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Abstract. Sleep plays a crucial role in maintaining and 
improving physical and mental health. However, the preva‑
lence of sleep disorders is increasing in modern society. 
Recently, the gut‑brain axis has emerged as a prominent 
focus within the realm of sleep disorder research, with 
gut microbiota metabolites serving as essential factors in 
gut‑brain communication. The present study summarizes the 
emerging connections between gut microbiota metabolites 
and sleep, mainly focusing on those derived from tryptophan 
and dietary fiber metabolism. It discusses potential pathways 
and molecular processes by which sleep interacts with the gut 
microbiota metabolites, aiming to evaluate the feasibility of 
using gut microbiota interventions to treat sleep disorders.
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1. Introduction

Sleep is crucial for humans and is closely linked to overall 
health. In modern life, an increasing number of individuals 
face sleep disorders. In 2010, a cross‑sectional online 
survey of 1,125 students (aged 17‑24) at a Midwestern urban 
university found that >60% were poor sleepers based on the 
Pittsburgh Sleep Quality Index (1). Previous studies have 
shown that adequate sleep promotes metabolism, alleviates 
fatigue, delays the aging process and enhances the immune 
system (2). Conversely, prolonged insomnia leads to compro‑
mised immune function, dysregulation of the autonomic 
nervous system, cardiovascular and endocrine disorders, 
and contributes to anxiety and depression, thus affecting 
overall physical and mental health. Common sleep disorders 
include insomnia, circadian rhythm disruptions, hyper‑
somnia, restless leg syndrome and obstructive sleep apnea. 
These disorders are associated with dysfunction in multiple 
body systems, including the endocrine, immune and nervous 
systems (2‑7).

There are various treatments for sleep issues, including 
medication, therapy, physical treatments and cognitive behav‑
ioral therapy for insomnia. Previously, a study demonstrated 
a close connection between gut microbiota metabolites and 
the brain (8). Therefore, taking prebiotics and probiotics has 
become a popular way to help solve sleep problems (9). Their 
effects are influenced by multiple factors such as tissue type 
and metabolic state, dietary environment, and circulating 
levels of metabolites (10). Bacterial metabolites include several 
types, including neuroregulators (11,12), pro‑inflammatory 
and anti‑inflammatory mediators (13,14), uremic toxins, and 
molecules that provide energy for host cell metabolism (15). 
Certain metabolites also participate in brain neurodevelop‑
ment and blood‑brain barrier (BBB) integrity, regulating 
brain neuroinflammation (16). A previous study showed that 
diet‑induced gut microbiota metabolites act as crucial media‑
tors in host‑microbiota interactions (17). Additionally, it has 
been revealed that gut microbiota metabolites are closely 
linked to diet. For example, short‑chain fatty acids (SCFAs) 
from dietary fiber, indole from amino acid metabolism, ergo‑
thioneine and trimethylamine formed from choline, betaine 
and carnitine metabolism are all dietary nutrients (18). These 
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diet‑related metabolites may guide the diet for patients with 
sleep disorders.

Early research on sleep disorders mainly focused on how 
the central nervous system (CNS) controls the sleep‑wake 
cycle. However, how peripheral systems such as the gut affect 
sleep regulation and disorders remains to be elucidated. 
Despite previous research focused on some sleep mechanisms, 
research into the impact of gut microbiota on sleep is still in 
its nascent stages, particularly concerning the mechanisms 
through which gut microbiota metabolites impact sleep 
patterns.

2. Brain‑gut axis

Currently, the brain‑gut‑microbiota concept goes beyond just 
an axis; it represents a complex system involving the brain, 
gut and microbiota, along with their interactions through the 
CNS, chemical signals, immune regulation and barrier func‑
tions in both the brain and gut (19‑21). The vagus nerve (VN) 
serves as a vital conduit, sensing gut microbiota metabolites 
and relaying this message to the CNS (22). Furthermore, the 
migration of immune cells in the immune pathway is one 
of the key mechanisms connecting the gut and the brain. 
Cytotoxic CD8+ T, CD4 effector [helper T (Th) 1 cells, Th2 
and Th17 cells] and regulatory T (Treg) cells not only play 
local roles in the intestine but can also migrate to the brain 
to exert their immune functions. They are key players in the 
gut‑brain microbiome connection for maintaining balance 
during disease  (23‑27). Previous research into chemical 
signaling has deepened the present understanding of the 
brain‑gut‑microbiota system (28,29). These chemical signals, 
such as metabolites of gut microbiota, serotonin (5‑HT) and 
γ‑aminobutyric acid, which influence both gut and brain 
functions, may impact various pathways (30) (Fig. 1).

3. Possible mechanisms by which microbiota metabolites 
affect sleep

Tryptophan (TPH) and SCFA. Research on the role of the 
amino acid TPH is receiving increasing attention. TPH is 
found in protein‑rich foods such as egg, milk, oats, cheese, 
nuts and seeds. The majority of TPH is absorbed within the 
small intestine, but excessive intake of protein and amino 
acids (6‑18 g/day) can make some protein reach the colon (31). 
SCFAs are the major metabolites produced by microbial 
fermentation of dietary fiber. They are vital in maintaining 
metabolism, neurological function and immune systems (32). 
Dietary fiber is consumed from the diet, and it cannot be 
digested and absorbed directly by the gastrointestinal system. 
Instead, it escapes digestion in the stomach and small intes‑
tine, and undergoes fermentation by anaerobic microbes in the 
cecum and colon. This fermentation process produces SCFAs, 
mainly including acetate, propionate and butyrate salts (33,34). 
SCFAs are readily absorbed from the gut into the circulation 
and directly reach the liver. Previous research has shown that 
injecting butyrate via portal vein results in a 70% increase in 
non‑rapid eye movement sleep in mice (35,36). This finding 
supports the connection between gut microbiota and related 
metabolites with sleep disorders (37). These metabolites can 
be absorbed and utilized by the host's gut and are measurable 

in the host's circulation. However, some microbial metabolites 
can promote health, while others can be toxic and detrimental 
to health. A previous study linked insufficient sleep to reduced 
SCFAs production by the gut microbiome. Another study found 
a positive association between sleep duration and the concen‑
trations of total SCFAs, acetate and propionate in stool (38). 
These results suggest that shorter sleep duration is associated 
with lower SCFA production, providing some evidence that 
SCFAs may influence sleep. Furthermore, studies have indi‑
cated that diet may influence sleep through melatonin and its 
biosynthesis from TPH (39).

5‑HT. TPH is the only substance needed to make 5‑HT, and 
in germ‑free mice, 5‑HT levels were 2.8‑fold lower. This 
reduction can partly be due to microbial processes (40). 5‑HT, 
a neurochemical molecule that exhibits diurnal variations, is 
associated with the hypothalamic pathways that promote sleep 
and regulate glucose homeostasis (41). Both gut microbiota 
and enterochromaffin cells can influence 5‑HT synthesis by 
controlling the rate‑limiting enzyme TPH hydroxylase (42). 
Subsequently, 5‑HT is converted by different enzymes into 
either melatonin or 5‑hydroxyindoleacetic acid, with mela‑
tonin being the primary substance responsible for regulating 
sleep initiation and circadian rhythms (43). Certain specific 
bacterial strains, including Lactobacillus, Lactococcus, 
Prevotella, Streptococcus  thermophilus, Escherichia coli, 
K‑12, Morganella  morganii, Klebsiella  pneumoniae and 
Staphylococcus aureus, can produce 5‑HT and other biogenic 
amines from TPH (44). This impacts gut motility and secre‑
tion, and can also affect 5‑HT levels in the brain, potentially 
influencing mood and cognitive functions (45).

In addition, SCFAs can influence the serotonergic system. 
5‑HT activity is primarily influenced by the extracellular avail‑
ability of 5‑HT, which is regulated by the 5‑HT transporter 
(SERT) (46). A previous study found that SCFAs affected 
the activity of intestinal SERT (47). In this study, the activity 
and expression levels of SERT were decreased by propionate 
and acetate, concurrently elevating the levels of specific 
5‑HT receptors that amplified 5‑HT signaling. By contrast, 
butyrate enhanced both the activity and expression levels of 
SERT, and upregulated anti‑inflammatory molecules such as 
interleukin (IL)‑10 (47). Additionally, it was observed that 
low levels of acetate, propionate and butyrate has an impact 
on SERT activity, whereas increased concentrations did not 
influence SERT functionality. Although butyrate appeared to 
have no effect on receptor expression, propionate and acetate 
both notably increased the mRNA levels of 5‑HTR1A, 2B 
and 7  (48). The 5‑HTR1A receptor, which is expressed in 
intestinal epithelial cells and enteric neurons, can activate the 
release of 5‑HT from enterochromaffin cells (49).

In conclusion, dietary intake of TPH is crucial for 5‑HT 
synthesis, and influences emotions and cognitive functions 
through the actions of gut microbiota, highlighting the 
importance of the gut‑brain axis in maintaining overall health.

VN and enteroendocrine cells (EECs). The VN serves as the 
principal conduit for transmitting internal organ information 
to the CNS. Earlier research indicated that the VN may be 
involved in conveying information from the gut microbiota 
to the brain (50). Stimuli from chemicals or microbes in the 
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gastrointestinal tract can activate Trpa1+ EECs, which subse‑
quently transmit signals to the vagal ganglia. Previous research 
shows that intestinal epithelial cells have developed special‑
ized EECs, specifically enterochromaffin cells (51). EECs are 
distributed throughout the whole gastrointestinal tract and 
respond to various luminal stimuli by secreting hormones or 
neurotransmitters in a calcium‑dependent mechanism (52). 
Therefore, the link between EECs and neurons establishes a 
direct pathway through which the intestinal epithelium can 
convey sensory information to the brain. Recent research 
has shown that bacterial TPH degradation metabolites, 
such as indole or Indole‑3‑acetaldehyde (IAld), activate the 
vagal ganglia through the EEC Trpa1 signaling pathway. 
Additionally, by measuring fresh tissue slices from the intes‑
tines of humans and mice exposed to indole, it was observed 
that indole significantly induced the secretion of 5‑HT in both 
human and mouse intestines, while a Trpa1 inhibitor blocked 
this effect (53) (Fig. 1).

Inhibition of the activation of the Toll‑like receptor 4 
(TLR4)/NF‑κB signaling pathway. Previous research has shown 
that sleep deprivation (SD) may impair the function of the 
intestinal barrier (54), triggering oxidative stress and causing 
damage to the intestinal mucosa (55). The expression of tight 
junction proteins (occludin and ZO‑1) in the intestinal tissue 

decreases, leading to an increase in intestinal permeability. 
After the disruption of the intestinal barrier, TLR4 recognizes 
lipopolysaccharide (LPS), it binds to myeloid differentiation 
factor 88, ultimately activating the IκB kinase complex. This 
leads to the degradation of IκB, the release of NF‑κB, and the 
initiation of transcription of inflammatory genes, resulting 
in the transcription of pro‑inflammatory factors IL‑6, IL‑1β 
and TNF‑α (56), leading to an increase in their levels in both 
the brain and the intestine (57). IL‑1β, TNF‑α and IL‑6 are 
the most extensively studied pro‑sleep and pro‑inflammatory 
cytokines that regulate sleep (24,58), and poor sleep quality is 
also positively associated with an increase in IL‑8 (59).

In a previous study, the antioxidant fullerene nano-
antioxidants (FNAO) improved the sleep of sleep‑deprived 
zebrafish by regulating the redox balance in the intestine. 
In addition, in mice that received oral administration of 
FNAO, the levels of the tight junction protein occludin in the 
intestine increased, while the levels of the pro‑inflammatory 
cytokines IL‑6, IL‑1β and TNF‑α in the intestine decreased, 
significantly improving sleep in mice (57). All these find‑
ings indicate that pro‑inflammatory immune response and 
oxidative stress in the intestine are closely related to sleep. 
Continuous disruption of the intestinal barrier leading to an 
increase in intestinal permeability; microbes, LPS, peptido‑
glycans and pathogen‑associated molecular patterns can be 

Figure 1. Three key connecting pathways in the brain‑gut‑microbiota system. Metabolites of gut microbiota, together with neurotransmitters such as 5‑HT and 
GABA, act as chemical signals. They can cross the BBB to enter the brain. Secondly, they can activate the vagus nerve through EECs and enteric neurons, 
transmitting signals to the nucleus of the solitary tract in the brainstem, thus influencing brain functions. In addition, they can regulate immune cells to release 
cytokines, which are involved in the transmission of signals to the brain indirectly via the bloodstream. Figure support was provided by Figdraw. 5‑HT, sero‑
tonin; BBB, blood‑brain barrier; CNS, central nervous system; TH1, helper T 1 cells; TH2, helper T 2 cells; Treg, regulatory T cells; EECs, enteroendocrine 
cells.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5571


CHENG et al:  MICROBIOTA METABOLITES IN THE BRAIN-GUT-SLEEP AXIS4

recognized by peripheral macrophages; and this recognition 
promotes the release of pro‑inflammatory cytokines (IL‑1β, 
IL‑6, and TNF‑α) into the bloodstream, thus triggering 
systemic inflammation (60,61). Moreover, These molecules 
then cross the intestinal barrier (IB) and BBB to reach the 
brain parenchyma, where they are exposed to microglia. This 
is an example of microbiome‑derived microbial‑associated 
molecular patterns. Microglia and astrocytes are activated 
through the TLR4‑myeloid differentiation factor 88‑NF‑κB 
signaling pathway, thereby generating neuroinflammation that 
affects sleep (62‑64). The suprachiasmatic nucleus (SCN) in 
the hypothalamus is the central regulator of human's circadian 
rhythm and is crucial for controlling the metabolic rhythm in 
mice (65). Extensive evidence shows that pro‑inflammatory 
mediators inhibit the expression of clock genes and their targets 
in both the SCN and peripheral tissues, affecting the biological 
clock and thus disrupting the circadian rhythm. In addition, 
microglia and astrocytes are the brain's primary immune and 
inflammatory cells, respectively, playing key roles in antigen 
presentation and the production of both pro‑inflammatory and 
anti‑inflammatory factors (66,67). Chronic SD activates these 
cells, indicating that they could serve as potential targets for 
reducing neuroinflammation and oxidative stress in the brain 
following SD (68). In a previous study reporting both the mela‑
tonin supplementation and butyrate supplementation groups 

reversed the changes in neuroinflammation and cell apoptosis 
induced by SD (69). The levels of Iba1‑positive cells, as well as 
IL‑6 and TNF‑α in the CA1, CA3 and dentate gyrus regions of 
the hippocampus were significantly lower compared to those 
in the sleep deprivation group. This is likely related to the 
inhibition of the activation of NF‑κB in intestinal cells, which 
partially suppresses the production of pro‑inflammatory cyto‑
kines such as TNF‑α, IL‑1β and IL‑6, as well as the inhibition 
of microglial activation (70‑72).

In addition, various TPH metabolites produced by the 
gut microbiota, such as indole and indole‑3‑acetic acid can 
significantly weaken the activation of NF‑κB in macrophages 
induced by LPS. It can also significantly reduce the increase 
of pro‑inflammatory cytokines in intestinal epithelial cells 
induced by TNF‑α and LPS, as well as decrease the activation 
of IL‑6 and IL‑1β in cells stimulated by LPS (Fig. 2) (73).

Influencing CNS inflammation via signaling of aromatic 
hydrocarbon receptors. Aromatic hydrocarbon receptors 
(AHR) act as a key mediator in brain signaling pathways for TPH 
metabolites. In recent years, bacterial TPH metabolites have 
been extensively studied as ligands for AHR, a transcription 
factor that is commonly found in immune system cells. A study 
has indicated that activated AHR can modulate innate and 
adaptive immune responses in a ligand‑specific manner (74). 

Figure 2. Inhibition of the activation of the TLR4/NF‑κB signaling pathway. Sleep deprivation impairs the gut by reducing the expression of tight junction 
proteins (occludin and ZO‑1, increasing intestinal permeability and allowing the leakage of bacterial lipopolysaccharides, peptidoglycans, pathogen‑associated 
molecules and inflammatory factors into the bloodstream. This activates the TLR4/NF‑κB pathway, triggering systemic inflammation and neuroinflammation. 
However, gut microbiota‑derived metabolites can inhibit the activation of the TLR4/NF‑κB pathway. Figure support was provided by Figdraw. ZO‑1, zonula 
occludens‑1; TLR, Toll‑like receptor; MyD88, myeloid differentiation factor 88; IKK, IκB kinase; NF‑κB, nuclear factor‑κB; LPS, lipopolysaccharide; PAMPs, 
pathogen‑associated molecular patterns; IL, interleukin; SCFA, short chain fatty acid.
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It is associated with various chronic diseases, particularly 
inflammatory conditions. TPH metabolites derived from the 
gut microbiota, such as indole‑3‑sulfonic acid, indole‑3‑acetic 
acid (IAA), indoxyl sulfate (IS), indole‑3‑propionic acid (IPA), 
indole‑3‑aldehyde (I3A) and IAld, can activate AHR (75). TPH 
metabolites, including IAA, IS, IPA, I3A and IAld, transmit 
signals through astrocytic AHR, activating TGF‑α or inhib‑
iting vascular endothelial growth factor (VEGF)‑β (76,77). 
TGF‑α derived from microglia exerts neuroprotective effects 
through the epidermal growth factor (ErbB1) receptor in astro‑
cytes. On the other hand, VEGF‑B produced by microglia and 
other sources, when activating Flt‑1 in astrocytes, can promote 
CNS inflammation (78). Type‑I interferon (IFN‑I) signaling 
in astrocytes collaborates with TPH microbial metabolites to 
activate AHR (79). Activated AHR subsequently suppresses 
the activation of NF‑κB by inducing the expression of 
suppressor of cytokine signaling 2 (Socs2) through cytokine 
signaling (80). In addition, AHR plays a key role in blocking 
the inflammatory and neurotoxic effects of IFN‑α receptor 1 
(IFNAR‑1)  (79). Therefore, the IFN‑I‑AHR‑Socs2‑NF‑κB 
pathway indicates that targets interferon α and β receptor 
subunit 1 signaling could potentially be used to treat CNS 
inflammation (Fig. 3).

Bidirectional regulation of glucagon‑like peptide‑1 (GLP‑1). 
Microbial‑derived indole metabolites can bidirectionally regu‑
late the release of the appetite hormone GLP‑1 (81). GLP‑1, when 
present in the CNS, shows potential neuroprotective effects and 
helps improve neuronal survival. Specifically, when exposed 
to physiological levels of indole, GLP‑1 secretion from colonic 
enteroendocrine L cells increases  (82). GLP‑1 can enhance 
brain‑derived neurotrophic factor (BDNF) in the brain (83). 
A previous study investigated the role of BDNF in cognition, 
inflammation and neurodegenerative diseases (84). The role of 
GLP‑1 in inhibiting CNS cell apoptosis, promoting neuronal 
growth, reducing cell proliferation and decreasing oxidative 
damage has been revealed (85). Indole interacts with enteroen‑
docrine L cells, leading to the release of GLP‑1. Before being 
released by the intestine, GLP‑1 is rapidly deactivated by dipep‑
tidyl peptidase‑4. It has been speculated that GLP‑1 acts locally 
on the terminals of the vagal afferent nerves (86). Based on the 
input from the VN, GLP‑1 then signals to brain circuits and the 
nucleus tractus solitarius (NTS). The NTS can project to multiple 
sleep‑regulating brain regions impact sleep (Fig. 3) (87).

Affects circadian rhythm. The biological clock is a key timer 
in the interaction between the host and microbiota. It is a 24 h 

Figure 3. Indole metabolites induce neuroinflammation through the AHR and NTS pathways. Gut microbiota metabolites derived from tryptophan can 
transmit signals through the AHR in microglia, activate TGF‑α, and then exert neuroprotective effects via the ErbB1 receptor in astrocytes. They can also 
inhibit VEGF‑β, thereby suppressing the neuroinflammation caused by the activation of Flt‑1. Moreover, IFN‑I‑signaling in astrocytes collaborates with TPH 
microbial metabolites to co‑activate the AHR, inducing the expression of Socs2, which in turn inhibits the activation of NF‑κB and alleviates inflammation. 
Meanwhile, these metabolites can bidirectionally regulate the release of the appetite hormone GLP‑1, enhance BDNF in the brain, and send signals to the 
brain circuits and the nucleus tractus solitarius. Figure support was provided by Figdraw. AHR, aryl hydrocarbon receptor; TGF‑α, transforming growth 
factor‑α; ErbB1, epidermal growth factor; VEGF‑β, vascular endothelial growth factor‑β; Flt‑1, Fms‑like tyrosine kinase 1; IFN‑I, type I interferon; TPH, 
tryptophan hydroxylase; Socs2, suppressor of cytokine signaling 2; NF‑κB, nuclear factor‑κB; GLP‑1, glucagon‑like peptide‑1; BDNF, brain‑derived neuro‑
trophic factor; NTS, nucleus tractus solitarius; CNS, central nervous system; IAA, indole‑3‑acetic acid; IS, indoxyl sulfate; IPA, indole‑3‑propionic acid; I3A, 
indole‑3‑aldehyde; IAld, Indole‑3‑acetaldehyde; I3S, indole‑3‑sulfonic acid; L cell, Enteroendocrine L cells.
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biological oscillator that coordinates changes in behavior and 
physiology to anticipate environmental fluctuations within 
the 24 h day‑night cycle. The biological clock is primarily 
controlled by the SCN in the hypothalamus, which is influ‑
enced by light‑dark cycles, sleep‑wake patterns and feeding 
rhythms. The SCN, in turn, coordinates peripheral clocks, 
regulating tissue‑specific clock‑controlled genes. The gut 
microbiome's daily rhythms synchronize with those of distant 
tissues and organs, including the gastrointestinal tract and 
liver, as well as key physiological processes. By integrating 
both nutritional and hormonal elements, this process modu‑
lates gene expression and regulates the biological rhythm of 
the host (88,89).

In birds, the circadian rhythm regulation system includes 
positive clock genes such as circadian locomotor output cycles 
kaput (CLOCK) and cBMAL1 (cBMAL1 and cBMAL2), 
as well as negative clock genes such as CPER (CPER2 and 
CPER3) and cCRY (cCRY1 and cCRY2) (90). Disturbances in 
the gut microbiome's circadian rhythms and its metabolites 
may influence the central biological clock, as well as the 
rhythmic expression of the aforementioned genes in the liver 
and gastrointestinal tract (91). The regulation of host biological 
clock gene expression is primarily mediated by the gut micro‑
biome through its derived metabolites, including SCFAs and 
their receptor genes, such as free fatty acid receptor 2 (FFAR2) 
and FFAR3 (92).

Previous research showed that an intermittent light cycle 
enhanced the circadian rhythms of cBMAL1, cBMAL2, cCRY1 
and cCRY2 in the hypothalamus, increased the expression of 
cCLOCK, cBMAL1 and cCRY2 in the liver, and upregulated 
the expression of seven clock genes (including cBMAL1 and 
FFAR2) in the cecal wall. Such intermittent light cycle also 
significantly altered the composition and metabolic function 
of the cecal microbiome via the melatonin pathway. Under 
intermittent light cycle treatment, the concentrations of 
SCFAs and the abundance of SCFA‑producing genera, such 
as Odoribacter splanchnicus, were significantly increased. 
Correlation analysis indicated a positive correlation between 
the presence of Enterococcus and the expression of cBMAL1 
and FFAR2 in the cecal wall, as well as cBMAL2 expression in 
the hypothalamus. cBMAL2 expression in the hypothalamus 
showed a clear circadian rhythm under an intermittent light 
cycle  (93). It was therefore hypothesized that SCFAs may 
further feedback and enhance peripheral and central rhythms 
by activating SCFA receptor genes (such as FFAR2) in the 
cecal wall.

In addition, in the positive feedback loop of the circadian 
clock, CLOCK and BMAL1 proteins promote the activation of 
downstream genes by acetylating histones. Acetylation loosens 
chromatin, making the genes more accessible to transcription 
factors and RNA polymerase, which helps initiate transcrip‑
tion  (94,95). Deacetylation is often carried out by histone 
deacetylases (HDACs), and cryptochrome (CRY) proteins 
maintain histone acetylation by inhibiting HDAC activity, 
thereby enhancing transcriptional activity. On the other 
hand, increased HDAC activity suppresses the expression of 
clock genes. Similarly, SCFAs such as butyrate, propionate 
and isovalerate strongly inhibit HDAC activity, increasing 
histone acetylation levels. After oral administration of SCFAs, 
the circadian rhythm phase in the peripheral tissues of mice 

changes (96). Using oscillation experiments with LUC‑type 
intestinal cells over 72  h, a study revealed that acetate, 
butyrate, isovalerate and propionate induces phase delays. 
The expression of intestinal BMAL1‑ELuc showed significant 
cyclical changes, which closely resembled the phase delay 
pattern induced by HDAC inhibitors such as trichostatin A and 
suberoylanilide hydroxamic acid (97). This study supported 
the idea that SCFAs and microbial metabolites alter the host's 
clock through HDAC inhibition.

Nuclear receptor subfamily 1 group D member 1 (NR1D1), 
also known as Rev‑erb, is a core component of the molecular 
circadian clock, regulating the cellular circadian rhythm. 
A previous study found that, in mice and human submandibular 
gland cells treated with butyrate, the number of NR1D1‑positive 
cells and the expression level of NR1D1 decreased. As a result, 
NFIL3, which is negatively regulated by NR1D1, showed 
increased expression levels under NR1D1 inhibition. Notably, 
the expression level of nuclear factor, interleukin 3 regulated 
(NFIL3) was elevated in butyrate‑treated cells (98).

Indole can act as an agonist to induce the activation of 
AHR. Depending on their molecular structure, TPH metabo‑
lites can function as either agonists or antagonists to influence 
AHR (99). The gut microbiota serves as a source of different 
AHR signals, and evidence suggests that the gut microbiome 
can influence the circadian rhythm of the host (45). The genes 
involved in the circadian rhythm are known as ‘clock genes’, 
including BMAL1 CLOCK, neuronal PAS domain protein 2 
and NR1D1. The interaction between CLOCK/BMAL1 
heterodimer and period homolog and CRY proteins is the 
main feedback loop driving the circadian rhythm. AHR is 
a PAS domain protein, and BMAL1/CLOCK proteins can 
form heterodimers with AHR  (100). This interaction can 
disrupt the oligomerization of core clock proteins and impair 
their transcriptional activation, leading to a disruption of the 
circadian rhythm (101). Evidence suggests that activation of 
AHR signaling inhibits the expression of circadian clock 
genes and, therefore, impairs the circadian rhythm in various 
experimental models. These studies demonstrate that AHR 
can function as an inhibitory factor of the circadian rhythm in 
central and peripheral clocks (Fig. 4) (102).

Impact on BBB integrity and permeability. A previous study 
found that the BBB is essential for maintaining the homeo‑
stasis of nutrients, ions and other molecules in the brain. 
Its permeability is regulated by SD and can independently 
influence sleep changes (103). TPH can be broken down via 
the 5‑HT and kynurenine pathways, and is closely associ‑
ated with the CNS. TPH can enter the CNS through L‑type 
amino acid transporter 1 to cross the BBB (104). In addition, 
the positive impact of SCFA‑producing gut microbiota on 
BBB integrity has been demonstrated in germ‑free mouse 
models and in mice treated with antibiotics that alter the 
abundance of specific bacterial families. In mice treated with 
five non‑absorbable antibiotics, the mRNA levels of occludin 
and ZO‑1 in brain microvessels were reduced, while BBB 
permeability increased. These antibiotics reduced the relative 
abundance of SCFA‑producing bacteria in the gut. However, 
after fecal microbiota transplantation from pathogen‑free gut 
microbiota to antibiotic‑treated mice, the mice restored tight 
junction protein expression and BBB integrity (105). Another 
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study also showed that, in mice treated with an antibiotic 
mixture, the levels of acetate, propionate and butyrate in the 
colon were reduced, along with a decline in object recogni‑
tion memory. Additionally, the mRNA expression levels of 
claudin‑5 and occludin in the amygdala and hippocampus 
decreased (106). Similar results were obtained in mice under‑
going anesthesia/surgery treated with an antibiotic mixture. 
Administration of a Lactobacillus bacterial mixture restored 
the expression levels of claudin‑5, occludin and ZO‑1 in the 
hippocampus, and improved BBB permeability (107). These 
experiments suggest that SCFAs produced by the microbiome 
play a key role in restoring and maintaining BBB integrity.

Effects of other microbial metabolites on sleep
Trimethylamine N‑oxide (TMAO). TMAO is a colorless, 
odorless, naturally occurring osmolyte classified as an amine 
oxide, and is considered an important gut microbiome‑derived 
metabolite. Trimethylamine (TMA) is produced by gut 
microbes through the metabolism of dietary nutrients such as 
choline, betaine and carnitine. Once formed, TMA is oxidized 
to TMAO by the action of TMA N‑oxidase, an enzyme 
expressed in various gut microbiota  (108). The intake of 
dietary sources such as eggs, dairy products, red meat, mush‑
rooms, beans, almonds, milk and saltwater fish, which are rich 
in substrates such as choline, carnitine and betaine, has been 
positively linked to elevated circulating levels of TMAO (109).

TMAO is involved in various physiological and biochemical 
functions. For instance, it protects intracellular constituents 
from osmotic stress, hyperammonemia and glutamate‑induced 
neurotoxicity, while also mitigating endoplasmic reticulum 
stress (110). Additionally, TMAO can potentially impair the 

BBB by diminishing the levels of tight junction proteins such 
as claudin‑5 and occludin (111). However, the exact mechanism 
by which TMAO crosses the BBB remains unclear. Moreover, 
TMAO also mediates neuroinflammation. A previous study 
showed that, compared to young adult mice (6 months old), 
aged mice (27  months old) with elevated TMAO levels 
exhibited increased levels of pro‑inflammatory cytokines and 
markers of astrocyte activation. Obstructive sleep apnea (OSA) 
is a chronic and highly prevalent condition characterized 
by the repeated partial or complete obstruction of the upper 
airway during sleep, leading to intermittent hypoxia (IH). 
Previous research has found that changes in the gut micro‑
biome promote increases TMAO levels in IH‑fecal microbiota 
transplantation mice (112). However, there is a lack of more 
direct evidence linking TMAO with OSA.

Ergothioneine. Ergothioneine is a sulfur‑containing histi‑
dine derivative synthesized by numerous bacteria and the 
majority of fungi. It can also be absorbed from specific dietary 
sources into human tissues (113). Mushrooms, particularly 
Lentinula edodes (shiitake) and Boletus edulis (porcini), are 
the richest dietary sources of ergothioneine. Other relatively 
good sources include animal liver, legumes, oats and certain 
seafood (114). Previous research has suggested that ergothio‑
neine, a product of Lactobacillus rogosae metabolism, may be a 
prevalent component within the microbiota‑gut‑brain pathway, 
potentially preventing stress‑induced sleep disorders, particu‑
larly those associated with depression (115). Ergothioneine 
accumulates in considerable quantities (100 µM‑2 mM) within 
most cells and tissues in mammals, including the nervous 
system, the key transporter for its accumulation in cells and 

Figure 4. Mechanisms of indole and SCFAs affecting the circadian clock. SCFAs such as butyrate, propionate and isovalerate strongly inhibit the activity 
of HDAC, increase the level of histone acetylation, and promote the activation of downstream circadian clock genes. They may also activate SCFA receptor 
genes (such as FFAR2) in the cecal wall, further providing feedback and enhancing both peripheral and central rhythms. In addition, butyrate can increase the 
number of NR1D1, which is a core component of the molecular circadian clock. On the other hand, gut microbiota metabolites derived from tryptophan may 
activate the AHR, indirectly interfering with the transcriptional activity of BMAL/CLOCK proteins and disrupting the circadian rhythm. Figure support was 
provided by Figdraw. SCFAs, short‑chain fatty acids; HDAC, histone deacetylase; NR1D1, Nuclear receptor subfamily 1 group D member 1; AHR, aryl hydro‑
carbon receptor; Bmal1, brain and muscle ARNT‑like 1; CLOCK, circadian locomotor output cycles kaput; cBMAL, chicken brain and muscle ARNT‑like 1; 
NFIL3, nuclear factor, interleukin 3 regulated; FFAR2, free fatty acid receptor 2.
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tissues is the carnitine/organic cation transporter 1 (OCTN1), 
which is encoded by the SLC22A4 gene (116). Since the ileum 
expresses OCTN1 most abundantly, dietary ergothioneine is 
considered to be primarily absorbed in the ileum and then 
crosses the BBB to enter the brain (115). In an experiment 
using a 14‑day social defeat stress (SDS) depression rat model, 
it was found that SDS induced significant sleep abnormalities, 
such as increased rapid eye movement (REM) sleep duration, 
shortened REM sleep latency and increased sleep fragmen‑
tation. L‑ergothioneine administered orally demonstrated a 
substantial alleviation of REM sleep irregularities, with the 
exception of REM latency duration. Additionally, in non‑rapid 
eye movement (NREM) sleep, SDS significantly shortened its 
duration and increased the number of fragments, which was 
also improved by L‑ergothioneine treatment (117). The mecha‑
nism by which L‑ergothioneine improves sleep may be related 
to its anti‑inflammatory and antioxidant effects.

Hydrogen sulfide (H2S). H2S, a substance generated by both 
the host's cells and the gut microbiota, is primarily produced 
in the colon by sulfate‑reducing microbes and bacteria that 
degrade cysteine, with the latter being more prevalent in the 
microbiome (118). A previous study demonstrated that SD 
leads to changes in hippocampal synaptic and membrane 
excitability, indicating that SD affects hippocampal damage, 
resulting in cognitive impairment (119). Previous research 
found that sodium hydrosulfide (a donor of H2S) allevi‑
ated SD‑generated hippocampal oxidative stress, and H2S 
mitigated SD‑induced hippocampal injury through the 
enhancement of Sirt1 expression in the hippocampus, and 
suppressed neuronal apoptosis in rats exposed to homocys‑
teine  (120). Additionally, H2S has been found to exert an 
antagonistic effect on SD‑induced depressive‑like behaviors 
through the mediation of Sirt1 (121).

Bile acid (BA) metabolites. Bile acids (BAs) are choles‑
terol‑derived steroids that can affect the CNS both directly 
and indirectly. Two primary BAs, cholic acid and chenode‑
oxycholic acid are synthesized in the liver, where they are 
conjugated with glycine or taurine before being secreted into 
bile. After eating, BAs are released into the small intestine, 
where the majority (95%) are reabsorbed. A small portion of 
BAs that are not reabsorbed reach the colon, where they are 
metabolized by microbes into secondary BAs such as deoxy‑
cholic acid (DCA) and ursodeoxycholic acid (122). Previous 
research has shown that chronic insomnia may significantly 
affect the gut microbiota‑BA axis. It has been demonstrated 
that repeated sleep disruption in mice leads to changes in the 
gut microbiota's BA metabolism. Gene analysis suggested a 
decrease in the abundance of microbial bile salt hydrolase 
(BSH) genes in the microbiome of sleep‑disrupted mice. 
BSH is a key enzyme that catalyzes the first step in microbial 
BA metabolism. Reduced microbial BSH levels, resulting in 
a decreased fecal BA pool, may contribute to host inflam‑
mation and metabolic dysregulation, ultimately impacting 
sleep (123). A recent study showed that DCA may improve the 
gut microbiota homeostasis disrupted by SD through its effec‑
tive antibacterial activity, as well as its synergistic effect with 
antibiotics on bacteria. However, the combination of DCA and 
ciprofloxacin downregulated the expression of genes such as 

metB, malY and cysK, which are responsible for catalyzing 
the production of H2S in E. coli. This reduced the bacteria's 
ability to produce H2S (124). These factors may contribute to 
the mechanism by which DCA affects sleep.

Polyamines. A study indicated that nitric oxide (NO), neuronal 
nitric oxide synthase, inducible nitric oxide synthase (iNOS) 
and endothelial nitric oxide synthase can increase sleep (125). 
A microdialysis experiment indicated that SD increases iNOS 
and NO levels in the frontal cortex and basal forebrain of 
rats (126). Mice deficient in iNOS exhibit reduced spontaneous 
NREM sleep (127). These findings illustrate the connection 
between sleep and the nitrogen cycle.

Previous research has shown that SD increases the 
adenosine levels in the basal forebrain of rats, which is 
considered one of the mechanisms regulating sleep homeo‑
stasis (128). A previous study found that the adenosine levels 
in the basal forebrain were elevated during SD in control and 
hyperammonemic animals, with a more significant increase 
in hyperammonemic rats. These rats exhibited shorter and 
more fragmented recovery sleep responses (129). Foods rich 
in amino acids, such as meat, fish, poultry and grains, can help 
generate higher levels of polyamines, including putrescine 
and spermidine. These essential metabolites are derived from 
amino acids such as ornithine and methionine. The gut micro‑
biota produces polyamines in the intestinal lumen, particularly 
in the colon, where they can be absorbed by intestinal epithelial 
cells (130). Although polyamines have limited transport across 
the BBB, spermidine has been shown to cross the BBB and 
improve cognition in mice by enhancing mitochondrial func‑
tion in the hippocampus (131). Polyamine synthesis requires 
a large quantity of nitrogen. A previous study showed that 
increased polyamine levels, particularly putrescine, promoted 
sleep in control fruit flies, possibly by triggering nitrogen 
stress and promoting nitrogen homeostasis (132).

4. Conclusions and future perspectives

The present review has explored the connection between gut 
microbiota metabolites and sleep disorders, with a particular 
focus on the effects of TPH‑based metabolites and SCFAs 
on sleep. AHR has a dual role in circadian regulation, which 
may be due to the fact that the activation of downstream 
pathways by AHR is influenced by ligand affinity, cell type 
and other environmental factors. The dose‑dependent pattern 
of SCFAs implies a delicate balance in the regulation of 
serotonin transporter activity, highlighting the complexity of 
the effects of SCFAs on sleep. The mechanisms by which 
gut microbiota affects sleep are complex, and, since sleep 
disorders are subjective, it is difficult to clearly measure sleep 
improvement using objective indicators. Future research 
should provide more insights into sleep behavior. There is 
an ongoing debate about the source of brain‑affecting gut 
microbiota metabolites, as the host body can also produce 
some of these metabolites. It is difficult to determine whether 
these metabolites derive from the gut microbiota or from 
the host itself, and future research should use improved 
methods to study this. Gut microbiota metabolites are closely 
related to the diet, with numerous metabolites deriving 
from nutrients in food, such as TPH, dietary fiber, betaine, 
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sulfur‑containing histidine and cholesterol. It is necessary to 
expand research on the association between gut microbiota 
metabolites and sleep disorders to provide improved dietary 
guidance for patients with sleep problems. The brain‑gut 
axis theory suggests that gut microbiota may be a potential 
treatment target for sleep disorders. However, no approved 
drugs currently exist that can correct sleep and wakefulness 
issues caused by gut microbiota imbalances. Additionally, 
due to the various side effects of prescription sleeping pills, 
there is still a high demand for new natural products that 
improve sleep. Certain phytochemicals may have sedative 
and hypnotic effects through the brain‑gut axis, and could be 
useful for treating sleep disorders (Table I).

However, research on gut microbiota metabolites and sleep 
disorders is still in its early stages, possibly due to difficul‑
ties in obtaining certain metabolites. In recent years, with 
increased studies on circadian rhythms and clock genes, the 
diurnal variations in the abundance and function of gut micro‑
biota and their metabolites have drawn important attention, 
offering new approaches for treating patients with circadian 
rhythm disorders. Expanding the current knowledge on the 
gut microbiota metabolite‑brain‑sleep connection is essential 
for developing gut microbiota‑based interventions for sleep 
disorders and providing dietary guidance to patients.
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