect

f exercise, the intensity under long-term clinical follow-up, as
ell as the optimal duration, and the frequency of training ses-

ion. It remains possible that the influence of exertion on intesti-
al microbiota could have a significant variation over individuals,
epending on the frequency and intensity of exercising pr ogr am:
hether it is done as part of a routine to maintain weight and
tness, as part of a weight-loss plan with or without calorie re-
triction, or as intense physical training done by elite athletes. As
uch, it is impossible to generalize about how exercise affects the
icr obiome in gener al. The contentious topic of exercise intensity,

ind, dur ation, or dosa ges still exists. Even with the increasing in-
erest in this field, further studies involving exercise with direct

icr obiota anal ysis pair ed with fMRI ar e still r equir ed for futur e
omprehension of the direct effects of exercise and the gut flora
nd the potential implications for brain health. 
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