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Abstract: Sleep is crucial for wellness, and emerging research
reveals a profound connection to gut microbiota. This review
explores the bidirectional relationship between gutmicrobiota
and sleep, exploring the mechanisms involved and the ther-
apeutic opportunities it presents. The gut–brain axis serves as
a conduit for the crosstalk between gut microbiota and the
central nervous system, with dysbiosis in the microbiota
impairing sleep quality and vice versa. Diet, circadian
rhythms, and immune modulation all play a part. Specific
gut bacteria, like Lactobacillus and Bifidobacterium, enhance
sleep through serotonin and gamma-aminobutyric acid pro-
duction, exemplifying direct microbiome influence. Conversely,
sleep deprivation reduces beneficial bacteria, exacerbating dys-
biosis. Probiotics, prebiotics, postbiotics, and fecal transplants
show therapeutic potential, backed by animal and human
research, yet require further study on safety and long-term
effects. Unraveling this intricate link paves the way for tailored
sleep therapies, utilizing microbiome manipulation to improve
sleep and health. Accelerated research is essential to fully tap
into this promising field for sleep disorder management.

Keywords: gut microbiota, sleep disorder, bidirectional
relationship, mechanisms, therapeutic interventions, per-
sonalized medicine

1 Introduction

Sleep, an essential physiological process, is now recognized
as a crucial regulator of our gut microbiome – the intricate
ecosystem residing within us, demonstrating an unex-
pected yet profound interplay between microscopic inha-
bitants and our sleep. Disruptions in sleep patterns, such as
insomnia or sleep deprivation, not only impair cognitive
function and emotional wellbeing [1,2] but also trigger a cas-
cade of biological perturbations that reverberate throughout
the body [3,4], particularly affecting the delicate balance of
the gut microbiota [5]. This intimate link poses intriguing
questions about the potential of modulating gut microflora
as a therapeutic avenue for mitigating sleep disorders.

The gut microbiota, a complex consortium dominated
by bacteria from phyla Firmicutes, Bacteroidetes, and
others, operates in a delicate harmony vital for main-
taining homeostasis [6]. This equilibrium, however, is fra-
gile and easily upset by lifestyle factors, including sleep
habits, diet, and stress, among others [7–9]. The gut–brain
axis, a bidirectional communication network, facilitates
the microbiota’s influence on host physiology, including
sleep regulation, underscoring the microbiome’s centrality
in holistic health.

Recent scientific inquiries have uncovered a reciprocal
relationship: while disrupted sleep patterns can disturb the
gut microbiota, leading to dysbiosis and subsequent health
implications, an imbalance in the microbiome can also
exacerbate sleep issues, perpetuating a detrimental cycle
[10–12]. This reciprocal symbiosis highlights the criticality
of a balanced gut microbiome to overall health and under-
scores sleep as a pivotal modulator.

Given the established correlations and the potential for
translational applications, exploring the precise mechanisms
governing the gut microbiota-sleep axis becomes imperative.
This review synthesizes the latest advancements in our under-
standing of the intricate dance between sleep disorders and
the gut microbiome, aiming to distill the essence of this com-
plex relationship. By illuminating these pathways, we strive to
pave the way for targeted interventions in sleep medicine,
emphasizing the potential of gut microbiota manipulation as
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a promising frontier in addressing sleep disturbances.
Understanding these dynamics is not merely academic; it
holds the key to transforming clinical practices, offering
hope for novel, microbiome-centered therapies to restore
sleep health and, consequently, enhance overall wellbeing.

2 The impact of sleep disorders on
the gut microbiota

The composition of the gut microbiota is host-specific,
shifting over an individual’s lifespan and readily suscep-
tible to both environmental and intrinsic factors. The
changes in gut microbiota exhibit clear circadian rhythms.
Accumulating scientific evidence underscores a profound
interconnection between the oscillations of human sleep-
wake cycles and the gut’s microbial communities. Various
sleep disorders have been shown to disrupt the circadian
rhythms of gut microbiota, leading to ecological imbalances
(Table 1), which, in turn, exacerbate sleep problems and con-
tribute to the development of complications, including chronic
inflammation, cardiovascular, and cerebrovascular diseases.

2.1 Disruption of circadian rhythms

Maintaining a normal circadian rhythm is vital to indivi-
dual physical and mental well-being, and circadian rhythm
disruption is a significant risk factor for diseases such as
obesity and type 2 diabetes [13]. Observations in the normal
human body have revealed that over 60% of gut microbiota
composition adheres to oscillatory rhythms, with approxi-
mately 20% of mouse gut commensals and 10% of human
gut commensals demonstrating clear circadian variability
[14]. Species in the human gut microbiota that exhibit robust
rhythmicity primarily include Parabacteroides, Lachnospira,
Bulleida, Roseburia, Veillonella, Haemophilus, Adlercreutzia,
Eggerthella, Anaerotruncus, Oscillospira, Ruminococcus, Hol-
demania, Desulfovibrio, Escherichia, unspecified genera of
families S24-7, and Enterobacteriaceae [14,15].

Circadian rhythm perturbations trigger compositional
shifts in the gut microbiome, marked by an increased
Firmicute/Bacteroidetes ratio, depletion of Christensenellaceae,
Dorea, Anaeroplasmatales, Anaeroplasmataceae, Anaeroplasma,
Lactobacillus, Lactococcus, RF32, Alphaproteobacteria,
Proteobacteria, Ruminococcus, and Ligilactobacillus ruminis,
alongside enrichment of Paraprevotella, Fusobacteria, and
Fusobacteriales [14,16,17]. Mouse models undergoing trans-
plantation experiments have shown that circadian rhythm

disruption alters gut microbiota profiles, causing weight
gain and impaired glucose tolerance in mice [14], thereby
implicating gut microbiota imbalance as a pivotal contri-
butor to obesity development. These findings indicate that
circadian rhythm disruption on gut microbiota dynamics
and its implications for metabolic health.

2.2 Obstructive sleep apnea
syndrome (OSAS)

Sleep apnea, a condition characterized by interrupted or
shallow breathing during sleep, results in excessive day-
time sleepiness and fatigue and poses a substantial risk for
cardiovascular diseases, notably hypertension and stroke
[18,19]. Studies in mice have shown that sleep apnea leads
to a reduction in gut microbiota diversity and a shift
towards a high Firmicutes/Bacteroidetes ratio [20]. In a
pediatric cohort focusing on OSAS, Valentini et al. docu-
mented an enrichment of pro-inflammatory bacteria – Pro-
teobacteria, Clostridiaceae, Oscillospiraceae, and Klebsiella,
which impairs intestinal barrier integrity [21], further
highlighting the detrimental effects on gut health. Hyper-
tension, a frequent comorbidity with sleep apnea has also
been linked to gut microbiota alterations. A cohort study
involving 52 individuals, including 9 controls, 17 OSAS only,
5 hypertension only, and 21 suffering from both OSAS and
hypertension, uncovered a distinctive increase in Ruminococ-
caceae and Lachnospiraceae genera among OSAS patients [22].
Collectively, these findings emphasize the alterations in gut
microbiota composition in sleep apnea patients, which likely
contributes significantly to the pathology of the condition.

2.3 Sleep fragmentation

Sleep fragmentation not only undermines health, cognitive
performance, and physical prowess but also emerges as a
significant risk factor in the development of neurodegen-
erative illnesses, such as Alzheimer’s disease [33]. Mouse
models have shown that sleep fragmentation increases
appetite and enhances the abundance of bacteria such as
Lachnospiraceae and Ruminococcaceae, concurrently dimin-
ishing populations of Lactobacillaceae and Bifidobacteria-
ceae [25]. Studies spanning human and murine models
highlight the anti-obesity and anti-inflammatory capacities
of various Bifidobacterium strains [34,35]. In a study employing
sleep-deprived C57BL/6mice, subjects exhibited increased appe-
tite alongside unexpectedly reduced body mass, coupled with
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profound disruptions to gut microbiota diversity, typified by an
overrepresentation of Candidatus_Arthromitus and Entero-
bacter, and a depletion of Lactobacillus,Muribaculum,Mono-
globus, Parasutterella, and other species [26]. Human studies
parallel these findings, documenting declines in genera such
as Prevotella, Sutterella, Parasutterella, Alloprevotella, Anae-
roplasma, and Elusimicrobium, alongside reduced levels of
acetate, propionate, and butyrate [29]. Collectively, these
observations underscore the profound impact of sleep distur-
bances on the delicate microbial ecosystem equilibrium in
both mice and humans, highlighting a crucial axis for future
therapeutic interventions.

2.4 Narcolepsy

Narcolepsy, affecting roughly 0.02% of the global adult
population, manifests through symptoms including excessive
daytime sleepiness, cataplexy (sudden muscle weakness),
sleep onset hallucinations, sleep paralysis, and disrupted
nocturnal rest. This condition is further complicated by
associations with psychiatric, cardiovascular, autonomic,
and metabolic disorders [36,37]. In examining Type 1 Narco-
lepsy, two studies did not find differences in gut microbiota
diversity measures (alpha and beta diversity) between the
affected and healthy groups. However, they reported a con-
spicuous overabundance of Klebsiella genus and a marked
decrease in the abundance of Blautia, Barnesiellaceae, Bar-
nesiella, Phocea, Lactococcus, Coriobacteriia, and Corio-
bacteriales [30,31]. Mendelian randomization analysis have
suggested that heightened levels of genus Alloprevotella and
Ruminiclostridium 6 could potentially elevate the risk of NT1
[38]. These shifts in gut microbiota composition emphasize
the substantial environmental influence in the development
and pathophysiology of Type 1 Narcolepsy, pointing to
potential environmental targets for further investigation
and intervention strategies.

2.5 Insomnia

Insomnia, a condition marked by persistent sleep difficul-
ties, has been found to be intricately connected to shifts in
gut microbiota composition and heightened inflammatory
responses, potentially unraveling new dimensions in our
understanding and treatment of sleep disorders. A case–con-
trol study recruited 20 acute, 38 chronic insomnia, and 38
healthy controls and investigated gut microbiota and inflam-
matory cytokine changes in acute and chronic insomnia
patients, revealing distinct microbial signatures correlated

with sleep quality and elevated IL-1β [32]. Particularly, there
is a conspicuous reduction in the populations of short-chain
fatty acid (SCFA)-producing bacterial genera, notably Rose-
buria and Faecalibacterium, among individuals with insomnia
[32]. These genera are recognized for their anti-inflammatory
properties and positive contributions to health [39]. In rats, it
has been demonstrated that chronic sleep restriction can
increase pro-inflammatory cytokines, including IL-1β and
TNF-α [40], whereas enhancing the variety of gut microbiota
may inversely decrease circulating inflammatory cytokines,
potentially leading to better sleep quality [41]. The results
imply a complex interplay between insomnia, gut micro-
biome alterations, and inflammation, highlighting the micro-
biota’s potential as a diagnostic aid and therapeutic focus for
sleep disorders.

3 Potential bidirectional
interaction mechanisms between
gut microbiota and sleep

The intricate and reciprocal interplay between gut micro-
biota and sleep, with its potential for bidirectional influ-
ence, constitutes a complex yet rapidly evolving frontier of
research in contemporary science. Growing evidence sug-
gests that the microbiota–gut–brain axis plays a pivotal
role in governing sleep behaviors through both direct
and indirect mechanisms, with implications for the underlying
causes and development of sleep disorders. Specifically, it has
been documented that insufficient sleep induces disruptions in
gut microbiota function, while the presence of sleep disorders
coincides with marked shifts in the composition of the gut
microbiota. Three pivotal aspects underpin the interactions
between gut microbiota and sleep: first, microbial metabolites
exert direct effects on sleep patterns through the gut–brain
axis. Second, the microbiota modulates immune responses,
indirectly impacting sleep regulation. Lastly, sleep and gene
expression dynamics shape the composition of the gut micro-
biota (Figure 1).

3.1 The impact of gut microbiota
metabolites on sleep

3.1.1 Serotonin

Serotonin (5-hydroxytryptamine [5-HT]) is a monoamine
neurotransmitter synthesized from the essential amino
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acid tryptophan has emerged as a key player in the micro-
biota–gut–brain axis, crucial in regulating emotions, hunger,
pain processing, and sleep, alongside its role in gut motility
and secretion [42]. Over 90% of bodily 5-HT is synthesized and
released by gut enterochromaffin cells [43]. Studies in rats
have shown that supplementing Lacticaseibacillus rhamnosus
in rats significantly boosts 5-HT levels [44]. Key players in this
gut–brain axis are bacteria from families such as Clostridia-
ceae and Turicibacteraceae, capable of producing and
releasing 5-HT [45], reinforcing the gut microbiota’s integral
role in 5-HT biosynthesis. The vagus nerve serves as a vital
conduit connecting the gut’s activities to the central nervous
system, facilitating communication via 5-HT receptors along
its pathway. This neural link enables 5-HT to transmit signals
to the brain, thereby regulating various physiological pro-
cesses, including mood, with serotonin reuptake inhibitors’
antidepressant efficacy hinging on intact vagus nerve func-
tionality [46]. Furthermore, chronic vagus nerve stimulation
in cats leads to increased rapid eye movement (REM) sleep
[47], underscoring the nerve’s impact on sleep patterns. Sup-
plementation with Ganoderma lucidum in mice not only

increased hypothalamic 5-HT concentrations but also amelio-
rated sleep quality [48], pointing to the potential of 5-HT
modulation as a therapeutic target. Collectively, these find-
ings suggest that manipulating gut microbiota to influence
5-HT levels presents a promising avenue for improving sleep
quality, warranting deeper investigation in future research.

3.1.2 Histamine

Histamine, functioning dually as a neurotransmitter and a
signalingmolecule, plays a pivotal role in regulating intestinal
physiological functions, local immune responses, inflamma-
tion, and sleep–week cycle [49]. Of note, specific bacterial
species, including Escherichia coli, Limosilactobacillus vagi-
nalis, andMorganella morganii strains, possess the capability
to both synthesize and release histamine [50]. The therapeutic
arena witnesses the exploration of histamine H1 receptor
antagonists, such as LY2624803, in ongoing clinical trials tar-
geting insomnia [51], highlighting the clinical relevance of
histamine modulation in sleep disorder management. This

BMAL1 ↓
CRY1 ↓
OCLN    ↓

Regulation of the host's 
circadian rhythm genes

Altered intestinal barrier integrity

Mirobiota dysbiosiss

ZZZ

Sleep disorders

MMMMMMMMMMMMMMMMMMMMMiMiiM

IL-1β, IL-10, IL-4, 
IL-6, TNF-α, etc.

Immune regulation

ZZZ

LPS SCFAs

5-HT
Histamine

ZZZ

Escherichia coli, Lactobacillus vaginalis, 
and Morganella morganii etc.

HPA axis

Gut-brain axis

Mirobiota balance

Altered intestinal barrier integrity

Sleep regulationSleep regulation

Figure 1: Schematic representation of potential bidirectional interaction mechanisms between gut microbiota and sleep. The bidirectional interaction
between gut microbiota and sleep centered around the gut–brain axis encompasses three fundamental pathways: [1] Direct neurotransmitter
influence: Gut microbiota-derived neurotransmitters like 5-HT and histamine directly affect the brain via the HPA axis, regulating the host’s sleep
status. [2] Immune modulation: Gut microbiota and their metabolites stimulate immune cells such as dendritic cells, T cells, and B cells, modulating
the immune state, which subsequently influences the host’s sleep patterns. Conversely, sleep disorders can lead to changes in immune status,
resulting in gut microbiota dysbiosis [3]. Circadian rhythm and intestinal barrier integrity: Sleep disturbances induce alterations in the expression of
circadian rhythm-related genes, disrupting the integrity of the intestinal epithelial barrier, ultimately leading to gut microbiota dysbiosis.
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pharmacological intervention underscores the potential of
gut-derived histamine as a key mediator in the gut–brain
axis, influencing sleep quality. Unraveling the exact mechan-
isms by which microbial-origin histamine shapes sleep pat-
terns necessitates rigorous, multidisciplinary research, aimed
at clarifying the complex interplay betweenmicrobial activity,
neural signaling, and circadian regulation.

3.1.3 SCFA

Dietary fiber undergoes microbial metabolism in the gut,
prominently including lactic acid bacteria (LAB) alongside
genera such as Ruminococcus, Lachnospira, Lachnospiraceae,
and Ruminococcus [52]. This metabolic process yields SCFAs,
which are vital to maintaining intestinal homeostasis [53]. LAB
contribute significantly to this process, fostering the produc-
tion of SCFAs that reinforce the intestinal barrier, suppress
oxidative stress, dampen inflammation, and preserve a stable
gut ecosystem [52,53].

Sleep disturbances, however, disrupt this delicate bal-
ance by depleting populations of beneficial bacteria like
LAB, thereby reducing SCFA levels. This decline in SCFAs
is implicated in triggering neuroinflammation, a key factor
affecting sleep quality [29]. Investigations into infant popu-
lations have revealed a positive correlation between a
higher fecal content of propionic acid – a prominent
SCFA – and prolonged periods of uninterrupted sleep in
infants [54], implying a contributory role of SCFAs in deter-
mining sleep duration. The intricate relationship between
sleep and inflammation is further illuminated by butyrate,
a gut microbiota-derived metabolite known for its potent
anti-inflammatory effects. Butyrate mitigates chronic inflam-
mation, a frequent comorbidity with sleep disorders, by sup-
pressing pro-inflammatory cytokine synthesis and inhibiting
NF-κB activation [55,56]. This dual mechanism not only alle-
viates intestinal mucosal injury triggered by sleep deprivation
but also fosters improved sleep quality. Additionally, studies
have demonstrated that 72-h REM sleep deprivation can dis-
rupt colonic circadian rhythms, accompanied by a decrease in
SCFAs (propionic acid), intestinal inflammation, and enhanced
intestinal permeability, resulting in disrupted circadian
rhythms and gut microbiota dysbiosis [26], underscoring
the delicate interdependence between sleep, gut health, and
circadian homeostasis. In conclusion, these findings accent-
uate the critical role of LAB and their metabolites, especially
SCFAs, in regulating sleep quality. They underscore the need
for deeper mechanistic explorations to fully comprehend
how these bacterial elements interact with sleep physiology,
thereby informing potential therapeutic interventions for
sleep disorders and gut health management.

3.1.4 Lipopolysaccharide (LPS)

LPS, a key constituent of the Gram-negative bacterial outer
membrane, typically exists at trace concentrations in the
bloodstream in health status. However, heightened intest-
inal permeability can permit the translocation of LPS and
other gut microbiota products into the circulation. Rodent
studies have indicated that LPS administration prolongs
non-REM sleep, with the process potentially mediated by
IL-6 [57]. Microglia play a pivotal role in maintaining brain
homeostasis and immune function. They have been shown
to govern the sleep-wake cycle by modulating the anterior
thalamic reticular nucleus neuron dynamics through cer-
amide-mediated signaling [58]. When LPS breaches the
blood-brain barrier, it interacts with Toll-like receptor 4
(TLR4) on microglia, triggering a cascade of pro-inflamma-
tory cytokine production. This inflammatory response
can impose adverse hippocampal neurons [26,59,60], and
alterations in microglial cell activity induced by LPS may
contribute to the onset of neurological and sleep problems
[60]. These findings collectively propose that LPS primarily
modulates sleep status through its inflammatory response
induction. Thus, restricting the overgrowth of LPS-produ-
cing bacteria emerges as a prospective strategy for mana-
ging sleep disturbances by mitigating inflammation and
preserving the integrity of the gut–blood–brain axis.

3.1.5 Other gut microbiota-associated metabolites

Studies have illuminated the pivotal role of neuroregula-
tory elements, including γ-aminobutyric acid (GABA), mel-
atonin, and dopamine, as mediators through which the gut
microbiome engages in sleep modulation. Melatonin, for
instance, has demonstrated efficacy in reversing cognitive
impairments and rectifying gut microflora imbalances pre-
cipitated by sleep loss. This restoration occurs via fine-
tuning specific microbial populations and their metabolic
byproducts, thereby attenuating hippocampal inflamma-
tion and neuronal apoptosis via intricate crosstalk between
the TLR4/NF-κB and MCT1/HDAC3 signaling cascades, as
reported in references [61,62]. In a rhesus monkey model,
sleep deficiency has been linked to heightened stress hor-
mone levels, systemic inflammation, and disruptions to the
gut microbiota, implicating perturbations in GABA metabo-
lism. Intervention with GABA-producing probiotics, notably
Lactobacillus species, has proven efficacious in rehabili-
tating gut integrity and countering these adverse outcomes
[63], implying that diminished GABA production in the gut
could be central to the stress and gastrointestinal distur-
bances accompanying sleep deprivation.
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3.2 The impact of gut microbiota on sleep
through immunomodulation

The gastrointestinal tract, recognized as the largest immu-
nological organ in humans, plays a crucial role in main-
taining overall health [64]. Its dual function is paramount:
first, maintaining the integrity of the intestinal barrier pre-
vents deleterious microorganisms and their metabolites in
the gut from entering the bloodstream, thereby preventing
infections or systemic inflammation responses. Second, as
a reservoir for a myriad of immune cells, including den-
dritic cells, macrophages, natural killer cells, and others.
The gut fosters an environment where microbiota interact
intimately with these cells. This interaction stimulates
immune cell maturation and differentiation, preserving
immune homeostasis and stabilizing the gut’s microbial
ecosystem [64]. In a reciprocal dance, sleep and immune
function are inextricably intertwined; immune activity
exerts a regulatory influence on sleep patterns, while con-
versely, sleep quality impacts the immune system’s func-
tionality and responsiveness [65]. This intricate balance
highlights the interconnectedness of sleep, gut health, and
immune competence in maintaining overall health and
resilience.

Sleep disorder-induced immune dysfunction is a pivotal
factor implicated in the pathogenesis of various diseases.
Animal studies demonstrate that LPS, omnipresent in the
gut, can induce inflammatory responses and damage the
intestinal barrier by regulating the expression of TLR4
and NF-κB, thereby contributing to immune-related diseases
induced by sleep deprivation [29]. Sleep deprivation results
in a 1-4 fold decrease in anti-inflammatory cytokines, such
as IL-4 and IL-10, concomitant with a surge (1- to 8-fold
increase) in pro-inflammatory factors including IL-6, IL-1β,
and TNF-α, disrupting the delicate balance. This also dis-
rupts secondary bile acid metabolism, impairing coloniza-
tion resistance mediated by gut microbiota [66]. Cohort
analyses in humans reveal that insomnia can significantly
elevate IL-6 levels compared to healthy individuals, with gut
microbiota diversity positively correlated with both IL-6
levels and sleep duration [67,68]. In vitro supplementation
of IL-6 in rats extends non-REM sleep duration [69]. Further-
more, reports underscore the intimate link between sleep
quality and immune factors such as IL-1, IL-10, and TNF-β,
emphasizing their regulatory roles [70,71]. Collectively,
these observations underscore a bidirectional interplay
between the gut microbiome and sleep, mediated through
intricate immune regulatory mechanisms, highlighting
the gut–sleep–health axis’s significance.

3.3 Potential interactions between gut
microbiota and the expression of
circadian genes

Sleep disruptions trigger multifaceted changes in the gut
microbiota, affecting not only its structure but also func-
tional capacity, which in turn feeds back to influence sleep
quality. These alterations arise from the modulation of the
host’s circadian rhythm genes, involving the downregula-
tion of genes like brain and muscle ARNT-like 1 (BMAL1),
cryptochrome circadian regulator 1 (CRY1), and occludin
(OCLN). This disruption impairs the intestinal barrier’s
integrity, diminishes the abundance of beneficial bacteria
like lactobacilli and rumen ciliates, and fosters a state of gut
microbiota dysbiosis, which consequently impacts sleep
quality [26]. Notably, the central clock gene BMAL1’s dys-
function, as seen in knockout models, leads to compromised
gut epithelial function, microbial imbalance, increased gut
infection risk, and perturbed lipid metabolism [72], empha-
sizing the intricate link between circadian control and gut
health.

Moreover, overexpression of the circadian rhythm
gene CRY1 has demonstrated an ability to mitigate inflam-
mation triggered by sleep deprivation [73], suggesting a
direct role in sleep regulation. Conversely, sleep disorders
can provoke intestinal mucosal damage alongside down-
regulation of CRY1. Meanwhile, OCLN has been shown to
mitigate inflammation and insulin resistance associated
with insomnia [74], highlighting the therapeutic prospects
of intervening in these molecular pathways. The findings
from these studies imply that disturbances in host sleep
can alter the expression of circadian rhythm-related genes,
which then disrupt intestinal barrier integrity and impact
the balance of gut microbiota. Conversely, disruptions in gut
microbiota can impact sleep quality. A more profound com-
prehension of the interplay between these factors will con-
tribute to the prevention and treatment of sleep disorders.

In addition to these genetic interactions, it is crucial to
acknowledge the role of gut microbiota-derived metabo-
lites, such as indoles, bile acids, and neurotransmitter
precursors, in modulating circadian rhythms and sleep
patterns. These metabolites act as signaling molecules inter-
acting with host receptors, influencing the expression of circa-
dian genes and thereby impacting sleep regulation.

Understanding the complex interplay among gut micro-
biota composition, circadian gene expression, and metabolite
profiles provides a fertile ground for developing novel ther-
apeutic strategies. Targeted interventions, including precision
probiotics, dietary modifications designed to enhance
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beneficial metabolite production, and pharmacological agents
that modulate specific circadian pathways, hold promise in
restoring sleep-wake cycles and improving overall health in
individuals with sleep disorders.

4 Gut microbiota interventions for
sleep enhancement: Applications
and challenges

The gut microbiota, through its integral role in the gut–
brain axis, is a key player in preserving both physical and
mental well-being. An increasing body of research on gut
microbiota interventions, including the use of probiotics,
prebiotics, postbiotics, and fecal microbiota transplanta-
tion (FMT), has illuminated the potential of modulating
the gut microbiome as a novel therapeutic strategy for
managing sleep disorders and enhancing overall sleep
quality. This evolving understanding paves the way for
innovative, microbial-based approaches to promote heal-
thier sleep patterns.

4.1 Probiotics for sleep improvement

Probiotics, defined as livemicroorganisms conferring health ben-
efits when administered in adequate amounts, have emerged as
potential therapeutics for sleep enhancement. A double-blinded,
placebo-controlled, crossover-designed trial showed that
daily use of Lactobacillus gasseri CP2305 for 4 weeks
showed significant improvements in anxiety, depression,
sleep quality, and reduced cortisol levels, alongside altera-
tions in gut microbiota composition [75], suggesting its
potential benefits for managing stress-related behaviors.
In another intervention by Lee et al., a probiotic mixture
composed of Limosilactobacillus reuteri NK33 and Bifidobac-
terium adolescentis NK98 on 156 individuals with symptoms
of anxiety and insomnia. The results demonstrated that this
probiotic combination significantly enhanced sleep quality
and notably reduced the abundance of Enterobacteriaceae
in the gut [76], further supporting probiotics’ sleep-enhan-
cing potential. A separate 17-week double-blind trial in
rugby players found that the supplementation of Saccharo-
myces boulardii effectively enhances the sleep quality [77].
Another placebo-controlled, double-blind trial by Takada
et al., demonstrated that the supplementation of Lacticasei-
bacillus casei Shirota ameliorated the sleep quality of individuals
under stressful conditions [78]. These benefits microorganisms

from their ability to modulate gut microbiota composition,
increase bacterial diversity, and reduce pathogenic bacteria,
thereby impacting the gut–brain axis positively.

While probiotics show promise in enhancing sleep, they
encounter several pivotal challenges demanding attention.
Chief among these is the issue of strain specificity, which
underscores the need for meticulous research to discern the
most efficacious strains for sleep therapy [79]. Individual
variations in response, rooted in unique gut microbiomes
and genetic backgrounds, introduce another layer of com-
plexity, emphasizing the necessity for personalized strate-
gies and complicating universal application. Lastly, the field
is in want of extended longitudinal studies to ascertain the
longevity of benefits and any potential adverse reactions
over time, thereby filling a critical gap in our understanding
of probiotics’ long-term implications for sleep health.
Addressing these challenges is paramount to refine pro-
biotic interventions, transforming them into a reliably
effective and safely integrated part of sleep disorder man-
agement (Table 2).

4.2 Prebiotics and sleep regulation

Prebiotics, characterized by their resistance to human
digestive enzymes while serving as nutrients for gut micro-
organisms, hold promise in enhancing sleep quality through
their ability to shape microbial populations and metabolic
outputs [86]. The study by Chung et al. demonstrated the
positive effects of a prebiotic mixture of short-chain galac-
tooligosaccharides and long-chain fructooligosaccharides
(lcFOS) (9:1 ratio) on sleep-deprived mice. This regimen led
to elevated fecal SCFA levels, which were concurrently asso-
ciated with reduced inflammation and anxiety-like beha-
viors induced by sleep loss. These findings hint at a potential
mechanism for the observed improvements in sleep [80].
Similarly, interventions involving lactoferrin and milk fat
globule membrane in rat models exhibited enhanced gut
microbiota diversity, potentially linked to improve-
ments in sleep quality [81]. This augmentation in gut
microbial diversity is increasingly recognized as a factor
contributing to overall health, including aspects of sleep
regulation. Moreover, a double-blind randomized trial in
infants who received polydextrose and galactooligosac-
charides supplementation reported an increase in nap
duration [87]. This observation not only supports the
role of prebiotics in influencing sleep patterns but also
highlights their potential applicability across different
age groups, indicating a versatile strategy for sleep health
promotion.
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Prebiotic use for sleep regulation encounters challenges
including the need for individualized dosing strategies,
given varying responses tied to unique microbiome com-
positions. Long-term efficacy and safety profiles require further
investigation to ensure sustainable benefits without adverse
effects. Standardization issues persist due to a lack of consensus
on defining and classifying prebiotics, complicating research
comparability. Personalized approaches, accounting for indivi-
dual gut microbiota variations, are imperative for maximizing
benefits (Figure 2).

4.3 Postbiotics: a novel avenue for sleep
enhancement

Postbiotics are metabolic products of bacteria or fragments
of their cell bodies that can provide physiological benefits
to the host while avoiding the risks associated with live
microorganisms, such as infections. A single-blinded, ran-
domized controlled trial examined the effects of 5-HTP
supplementation on sleep quality and gut microbiota in
older adults over 12 weeks, revealing that 5-HTP notably
enhanced certain aspects of sleep, particularly in indivi-
duals with initially poor sleep quality, and led to increased
gut microbiota diversity and SCFA-producing bacteria [83],
suggesting a potential role in sleep improvement and gut
health modulation. Moreover, long-term supplementation

with heat-inactivated L. gasseri CP2305 in healthy adults
reduced anxiety, improved sleep quality, and positively
modulated gut microbiota, indicating potential benefits
for mental health and sleep under stress.

The exploration of postbiotics for sleep enhancement
faces a scarcity of studies, demanding expanded research
to bolster evidence. Elucidating the exact mechanisms and
identifying specific bioactive compounds are imperative.
Standardized approaches for postbiotic characterization
and quantification remain underdeveloped, posing obsta-
cles to consistency and comparison across investigations.

4.4 FMT in sleep health

FMT is a therapeutic approach in which the entire micro-
biota from a donor is transplanted into a recipient to
restore the recipient’s gut microbiota balance, which is
primarily used to treat recurrent Clostridium difficile infec-
tions. However, recent exploratory studies have ventured
into uncharted territories, assessing its potential in mana-
ging conditions beyond gastrointestinal disorders, including
sleep health [88]. A study assessed the efficacy and safety of
FMT in adults with chronic insomnia, comparing outcomes to
a non-insomnia group. Results showed significant improve-
ments in insomnia symptoms, anxiety, depression, and quality
of life for insomnia patients post-FMT, with 76.47% achieving
primary endpoints. The gut microbiota changes, specifically
an increase in genera like Lactobacillus, Bifidobacterium, Tur-
icibacter, and a reduction in Eggerthella, correlated with FMT
effectiveness [85], suggesting FMT as a potential novel treat-
ment for chronic insomnia with implications for sleep quality
improvement.

Implementing FMT for sleep health faces numerous chal-
lenges, including ethical concerns around donor screening,
standardization of procedures, and ensuring long-term safety
and efficacy. Future research is expected to delve deeper into
the mechanistic understanding of how FMT influences sleep,
focusing on the specific microbial species and metabolites
involved. Personalized FMT strategies, based on an indivi-
dual’s microbiome profile, may emerge as a future direction.

Sleep disorder treatments conventionally involve drugs,
psychotherapy, and traditional Chinese medicine, over-
looking microbiota interventions. However, advances in
understanding the gut microbiota-sleep link have sparked
exploration into microbiota-targeted therapies for sleep
enhancement. Personalized sleep therapy via gut microbiota
modulation, using probiotics, prebiotics, and tailored inter-
ventions based on individual microbiota profiles, emerges
as a promising frontier, prioritizing metabolite research for
systemic effects.

Figure 2: Proposed gut microbiota interventions to improve sleep
quality. Four microbiota-targeted intervention approaches, including
probiotics, prebiotics, postbiotics, and FMT, are depicted in the graph.
These interventions have the potential to enhance sleep quality by mod-
ulating the microbiota–gut–brain axis, offering promising avenues for
the treatment of sleep disorders.
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5 Conclusions and perspectives

Emerging research highlights the intricate relationship
between the gut microbiota and sleep, primarily orche-
strated through the gut–brain axis that connects these
two vital components of our physiology. While sleep dis-
turbances can markedly alter the gut microbiota’s compo-
sition and function, the heterogeneity observed in these
effects across studies underscores the need for further explora-
tion of individual variability, species-specific responses, and
the myriad environmental and intrinsic factors influencing
gut microbial homeostasis. Promisingly, targeted interventions,
including specific prebiotics such as polydextrose and galactoo-
ligosaccharides, probiotics like Bifidobacterium and
Lactobacillus strains, and postbiotics like butyrate, have
demonstrated potential in ameliorating gut dysbiosis and
enhancing sleep quality. Mechanistically, these interven-
tions may influence sleep by modulating neurotransmitter
production, reducing inflammation, and stabilizing circa-
dian rhythms.

Despite these advancements, it is imperative to recog-
nize the existing limitations in our understanding, which
include the lack of large-scale, longitudinal studies eluci-
dating causality, and the complexity in deciphering the
direct versus indirect effects of gut microbiota on sleep
regulation. Future research should aim to clarify the pre-
cise mechanisms underlying the gut microbiota’s impact
on sleep, identify biomarkers predictive of sleep distur-
bances, and evaluate the long-term efficacy and safety of
microbiota-targeted interventions in diverse populations.

In conclusion, the reciprocal relationship between sleep
and the gut microbiota opens new vistas for preventive and
therapeutic strategies targeting sleep disorders. However,
whether gut microbiota dysbiosis acts as a causative agent
in sleep disorders or serves as an indirect contributor
remains a subject demanding further in-depth investigation.
The complex interplay between sleep and the gut microbiota
warrants continued research efforts to fully decipher its far-
reaching implications on human health and overall
wellness.

Funding information: This research was funded by the
XiamenMunicipal Health Guidance Project (3502Z20214ZD1156).

Author contributions: All authors contributed to the study
conception and design. Data collection and curation, Z.L.,
T.J., M.C., and X.J.; writing – original draft, Z.L. and Y.W.;
and writing – review and editing, Z.L. All authors have read
and agreed to the published version of the manuscript.

Conflict of interest: Authors state no conflict of interest.

Data availability statement: Data sharing is not applicable
to this article as no datasets were generated or analyzed
during the current study.

References

[1] Khalil M, Power N, Graham E, Deschenes SS, Schmitz N. The asso-
ciation between sleep and diabetes outcomes - A systematic
review. Diabetes Res Clin Pract. 2020;161:108035.

[2] Yasugaki S, Okamura H, Kaneko A, Hayashi Y. Bidirectional rela-
tionship between sleep and depression. Neurosci Res. 2023;23:1–8.

[3] Li L, Liang T, Jiang T, Li Y, Yang L, Wu L, et al. Gut microbiota:
Candidates for a novel strategy for ameliorating sleep disorders.
Crit Rev Food Sci Nutr. 2023;23:1–17.

[4] Wang Z, Wang Z, Lu T, Chen W, Yan W, Yuan K, et al. The micro-
biota-gut-brain axis in sleep disorders. Sleep Med Rev.
2022;65:101691.

[5] Matenchuk BA, Mandhane PJ, Kozyrskyj AL. Sleep, circadian
rhythm, and gut microbiota. Sleep Med Rev. 2020;53:101340.

[6] Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A
human gut microbial gene catalogue established by metagenomic
sequencing. Nature. 2010;464(7285):59–65.

[7] Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le Chatelier E,
et al. Dietary intervention impact on gut microbial gene richness.
Nature. 2013;500(7464):585–8.

[8] Delaroque C, Chervy M, Gewirtz AT, Chassaing B. Social over-
crowding impacts gut microbiota, promoting stress, inflammation,
and dysglycemia. Gut Microbes. 2021;13(1):2000275.

[9] Zmora N, Suez J, Elinav E. You are what you eat: diet, health and the
gut microbiota. Nat Rev Gastroenterol Hepatol. 2019;16(1):35–56.

[10] Xiao E, Mattos M, Vieira G, Chen S, Corrêa J, Wu Y, et al. Diabetes
enhances IL-17 expression and alters the oral microbiome to
increase its pathogenicity. Cell Host Microbe. 2017;22(1):120–8.e4.

[11] Li J, Zhao F, Wang Y, Chen J, Tao J, Tian G, et al. Gut microbiota
dysbiosis contributes to the development of hypertension.
Microbiome. 2017;5(1):14.

[12] Travagli RA, Browning KN, Camilleri M. Parkinson disease and the
gut: new insights into pathogenesis and clinical relevance. Nat Rev
Gastroenterol Hepatol. 2020;17(11):673–85.

[13] Shan Z, Li Y, Zong G, Guo Y, Li J, Manson JE, et al. Rotating night shift
work and adherence to unhealthy lifestyle in predicting risk of type
2 diabetes: results from two large US cohorts of female nurses.
BMJ. 2018;363:k4641.

[14] Thaiss CA, Zeevi D, Levy M, Zilberman-Schapira G, Suez J,
Tengeler AC, et al. Transkingdom control of microbiota diurnal
oscillations promotes metabolic homeostasis. Cell.
2014;159(3):514–29.

[15] Kaczmarek JL, Musaad SM, Holscher HD. Time of day and eating
behaviors are associated with the composition and function of the
human gastrointestinal microbiota. Am J Clin Nutr.
2017;106(5):1220–31.

[16] Li Q, Wang B, Qiu HY, Yan XJ, Cheng L, Wang QQ, et al. Chronic jet
lag exacerbates jejunal and colonic microenvironment in mice.
Front Cell Infect Microbiol. 2021;11:648175.

[17] Liu Z, Wei ZY, Chen J, Chen K, Mao X, Liu Q, et al. Acute sleep-wake
cycle shift results in community alteration of human gut micro-
biome. mSphere. 2020;5(1):e00914–19.

12  Zhonghui Lin et al.



[18] Salman LA, Shulman R, Cohen JB. Obstructive sleep apnea, hyper-
tension, and cardiovascular risk: epidemiology, pathophysiology,
and management. Curr Cardiol Rep. 2020;22(2):6.

[19] Gonzaga C, Bertolami A, Bertolami M, Amodeo C, Calhoun D.
Obstructive sleep apnea, hypertension and cardiovascular dis-
eases. J Hum Hypertens. 2015;29(12):705–12.

[20] Moreno-Indias I, Torres M, Montserrat JM, Sanchez-Alcoholado L,
Cardona F, Tinahones FJ, et al. Intermittent hypoxia alters gut
microbiota diversity in a mouse model of sleep apnoea. Eur Respir
J. 2015;45(4):1055–65.

[21] Valentini F, Evangelisti M, Arpinelli M, Di Nardo G, Borro M, SimmacoM,
et al. Gut microbiota composition in children with obstructive sleep
apnoea syndrome: a pilot study. Sleep Med. 2020;76:140–7.

[22] Zhang C, Chen F, Shen Y, Chen Y, Ma J. Sleep apnea is associated
with the increase of certain genera of Ruminococcaceae and
Lachnospiraceae in the gut microbiome of hypertensive patients.
Expert Rev Respir Med. 2022;16(11–12):1247–56.

[23] Ko C-Y, Liu Q-Q, Su H-Z, Zhang H-P, Fan J-M, Yang J-H, et al. Gut
microbiota in obstructive sleep apnea–hypopnea syndrome: dis-
ease-related dysbiosis and metabolic comorbidities. Clin Sci.
2019;133(7):905–17.

[24] Li Q, Xu T, Shao C, Gao W, Wang M, Dong Y, et al. Obstructive sleep
apnea is related to alterations in fecal microbiome and impaired
intestinal barrier function. Sci Rep. 2023;13(1):778.

[25] Poroyko VA, Carreras A, Khalyfa A, Khalyfa AA, Leone V, Peris E,
et al. Chronic sleep disruption alters gut microbiota, induces sys-
temic and adipose tissue inflammation and insulin resistance in
mice. Sci Rep. 2016;6:35405.

[26] Yang DF, Huang WC, Wu CW, Huang CY, Yang YSH, Tung YT. Acute
sleep deprivation exacerbates systemic inflammation and psy-
chiatry disorders through gut microbiota dysbiosis and disruption
of circadian rhythms. Microbiol Res. 2023;268:127292.

[27] Triplett J, Ellis D, Braddock A, Roberts E, Ingram K, Perez E, et al.
Temporal and region-specific effects of sleep fragmentation on gut
microbiota and intestinal morphology in Sprague Dawley rats. Gut
Microbes. 2020;11(4):706–20.

[28] Zhang M, Zhang M, Kou G, Li Y. The relationship between gut
microbiota and inflammatory response, learning and memory in
mice by sleep deprivation. 2023;13:1–11.

[29] Wang Z, Chen WH, Li SX, He ZM, Zhu WL, Ji YB, et al. Gut microbiota
modulates the inflammatory response and cognitive impairment
induced by sleep deprivation. Mol Psychiatry. 2021;26(11):6277–92.

[30] Lecomte A, Barateau L, Pereira P, Paulin L, Auvinen P,
Scheperjans F, et al. Gut microbiota composition is associated with
narcolepsy type 1. Neurol Neuroimmunol Neuroinflamm.
2020;7(6):1–9.

[31] Zhang R, Gao S, Wang S, Zhang J, Bai Y, He S, et al. Gut microbiota
in patients with type 1 narcolepsy. Nat Sci Sleep. 2021;13:2007–18.

[32] Li Y, Zhang B, Zhou Y, Wang D, Liu X, Li L, et al. Gut Microbiota
Changes and Their Relationship with Inflammation in Patients with
Acute and Chronic Insomnia. Nat Sci Sleep. 2020;12:895–905.

[33] Lim AS, Kowgier M, Yu L, Buchman AS, Bennett DA. Sleep frag-
mentation and the risk of incident alzheimer’s disease and cogni-
tive decline in older persons. Sleep. 2013;36(7):1027–32.

[34] Kim G, Yoon Y, Park JH, Park JW, Noh M-g, Kim H, et al.
Bifidobacterial carbohydrate/nucleoside metabolism enhances
oxidative phosphorylation in white adipose tissue to protect
against diet-induced obesity. Microbiome. 2022;10(1):188.

[35] Schroeder BO, Birchenough GMH, Stahlman M, Arike L,
Johansson MEV, Hansson GC, et al. Bifidobacteria or fiber protects

against diet-induced microbiota-mediated colonic mucus dete-
rioration. Cell Host Microbe. 2018;23(1):27–40.e7.

[36] Dauvilliers Y, Arnulf I, Mignot E. Narcolepsy with cataplexy. Lancet.
2007;369(9560):499–511.

[37] Bassetti CLA, Adamantidis A, Burdakov D, Han F, Gay S, Kallweit U,
et al. Narcolepsy - clinical spectrum, aetiopathophysiology, diag-
nosis and treatment. Nat Rev Neurol. 2019;15(9):519–39.

[38] Sheng D, Li P, Xiao Z, Li X, Liu J, Xiao B, et al. Identification of
bidirectional causal links between gut microbiota and narcolepsy
type 1 using Mendelian randomization. Sleep. 2024;47:1–4.

[39] Kim CH, Park J, KimM. Gutmicrobiota-derived short-chain Fatty acids, T
cells, and inflammation. Immune Network. 2014;14(6):277–88.

[40] Zielinski MR, Kim Y, Karpova SA, McCarley RW, Strecker RE,
Gerashchenko D. Chronic sleep restriction elevates brain interleukin-
1 beta and tumor necrosis factor-alpha and attenuates brain-derived
neurotrophic factor expression. Neurosci Lett. 2014;580:27–31.

[41] Jackson ML, Butt H, Ball M, Lewis DP, Bruck D. Sleep quality and the
treatment of intestinal microbiota imbalance in Chronic Fatigue
Syndrome: A pilot study. Sleep Sci. 2015;8(3):124–33.

[42] Bacqué-Cazenave J, Bharatiya R, Barrière G, Delbecque J-P,
Bouguiyoud N, Di Giovanni G, et al. Serotonin in animal cognition
and behavior. Int J Mol Sci. 2020;21(5):1649.

[43] Hata T, Asano Y, Yoshihara K, Kimura-Todani T, Miyata N, Zhang X-
T, et al. Regulation of gut luminal serotonin by commensal
microbiota in mice. PLoS One. 2017;12(7):e0180745.

[44] Li H, Wang P, Huang L, Li P, Zhang D. Effects of regulating gut
microbiota on the serotonin metabolism in the chronic unpredictable
mild stress rat model. Neurogastroenterol Motil. 2019;31(10):e13677.

[45] Fung TC, Vuong HE, Luna CDG, Pronovost GN, Aleksandrova AA,
Riley NG, et al. Intestinal serotonin and fluoxetine exposure mod-
ulate bacterial colonization in the gut. Nat Microbiol.
2019;4(12):2064–73.

[46] McVey Neufeld KA, Bienenstock J, Bharwani A, Champagne-
Jorgensen K, Mao Y, West C, et al. Oral selective serotonin reuptake
inhibitors activate vagus nerve dependent gut-brain signalling. Sci
Rep. 2019;9(1):14290.

[47] Valdés-Cruz A, Magdaleno-Madrigal VM, Martıńez-Vargas D,
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