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REVIEW ARTICLE

Biological clock and the gut: The
connection of circadian rhythms,
microbiome, and mental Health

Tea Vuckovic!’, Ena Melvan!

! Research and Development Department, Metabelly, Ulica Slobode 37, 21000 Split, Croatia

ABSTRACT

Circadian rhythms, the gut microbiome and the brain are closely connected through biochemical and
physiological pathways regulating mood, immunity, and metabolism. The circadian system aligns daily
gene expression and hormone release with environmental cycles while the gut microbiome exhibits its
rthythms that produce key metabolites such as serotonin, SCFAs, and melatonin which are essential

for brain function and emotional balance. Disruptions in these rhythms due to irregular sleep, diet,
stress or environment can lead to microbial imbalances and circadian misalignment, increasing the risk
of mood disorders and anxiety. This review highlights the importance of synchronised rhythms and
dietary strategies for supporting mental well-being.
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SAZETAK:

BIOLOSKI SAT I CRIJEVA: POVEZANOST CIRKADIJALNIH RITMOVA, MIKROBIOMA I MENTALNOG ZDRAVLJA
Cirkadijalni ritam, crijevni mikrobiom i mozak usko su povezani putem biokemijskih i fizioloskih
putova koji reguliraju raspoloZenje, imunitet i metabolizam. Cirkadijalni sustav uskladuje dnevnu
ekspresiju gena i oslobadanje hormona s ciklusima iz okolisa, dok mikrobiom crijeva pokazuje svoje
ritmove koji proizvode kljuéne metabolite kao $to su serotonin, SCFA i melatonin koji su klju¢ni za
rad mozga i emocionalnu ravnotezu. Poremecaji u tim ritmovima zbog neredovitog sna, prehrane,
stresa ili okolisa mogu dovesti do mikrobne neravnoteze i cirkadijalnog neuskladenosti, povecavajudi
rizik od poremecaja raspolozenja i tjeskobe. Ovaj pregled naglasava vaznost sinkroniziranih ritmova i
prehrambenih strategija za podrsku mentalnom blagostanju.

KLIUCNE RIJECI: Cirkadijalni ritam, mikrobiom, mentalno zdravlje, os crijeva i mozga, bioloki sat
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INTRODUCTION

Mental health disorders, encompassing anxiety, depression,
bipolar disorder, autism spectrum disorder (ASD), schizophrenia,
and eating disorders present complex challenges with substantial
global impact on individuals and healthcare systems (1). Depres-
sion and anxiety disorders alone impact an estimated 280 million
and 300 million people with depression as one of the leading
causes of disability globally (2). The COVID-19 pandemic saw
a marked increase in mentioned mental health issues worldwide.
This surge is often associated with lifestyle disruptions, including
increased stress, irregular eating patterns, and disturbed sleep (3).
Increasing evidence underscores the involvement of intercon-
nected physiological systems, notably circadian rhythms and the
gut microbiome, in the actiology of these disorders. Circadian
rthythms are intrinsic 24-hour cycles that regulate sleep-wake
patterns, metabolic processes, immune function, and emotional
regulation, synchronizing internal physiological states with
environmental cues such as the light-dark cycle (4). Emerging
research suggests that the gut microbiome, a diverse ecosystem
of microorganisms within the gastrointestinal tract, also follows
circadian oscillations that correspond with the host’s biological
clock. These microbial rhythms are vital for gut health, influenc-
ing digestion, immune modulation, and nutrient absorption (5).
Research reveals two-way communication between the micro-
biota and the central nervous system (CNS). Numerous studies
indicate that the microbiota impacts behaviour, and immune
challenges linked to anxiety and depression-like behaviours are
also associated with changes in the microbiota (6).

This review looks at how circadian rhythms, microbiome bal-
ance, and mental health are connected. It covers recent findings,
the underlying mechanisms, and how targeting these pathways
might help support mental well-being.

MATERIALS AND METHODS

This review sourced articles from biomedical databases, primar-
ily PubMed and Google Scholar, using terms such as “circadian
thythm,” “gut microbiome,” “mental health,” and “gut-brain
axis.” Inclusion criteria focused on recent studies, encompassing
both human and animal models. Key papers were selected based
on their relevance to circadian, microbiome, and mental health
relationships.

REsULTS
Circadian rhythms

Circadian rhythms are natural 24-hour cycles that are critical
for controlling physiological functioning in organisms. They
are regulated by cellular “clocks” that align internal biological
processes with external cues like light and darkness. When we
look at the molecular level, the circadian clock is composed of
feedback loops including transcription and translation in which
specific genes and proteins collaborate to produce rhythmic

gene expression patterns (7). Transcription factors such as Clock
and Bmall play critical roles in starting rhythmic gene activity,
whereas proteins such as Period (Per) and Cryptochrome (Cry)
act as negative feedback controllers. This molecular mechanism
is found in almost all cells, providing a coordinated pattern that
regulates several vital biological functions required for physi-
ological balance (7).

The primary circadian clock is located in the suprachiasmatic
nucleus (SCN) in the brain. It receives environmental signals
through the optic nerve, such as light. The SCN then synchro-
nizes other clocks throughout the body by releasing signals to
peripheral clocks located in organs and tissues. These peripheral
clocks control local processes such as metabolism, immune
function, and hormonal secretion. This allows different systems
to operate in harmony with the body’s needs at specific times
of day. For example, metabolic processes and energy usage are
timed to align with feeding and activity patterns, ensuring op-
timized energy intake and expenditure. Disruption of circadian
rthythms due to factors such as shift work, irregular eating habits,
or sleep disturbances can desynchronize these clocks, impact-
ing overall health and contributing to conditions like metabolic
syndrome, immune imbalances, and an increased risk of mental
health disorders. Therefore, keeping circadian rhythms aligned is
essential for maintaining physiological stability and promoting

well-being (8).

Circadian rhythms and gut microbiome

Circadian rhythms and the gut microbiome form a dynamic
system that regulates metabolic balance and overall health. The
primary circadian clock in SCN sets the pace for peripheral
clocks in various tissues, including the gut. The SCN responds
primarily to environmental light-dark (LD) cycles, which help
synchronize feeding, physical activity, and sleep (5). When the
central clock signals optimal times for eating, the gut microbi-
ome responds with rhythmic changes in composition and activ-
ity. This synchronization promotes efficient digestion, nutrient
absorption, and immune response, all of which are crucial for
metabolic stability. Studies show that up to 15% of gut bacteria
fluctuate daily in abundance and activity, influenced by feeding
cycles and the host’s internal clock(9).

These rhythms influence bacterial functions such as amino acid
and mucus metabolism, which help maintain gut health and pro-
vide nutrients for the host. The gastrointestinal tract also follows
a circadian rhythm, with processes like enzyme secretion, motil-
ity, and epithelial cell renewal occurring in daily patterns. For
example, colonic motility peaks during the host’s active hours
and slows down during rest, mirroring the daily activity cycles of
the gut microbiome.(9).

The microbiome’s influence extends beyond the gut. Recent
studies indicate that microbial metabolites, such as short-

chain fatty acids (SCFAs) and bile acids, vary in concentration
throughout the day and affect gene expression in peripheral
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organs, including the liver and intestines. These metabolites can
even cross into the bloodstream exerting time-dependent effects
on host metabolism. Disruptions caused by irregular feeding,
abnormal light exposure, or poor sleep can throw off the gut
microbiome’s natural rhythms, potentially leading to metabolic
disorders and increased inflammation (10).

Furthermore, the interaction between the gut microbiota and
the host’s circadian clock is vital for regulating daily physiologi-
cal rhythms, including immune and metabolic functions. The
circadian system regulates gene expression to align immune
responses with times of high pathogen exposure. This includes
pattern recognition receptors (PRRs) such as Toll-like receptors
(TLRs) and NOD-like receptors, which detect microbial signals
known as microbe-associated molecular patterns (MAMPs). In
the gut, beneficial bacteria send MAMP signals that sync with
circadian cues, creating specific windows for activating immune
pathways, such as IKKX and JNK, to support gut integrity and
immunity (5).

Recent studies reveal that the microbiome can further influence
circadian gene expression through chromatin modifications,
regulating which genes are active at different times. For instance,
gut microbes control histone acetylation in intestinal cells, im-
pacting nutrient absorption and metabolic timing. In germ-free
animals, the absence of these rhythmic gene patterns underscores
the microbiome’s essential role in daily cycles. In summary, this
interaction between the microbiome and circadian rhythms
maintains a time-sensitive balance in immune function, diges-
tion, and metabolism (11).

Gut microbiota and circadian rythms in Mental health

Circadian disruptions are closely associated with mental health
disorders, particularly depression and anxiety, as well as ADHD,
autism spectrum disorder (ASD), bipolar disorder (BD), schizo-
phrenia, and neurodegenerative conditions like Alzheimer’s and
Parkinson’s disease. Depression and anxiety are often accom-
panied by disrupted sleep patterns, irregular melatonin and
cortisol rhythms, and impaired responses to the light-dark cycle.
In depression, symptoms often follow a daily pattern, worsening
either in the morning or evening, which points to a potential
misalignment of circadian rhythms (12).

A meta-analysis of 36 studies found a notable positive link be-
tween evening chronotypes and depression (13). Further analysis
supported this, showing a higher risk of depression among
evening-oriented individuals compared to those with morning
preferences (14).

Chronotherapeutic treatments, including light therapy and social
rthythm therapy, have shown efficacy in alleviating symptoms of
depression and anxiety by targeting circadian regulation (15).
More recently, a depression-specific bacterial pattern was identi-
fied. It was characterised by a higher abundance of pro-inflam-
matory species, such as Enterobacteriaceae and Desulfovibrio,

and lower SCFA producing-bacteria, such as Faecalibacterium,

www.rad-med.com

that may have an impact on the regulation of circadian rhythms,
as these metabolites regulate the expression of circadian clock
genes (16).

In ADHD, circadian misalignment appears as delayed sleep-
wake cycles and increased insomnia, with potential effects on
core symptoms and an association with obesity risk. In ASD,
circadian disruptions often involve sleep disturbances and altered
cortisol responses, with certain circadian gene polymorphisms
linked to ASD symptoms. Bipolar disorder is highly sensitive to
circadian shifts, with mood episodes often triggered by disrup-
tions such as jet lag or irregular social rhythms. In schizophrenia,
circadian misalignment appears in altered gene expression and
hormone cycles, possibly worsening stress responses through
HPA axis dysregulation (17).

Neurodegenerative diseases also exhibit circadian disruptions;
Alzheimer’s patients often experience “sundowning,” where
symptoms intensify in the evening, related to reduced melatonin
levels. Parkinson’s disease is marked by disrupted dopamine regu-
lation, affecting circadian rhythms and increasing neurodegener-
ative risk. Together, these associations emphasise the importance
of circadian-focused interventions, which may help manage
depression, anxiety, and other mental health and neurodegenera-
tive conditions by restoring rhythm alignment (18).

The mechanism behind the circadian rhythms and gut in mental
health

The interaction between gut microbiota and circadian rhythms is
crucial for mental health, involving multiple mechanisms such as
producing key hormones and metabolites, including melatonin,
serotonin, cortisol, and short-chain fatty acids (SCFAs). These
molecules serve a dual purpose, where disruptions in circadian
thythms or microbial balance can influence each other, increas-
ing the risk of mood disorders and cognitive impairments (4).
Melatonin, a hormone typically associated with the sleep-wake
cycle, is produced not only in the pineal gland but also in large
amounts within the gut by enterochromaffin cells and certain
gut microbes. This intestinal melatonin, present at levels much
higher than in the pineal gland, acts locally as an antioxidant
and anti-inflammatory molecule, helping to preserve the gut
barrier and support microbiota balance. Research suggests that
melatonin may also influence gut bacterial rhythms, promoting
alignment with the host’s circadian cycle, which benefits overall
gut health. However, exposure to light at night can suppress
melatonin production, not only disturbing sleep but also impact-
ing the microbiome by altering gut function, neurotransmitter
production, motility, and immune responses, which can ulti-
mately affect mental well-being. Adequate levels of melatonin are
linked to feelings of well-being, while imbalances can contribute
to mood disorders like depression and anxiety.Research indicates
that melatonin supplementation may help reduce symptoms of
depression in some cases, though findings are mixed, and more
studies are needed (19).
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Additionally, the microbiota has a significant role in regulating
serotonin, a neurotransmitter critical for mood and cognitive
function, with about 90% of the body’s serotonin synthesized

in the gut. Microbial metabolites that are influenced by circa-
dian rhythms help to regulate this serotonin production. When
circadian rhythms are disrupted, serotonin production may
decrease, leading to challenges in emotional regulation and
stability. In contrast, a well-synchronized circadian system allows
gut microbes to support consistent serotonin levels, promoting a
healthy gut-brain axis and mental well-being (20, 21)

Similarly, certain bacteria produce GABA, a neurotransmit-

ter that calms neural activity, and dopamine, which is associ-
ated with reward and pleasure responses. These compounds are
produced at different levels throughout the day, coordinated with
feeding-fasting cycles and other circadian cues (22).

The vagus nerve serves as a direct communication route between
the gut and brain, transmitting signals from the gut to brain
regions associated with mood and cognition. Studies show that
microbial production of GABA, for example, can stimulate

the vagus nerve, reducing anxiety-like behaviour and promot-
ing calm. Beyond vagal signaling, neurotransmitters and their
metabolites produced in the gut can enter the bloodstream and
cross the blood-brain barrier, affecting mood-regulating centers
like the amygdala and prefrontal cortex. These pathways show
how gut-derived neurotransmitters, influenced by circadian-
regulated microbial activity, play a key role in shaping emotional
states and cognitive function (23).

Cortisol, the primary stress hormone governed by the hypotha-
lamic-pituitary-adrenal (HPA) axis, is also subject to circadian
thythms, peaking in the morning and gradually decreasing
throughout the day in diurnal animals. The gut microbiota inter-
acts with this axis through bacterial metabolites and strains that
can influence stress responses. Dysbiosis, or microbial imbalance,
can interfere with cortisol’s natural rhythm, leading to irregular
release patterns that have been associated with anxiety and de-
pression. Chronic circadian misalignment, such as light exposure
at night, may increase cortisol production, or hypercortisolemia,
heightening susceptibility to stress-related mental health condi-
tions (24),

Gut microbiota influences HPA axis function through micro-
bial metabolites and gut-derived peptides and hormones. For
instance, ghrelin, a hunger-stimulating hormone produced by
the gut, is regulated in part by microbial activity and is linked

to mood regulation and stress response.Similarly, microbial me-
tabolites like short-chain fatty acids (SCFAs) can affect hormone
release, including cortisol, influencing the body’s stress response.
A properly functioning HPA axis is crucial for handling stress
effectively, and disruptions in this system are strongly linked to
mental health conditions such as anxiety and depression. Chron-
ic dysregulation of the HPA axis can amplify stress responses,
causing prolonged high cortisol levels, which may worsen depres-

sive symptoms and lead to mood instability (25).

SCFA:s like butyrate, acetate, and propionate, produced by gut
bacteria, follow circadian rhythms in their production. These
molecules are vital for neuroprotection and play a key role in
reducing inflammation. SCFAs help maintain the integrity of
the blood-brain barrier and reduce neuroinflammation, both

of which are crucial for supporting mental health. Circadian
disruptions can interfere with SCFA production, diminishing
their protective benefits. SCFAs also influence the production of
melatonin and serotonin, forming a feedback loop that reinforces
the circadian system and supports mental health (26, 27).
Experimental models have shown that butyrate has antidepres-
sant-like effects, promoting neurogenesis and enhancing synaptic
plasticity, which are essential for learning and memory (28).
Finally, the immune system, modulated by the microbiota in

a time-dependent manner, is another link between circadian
rthythms, the gut, and mental health. Circadian-regulated im-
mune responses prepare the body for infections during active
periods, and gut microbiota play a role in timing immune cell
and cytokine production. Circadian disruption can cause dysbio-
sis, increasing gut permeability and allowing bacterial compo-
nents like lipopolysaccharides (LPS) to enter the bloodstream.
This process triggers chronic low-grade inflammation. This
inflammation affects the brain’s immune cells, or microglia, and
is associated with neuroinflammation which is often linked to
depression, anxiety, and other mental health disorders. The gut
microbiome’s thythmic activity plays a key role in regulating a
balanced immune response, preventing inflammation that could
adversely affect mental health (29).

DieT

Diet not only influences the timing of circadian rhythms but also
affects the composition and functionality of the gut microbiota,
impacting the production of key metabolites like short-chain
fatty acids (SCFAs), which are critical for metabolic and immune
health. High-quality diets, rich in fiber and complex carbohy-
drates, enhance the production of SCFAs, including butyrate,
acetate, and propionate, which follow circadian patterns and
support blood-brain barrier integrity, reduce neuroinflamma-
tion, and promote gut health. In contrast, diets high in fats and
simple sugars can disrupt the rhythmic production of SCFAs and
alter microbial diversity, leading to inflammation and metabolic
dysregulation (30).

Furthermore, diet quality impacts how well the gut microbiota
aligns with the body’s circadian clock. High-fat diets can disrupt
the natural rhythms of microbial activity, leading to reduced
SCFA production and a loss of their protective benefits. In con-
trast, time-restricted feeding (TRF), which aligns meal timing
with circadian cycles, has been shown to restore diurnal rhythms
in SCFA production, improve gut barrier function, and reduce
systemic inflammation. This connection underscores how eating
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habits and nutrient quality align to maintain circadian-microbi-
ome balance, promoting overall health and lowering the risk of
metabolic and immune-related issues (4).

DiscussionN

This review highlights the critical interplay between circadian
rthythms, the gut microbiome, and mental health. Circadian
rthythms, directed by the central clock in the SCN, synchronize
with gut microbiota, impacting metabolic, immune, and mental
health. Approximately 15% of gut bacteria follow daily rhythms
influenced by feeding and fasting, with disruptions leading to
dysbiosis—a factor linked to inflammation, metabolic imbal-
ance, and mood disorders such as depression and anxiety.

The gut microbiome’s role in producing neuroactive compounds,
including SCFAs, serotonin, and melatonin, further supports
mental health. SCFAs, produced in a circadian-regulated man-
ner, support brain health by reducing neuroinflammation, while

gut-derived melatonin helps maintain microbial balance and gut
integrity. Factors like nighttime light exposure disrupt melatonin,
impacting both sleep and microbiome stability.

Diet serves as a practical bridge, with high-fibre, time-restricted
feeding patterns supporting SCFA production and maintaining
microbial rthythms. Conversely, high-fat or irregular diets disrupt
these rhythms, contributing to metabolic and mood-related chal-
lenges.

In conclusion, the interplay between circadian rhythms, the gut
microbiome, and mental health is a multifaceted system that has
far-reaching implications for physiological stability and disease
prevention. This review supports a holistic approach to health
that considers circadian rhythm alignment, diet quality, and gut
microbiome balance as central components of mental wellness.
Further research into these interactions will continue to clarify
mechanisms and open avenues for innovative therapies targeting
mental health through circadian and microbiome regulation.
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