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Abstract

Circadian rhythms are endogenous, near-24-h cycles that synchronize physiological and behavioral functions with environ-
mental cues such as light/dark cycles and food intake. While the central pacemaker in the suprachiasmatic nucleus orches-
trates these rhythms, peripheral clocks distributed across organs, including the gastrointestinal tract, exhibit autonomous
oscillations that are crucial for local homeostasis. Concurrently, the gut microbiota undergoes diurnal fluctuations in compo-
sition and metabolic activity that are tightly coupled to host circadian mechanisms. Recent discoveries reveal a bidirectional
relationship: host clocks influence microbial dynamics through feeding behavior, immune signaling, and epithelial renewal,
whereas microbial metabolites such as short-chain fatty acids (SCFAs) and bile acids modulate circadian gene expression
in peripheral tissues. Disruptions in circadian alignment, whether due to genetic mutations, lifestyle factors like shift work
and irregular eating, or environmental perturbations, lead to microbial dysbiosis, metabolic dysfunction, inflammation,
and heightened disease susceptibility. Conversely, altered microbiota rhythms can feed back into host systems, impairing
metabolic control, immune responses, and neuroendocrine signaling. This reciprocal regulation extends to disease contexts,
where circadian-microbiota misalignment contributes to obesity, type 2 diabetes, inflammatory bowel disease, and even
neuropsychiatric disorders. This review synthesizes current insights into the molecular and physiological cross-talk between
host circadian clocks and the gut microbiota. We discuss how temporal dynamics at the cellular, systemic, and microbial
levels are integrated and how their disruption underlies pathogenesis. We further explore the potential of chronobiotics
and chrononutrition, including time-restricted feeding (TRF) and bioactive dietary compounds, as emerging strategies to
restore circadian-microbial synchrony and improve metabolic health. Understanding this intricate dialogue between host
and microbiome may pave the way for personalized, time-based interventions to enhance healthspan and prevent disease
occurrence or progression.

Key points

o Circadian rhythms and microbiota form a bidirectional regulatory feedback loop.

o Disruption of circadian-microbial synchrony drives metabolic and inflammatory disease.

o Chrononutrition offers novel strategies to restore health via circadian—microbiota alignment.
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Introduction

Circadian rhythms are endogenous, near-24-h oscillations
that coordinate a wide range of physiological and behavio-
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2022). Increasing evidence has revealed that not only host
tissues, but also the gut microbiota, the diverse community
of microorganisms residing in the digestive tract, undergoing
rhythmic fluctuations that are tightly coupled with circadian
mechanisms (Lotti et al. 2023; Schmalle and Lorentz 2020).

The gut microbiota plays a fundamental role in host
homeostasis, contributing to digestion, immune regula-
tion, and metabolic balance. It is now recognized that this
microbial ecosystem exhibits its diurnal patterns in terms
of composition, function, and metabolite production (Row-
land et al. 2018). These microbial oscillations are influenced
by host circadian rhythms and feeding behaviors, but also
reciprocally modulate host clocks through microbial-derived
signals such as short-chain fatty acids (SCFAs) and bile
acids (Schmalle and Lorentz 2020; Thaiss et al. 2014). This
bidirectional interaction establishes a finely tuned dialogue
between the host’s internal timekeeping systems and the
microbial environment.

Disruptions to circadian rhythms, whether genetic or
environmentally induced, can lead to microbial dysbiosis,
characterized by loss of rhythmicity, altered community
structure, and impaired microbial functions. Such altera-
tions are implicated in the pathogenesis of various diseases,
including obesity, type 2 diabetes, inflammatory bowel dis-
ease, and even cancer (Altaha et al. 2022; Yang et al. 2025;
Zhao et al. 2022). Conversely, changes in microbiota compo-
sition or activity can impair host circadian gene expression
and metabolic regulation, suggesting that microbial signals
may serve as both effectors and modulators of circadian
physiology (Bishehsari et al. 2016; Thaiss et al. 2014).

Modern lifestyles, particularly those involving shift work,
irregular eating patterns, and artificial light exposure, are
major contributors to circadian disruption and have been
linked to metabolic and inflammatory diseases (El-Tanani
et al. 2024). These lifestyle-induced changes are often
accompanied by concurrent disturbances in the gut microbi-
ota, further reinforcing the need to understand the crosstalk
between these systems (Lotti et al. 2023; Yang et al. 2025).

This review aims to synthesize recent advances in our
understanding of the interactions between circadian rhythms
and the gut microbiome. We explore how these dynamic
systems influence each other at molecular, cellular, and sys-
temic levels, and examine their joint roles in health mainte-
nance and disease development. Special attention is given to
dietary timing, microbial metabolites, and potential chron-
otherapeutic strategies targeting the microbiota-circadian
axis.

Circadian rhythms: a brief overview
The approximately 24-h cycles of circadian rhythms

regulate a wide range of physiological, metabolic, and
behavioral processes, enabling organisms to adapt to
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daily environmental fluctuations (Fagiani et al. 2022).
These rhythms are orchestrated by a hierarchically organ-
ized circadian system, with a central pacemaker located in
the SCN of the hypothalamus and autonomous peripheral
clocks distributed across virtually all tissues, including
the gastrointestinal tract (Bishehsari et al. 2016; Gutierrez
Lopez et al. 2021; Heddes et al. 2022).

At the molecular level, the circadian system is driven by
a set of highly conserved clock genes that interact through
interlocking transcriptional—translational feedback loops
(TTFLs). The core positive elements, CLOCK and BMALI,
activate the transcription of negative regulators such as
PER1/2/3 and CRY1/2 (Pérez-Villa et al. 2023). These
repressor proteins eventually inhibit CLOCK:BMALI1
heterodimer activity, generating rhythmic expression of
numerous downstream clock-controlled genes (CCGs).
Ancillary regulators, including REV-ERBs and RORs, pro-
vide additional layers of modulation, ensuring precision
and robustness of the circadian oscillations (Heddes et al.
2022; Malloy et al. 2012).

While the central clock is primarily entrained by light
signals received through the retinohypothalamic tract,
peripheral clocks can also be synchronized by non-photic
cues such as feeding schedules, temperature, hormones,
and physical activity (Begemann et al. 2025; Leone et al.
2022). Notably, the gastrointestinal clock is sensitive to
food intake patterns, and feeding rhythms are sufficient
to entrain local circadian gene expression even in the
absence of central cues (Altaha et al. 2022; Liang et al.
2015; Malloy et al. 2012). Additionally, Greenwell et al.
have shown that more than 70% of the cycling mouse liver
transcriptome loses rhythmicity under arrhythmic feeding
(Greenwell et al. 2019).

Disruption of circadian alignment, whether due to genetic
mutations, shift work, or irregular eating habits, can desyn-
chronize peripheral clocks from the central pacemaker. This
misalignment has been associated with numerous adverse
outcomes, including metabolic dysfunction, obesity, gastro-
intestinal disorders, and inflammation (Altaha et al. 2022;
Liang et al. 2015; Pérez-Villa et al. 2023). For example, mice
lacking functional BMALI or PER genes exhibit altered glu-
cose metabolism, increased adiposity, and impaired intes-
tinal barrier function. Moreover, circadian disruption is
known to affect the rhythmicity and functionality of the gut
microbiota, further exacerbating host physiological imbal-
ances (Malloy et al. 2012; Yang et al. 2025). Thus, under-
standing the mechanistic basis of circadian regulation and
its synchronization across bodily systems is fundamental to
elucidating how temporal organization influences health. In
the context of the gut microbiome, this rhythmic framework
provides critical insight into host-microbe interactions, met-
abolic programming, and potential avenues for chronobiotic
interventions.
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Peripheral clocks in organs are not merely passive fol-
lowers of the central SCN clock but are actively involved
in maintaining tissue-specific homeostasis (Bautista et al.
2025b). In the intestine, the local clock regulates epithelial
renewal and antimicrobial peptide production, thereby shap-
ing microbial community structure (Heddes et al. 2022). In
the liver, microbial metabolites such as SCFAs and bile acids
entrain circadian transcription via peroxisome proliferator-
activated receptor gamma (PPARY) and FXR signaling,
influencing metabolic programming (Murakami et al. 2016).
These findings underscore the mechanistic role of peripheral
clocks as both sensors and effectors of microbiota-derived
cues.

The dynamic gut microbiota and its rhythmicity

The human gastrointestinal tract hosts a highly diverse and
metabolically active microbial ecosystem, composed of bac-
teria, archaea, fungi, viruses, and protists. This microbial
community, often referred to as the gut microbiota, performs
essential functions for the host, including fermentation of
indigestible dietary fibers, vitamin synthesis, xenobiotic
metabolism, and modulation of immune and neuroendo-
crine systems (Hou et al. 2022; Liang and FitzGerald 2017).
Among these organisms, bacteria are the most abundant and
well-characterized, with the phyla Bacillota and Bacteroi-
dota dominating in both human and murine models (Aru-
mugam et al. 2011; Liang and FitzGerald 2017).

Traditionally perceived as relatively stable in adulthood,
the gut microbiota is now recognized to exhibit robust
diurnal oscillations in composition, localization, and func-
tional activity. These fluctuations are not random but rather
governed by both endogenous circadian mechanisms and
external cues such as feeding schedules and nutrient com-
position (Heddes et al. 2022; Zhang et al. 2023; Y. Zhang
et al. 2024a, b). Approximately 10-15% of microbial taxa
undergo time-of-day-dependent changes in abundance and
gene expression patterns, with specific taxa peaking dur-
ing feeding or fasting phases, depending on host behavior
and environmental context (Heddes et al. 2022; Liang et al.
2015).

Several microbial taxa exhibit robust circadian oscilla-
tions in abundance and function. For instance, members of
the Bacteroides, Lactobacillus, and Clostridiales genera
peak during specific phases of feeding-fasting cycles (Liang
et al. 2015; Thaiss et al. 2014). These rhythmic taxa con-
tribute to SCFA production, bile acid conversion, and epi-
thelial barrier integrity. Disruption of these oscillations, via
altered feeding or circadian misalignment, leads to reduced
metabolic efficiency and heightened inflammatory tone (dos
Santos and Vasylyshyn 2025; Ferrell and Chiang 2015).

At the functional level, microbial activities, including fer-
mentation, flagellar assembly, and bile acid transformation,

also oscillate across the day—night cycle. For instance,
SCFAs, which serve as energy sources and immune modu-
lators, exhibit circadian patterns in their production, often
aligning with host feeding times and gut motility rhythms
(Liang et al. 2015; Zhang et al. 2023). Notably, such micro-
bial rhythmicity is tightly coupled with host circadian
clocks. Disruption of CCGs in mice is associated with a loss
of microbial rhythmicity, alterations in community compo-
sition, and metabolic impairments such as glucose intoler-
ance and increased adiposity, although the directionality of
these effects remains under investigation (Altaha et al. 2022;
Liang et al. 2015).

The interplay between feeding rhythms and microbial
cycles is particularly evident in time-restricted feeding
(TRF) paradigms. Imposing TRF restores microbial rhyth-
micity in clock-deficient mice and enhances metabolic
health, highlighting a powerful role of feeding time in
entraining microbiota function independently of the central
clock (Zeb et al. 2021; Zhang et al. 2023; Y. Zhang et al.
2024a, b). Furthermore, the microbiota itself influences host
rhythms by modulating gene expression in peripheral tis-
sues such as the liver and intestine, partly through microbial
metabolites and epigenetic remodeling of host chromatin
(Montagner et al. 2016; Murakami et al. 2016; Y. Zhang
et al. 2024a, b).

Interestingly, although the microbiome contributes to
enhancing the amplitude and precision of circadian rhythms
in some contexts, it may also buffer excessive fluctuations in
gene expression under environmental perturbations, thereby
maintaining circadian synchrony across tissues (Zhang et al.
2023; Y. Zhang et al. 2024a, b). This bidirectional regula-
tion underscores the gut microbiota’s role as both a target
and regulator of the host circadian system. Altogether, the
dynamic nature of the gut microbiota, its intrinsic rhythmic-
ity and responsiveness to host and environmental cues, adds
a complex and adaptive layer to the regulation of metabolic
and immune homeostasis.

Cross-talk between circadian clocks and gut
microbiota

The relationship between host circadian clocks and the
gut microbiota is fundamentally bidirectional, forming a
dynamic interplay that is essential for maintaining physi-
ological homeostasis (Fig. 1). On one hand, circadian clocks
regulate the composition, localization, and metabolic activ-
ity of the microbiota; on the other hand, microbial-derived
signals can entrain or modulate circadian rhythms in periph-
eral tissues (Lotti et al. 2023; Zhao et al. 2022).

At the host level, circadian rhythms are governed by a
hierarchical clock system. The central pacemaker in the SCN
synchronizes peripheral clocks through light-dependent
signaling. However, feeding behavior, hormonal secretion,
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Fig.1 Cross-talk between circadian rhythms, peripheral clocks, and
the gut microbiome. This figure illustrates the dynamic and recipro-
cal interactions between host circadian rhythms and the gut micro-
biome. Peripheral clocks synchronize with central rhythms and are
influenced by microbial-derived signals. In turn, circadian cues shape

and local tissue factors also act as potent zeitgebers for
peripheral tissues such as the gut. These peripheral clocks
exhibit autonomous rhythmicity but are also entrainable
by microbial signals and dietary patterns (Heddes et al.
2022; Zhao et al. 2022). Intestinal epithelial clocks have
been shown to orchestrate microbiota diurnal oscillations,
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microbial composition and function. Disruptions in this bidirectional
dialogue can lead to circadian misalignment and contribute to the
development and progression of metabolic, inflammatory, and neo-
plastic diseases

particularly through regulation of antimicrobial peptide
secretion, epithelial renewal, and nutrient availability (Hed-
des et al. 2022).

The gut microbiota exhibits distinct temporal organiza-
tion, with oscillations in both taxonomic abundance and
functional output, such as the production of SCFAs, bile
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acids, and microbial metabolites (Choi et al. 2021). These
microbial rhythms are heavily influenced by the host’s feed-
ing cycles and circadian machinery. Loss of rhythmicity in
microbial communities has been observed in both genetic
models of circadian disruption and under environmental
misalignment, such as simulated shift work. These altera-
tions are linked to metabolic consequences, including glu-
cose intolerance, increased adiposity, and low-grade inflam-
mation (Lotti et al. 2023; Zhang et al. 2023).

In turn, microbial metabolites act as entraining agents
or modulators of host clocks. SCFAs like butyrate and
propionate have been shown to influence peripheral clock
gene expression, while secondary bile acids and methionine
derivatives from microbes affect nuclear receptor signaling
and oxidative stress responses in host tissues (Liu et al.
2023; Schmalle and Lorentz 2020). Initial findings demon-
strated that microbial communities can reprogram hepatic
circadian transcription through PPARY signaling (Murakami
et al. 2016), a concept further supported by more recent
multi-omic analyses (Huang et al. 2023).

TRF, when aligned with the circadian cycle, has been
shown to restore microbial rhythmicity and improve host
metabolic and immune outcomes in models of circadian
disruption. Conversely, circadian misalignment induced
by high-fat diets, irregular feeding schedules, or simulated
jet lag disrupts microbial oscillations and exacerbates host
clock desynchrony, creating a pathological feedback loop
(Thaiss et al. 2014; Y. Zhang et al. 20244, b). These findings
underscore the importance of feeding timing in synchro-
nizing host-microbiota interactions and maintaining physi-
ological homeostasis.

Germ-free mouse models further underscore the essen-
tial role of the microbiome in regulating host circadian
physiology. These mice display impaired locomotor activ-
ity rhythms, altered core body temperature cycles, and
diminished amplitude of peripheral clock gene expression
(Leone et al. 2022; Zhang et al. 2025). Fecal microbiota
transplantation (FMT) from jet-lagged or high-fat-diet-
fed donors induces circadian misalignment and metabolic
disturbances in recipients (Thaiss et al. 2014). Conversely,
microbial transfer from healthy donors can restore rhythmic
gene expression in hepatic tissues through PPARY signal-
ing, emphasizing the causal role of microbial oscillations in
synchronizing host clocks (Murakami et al. 2016).

Importantly, recent studies have clarified the role of
peripheral clocks in disease susceptibility. Loss of the
intestinal epithelial clock alone does not trigger gastroin-
testinal pathology under basal conditions, but significantly
aggravates inflammation and mortality in IL-10-deficient
and DSS-induced colitis models, demonstrating its essen-
tial role in microbial rhythmicity and mucosal immune
regulation (Niu et al. 2024). Likewise, the liver clock does
not directly entrain other peripheral clocks, but it strongly

modulates their transcriptional rhythmicity in response to
feeding. Liver-specific Bmall deficiency alters the rhyth-
mic transcriptome of distal organs such as white adipose
tissue and lung without disrupting their core clock oscilla-
tions, indicating that the liver clock acts as a systemic buffer
against nutritional perturbations (Manella et al. 2021) These
findings reveal that peripheral clocks are not merely passive
recipients of SCN cues, but rather play active and tissue-spe-
cific roles in disease modulation and systemic homeostasis.
Overall, this cross-talk constitutes a complex feedback loop
whereby the circadian system not only regulates microbial
dynamics but is also reciprocally shaped by microbiota-
derived signals.

Chronobiotics in chrononutrition

Chrononutrition is an emerging field that emphasizes the
alignment of dietary intake with the body’s internal circa-
dian clock. It encompasses not only the type and quantity of
food consumed but also its timing and frequency, which are
critical for maintaining metabolic homeostasis. Within this
framework, chronobiotics refer to bioactive compounds or
interventions, often derived from food, that are capable of
modulating circadian rhythms by either reinforcing or shift-
ing the phase of internal clocks (Dufoo-Hurtado et al. 2020;
X.-Y. Zhang et al. 2024a, b).

Recent findings suggest that melatonin not only modu-
lates circadian rhythms but also interacts intimately with
the intestinal microbiome, creating a bidirectional relation-
ship relevant to chrononutrition (Iesanu et al. 2022). Gut
microbes and their metabolites can stimulate intestinal mela-
tonin production, while melatonin, in turn, shapes microbial
composition and activity. Notably, melatonin is synthesized
not only in the pineal gland but also by intestinal entero-
chromaffin cells and even certain microbial taxa, highlight-
ing the gastrointestinal tract as both a source and target of
melatonin-mediated signaling (Zimmermann et al. 2024).
This interconnection has implications for systemic circadian
regulation, metabolic homeostasis, and gut health, position-
ing microbial-melatonin cross-talk as a novel therapeutic
axis for rhythm-associated disorders.

The rationale behind chrononutrition stems from the
observation that both the central and peripheral clocks,
including those in the gastrointestinal tract, are highly
responsive to meal timing. Nutrient intake acts as a potent
zeitgeber, or time cue, particularly for peripheral clocks
that are sensitive to metabolic inputs. Disruptions in feed-
ing rhythms, such as breakfast skipping, late-night eating, or
irregular meal schedules, have been associated with circa-
dian misalignment and increased risk of metabolic diseases,
including obesity, type 2 diabetes, and cardiovascular disor-
ders (Boege et al. 2021; Saidi et al. 2024).
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Chronobiotics may help mitigate these disruptions by
entraining or resynchronizing desynchronized clocks (Green-
well et al. 2019). Among the most studied natural chrono-
biotics are melatonin, caffeine, and tryptophan-rich foods,
which influence clock gene expression and sleep—wake
cycles through their interactions with molecular oscillators
and neuroendocrine pathways (Cardinali et al. 2006; Dufoo-
Hurtado et al. 2020). For example, melatonin, commonly
derived from plant sources such as tart cherries or tomatoes,
has been shown to regulate circadian amplitude and phase,
improving both sleep quality and metabolic markers (Dufoo-
Hurtado et al. 2020; Kent et al. 2022). Similarly, caffeine can
delay circadian phase by acting on adenosine receptors and
modulating intracellular cAMP levels, which influence core
clock gene expression.

Beyond metabolic effects, recent evidence highlights the
role of TRF in modulating intestinal inflammation through
peripheral clock—microbiota crosstalk. Niu et al. showed
that TRF during the active phase ameliorated colitis symp-
toms in IL-107'~ ice by enhancing epithelial regeneration
and modulating microbiota composition (Niu et al. 2024).
However, these protective effects were abolished in mice
lacking the intestinal epithelial clock gene Bmall, despite
partial restoration of microbial richness. This indicates that
TRF-driven improvements in microbiota require a functional
intestinal circadian clock to translate into anti-inflammatory
outcomes, emphasizing the interdependence between micro-
bial rhythmicity, peripheral clocks, and disease modulation
(Zhai et al. 2025).

Additionally, the microbiota appears to play a critical
role in mediating melatonin’s therapeutic benefits in extra-
circadian contexts, including cognitive function. A recent
study demonstrated that the beneficial effects of melatonin
on memory and neuroinflammation were abolished in micro-
biota-depleted mice, indicating that microbial presence is
essential for melatonin’s neuroprotective effects (Wang et al.
2023). This suggests that melatonin—microbiota interactions
extend beyond local gut effects, potentially modulating
gut-brain communication and contributing to chronobiotic
actions in systemic disease settings (Bautista et al. 2025a).

Despite promising preclinical findings, clinical research
on the chronobiotic properties of specific dietary compounds
remains limited. Most studies focus on single nutrients or
controlled feeding schedules, making it difficult to generalize
to real-life dietary behaviors (Lee et al. 2022). Additionally,
individual chronotypes, microbiota profiles, and metabolic
phenotypes likely influence the efficacy of chrononutritional
interventions, suggesting a need for personalized approaches
(Dufoo-Hurtado et al. 2020; Saidi et al. 2024). Chronobi-
otics represent a promising strategy to leverage diet as a
modulator of circadian health. Through targeted timing of
nutrient intake and incorporation of bioactive compounds
with clock-modulating properties, chrononutrition may offer
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novel therapeutic avenues to combat circadian misalignment
and its associated metabolic consequences.

Gut microbiota and circadian rhythms in disease

Disruptions in circadian rhythms and gut microbiota homeo-
stasis are increasingly recognized as co-contributors to a
broad spectrum of diseases, particularly metabolic, gastro-
intestinal, cardiovascular, and neuropsychiatric disorders
(Codofier-Franch et al. 2023; Hayter et al. 2021; Rijo-Fer-
reira and Takahashi 2019; Zhao et al. 2022). These systems
are intimately linked; perturbations in one often lead to dys-
function in the other, creating a self-reinforcing cycle that
exacerbates disease risk and severity (Bishehsari et al. 2020;
Lietal. 2018).

Modern lifestyle factors, such as shift work, frequent
time zone travel, erratic sleep patterns, and irregular feed-
ing schedules, profoundly impact circadian alignment.
These environmental and behavioral disruptions result in
desynchronization of peripheral clocks and altered micro-
bial rhythmicity, a phenomenon termed circadian dysrhyth-
mia (Bishehsari et al. 2020; Gutierrez Lopez et al. 2021).
In metabolic contexts, this misalignment impairs glucose
homeostasis, promotes insulin resistance, and increases adi-
posity. For instance, both genetic (e.g., BMALI deficiency)
and environmental models of circadian disruption result
in reduced oscillatory behavior of microbiota taxa critical
for short-chain fatty acid production and lipid metabolism,
linking microbial desynchronization to the development of
obesity and type 2 diabetes (Altaha et al. 2022; Fan and
Pedersen 2021; Kohsaka et al. 2007). A recent large-scale
human cohort study further supported this link, showing that
individuals with arrhythmic gut microbial signatures had a
significantly higher risk of developing type 2 diabetes over
four years (Reitmeier et al. 2020).

Beyond metabolic diseases, gut microbiota—circadian
interactions are implicated in gastrointestinal inflammation
and barrier dysfunction. Circadian misalignment exacer-
bates intestinal permeability and shifts microbiota toward
pro-inflammatory profiles. In inflammatory bowel disease,
reductions in beneficial microbes such as F. prausnitzii,
Akkermansia muciniphila, and Bifidobacterium have been
consistently observed alongside increased rhythmicity loss
and mucosal immune activation (Bishehsari et al. 2016).
These changes contribute to chronic intestinal inflammation
and epithelial damage.

Neuropsychiatric conditions, including insomnia and
depression, are also linked to circadian—microbiota dys-
regulation (Jiang et al. 2022). Through the gut-brain axis,
the microbiome influences neuroendocrine signaling, glu-
cocorticoid rhythms, and neurotransmitter availability,
all of which are under circadian control. Disruption of
microbial rhythmicity affects stress responsivity via the
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hypothalamic—pituitary—adrenal (HPA) axis, contributing
to affective and sleep disorders (Li et al. 2018; Teichman
et al. 2020; Tofani et al. 2025). Experimental evidence indi-
cates that microbial depletion alters the diurnal secretion of
corticosterone and modulates stress-sensitive brain regions
such as the hippocampus and amygdala (Tofani et al. 2025).

Mechanistically, gut microbes influence host disease pro-
cesses through metabolites that interact with nuclear recep-
tors and signaling pathways controlling circadian and meta-
bolic homeostasis. For example, microbial modulation of
PPARY activity can reprogram hepatic circadian transcrip-
tion in response to dietary challenges, linking microbial dys-
biosis to liver metabolic dysfunction (Murakami et al. 2016).
Collectively, these findings underscore the critical role of
gut microbiota—circadian cross-talk in health and disease.
Disruptions to this axis contribute to disease pathogenesis
through metabolic deregulation, inflammation, impaired bar-
rier function, and altered neuroendocrine signaling.

Conclusions and future perspectives

The interaction between circadian rhythms and the gut
microbiota represents a vital axis that underpins host met-
abolic, immunologic, and neuroendocrine homeostasis.
Mounting evidence suggests that these systems are recipro-
cally regulated: the host circadian clock shapes microbial
oscillations, while microbial metabolites modulate circadian
gene expression in peripheral tissues (Bishehsari et al. 2020;
Gutierrez Lopez et al. 2021; Murakami et al. 2016). Disrup-
tion of this finely tuned dialogue, via genetic alterations,
environmental misalignment, or lifestyle-induced chrono-
disruption, leads to a cascade of pathological consequences,
including metabolic syndrome, inflammatory bowel dis-
eases, and neuropsychiatric disorders (Altaha et al. 2022;
Lietal. 2018).

Advances in high-resolution temporal profiling, germ-
free animal models, and multi-omics technologies have
revealed critical mechanisms by which microbial rhythms
and circadian clocks are synchronized. For example, feeding
rhythms, short-chain fatty acid production, bile acid metabo-
lism, and microbial regulation of nuclear receptors such as
PPARY and REV-ERBa all contribute to the entrainment and
functional outputs of host circadian pathways (Bishehsari
et al. 2020; Murakami et al. 2016; Tahara et al. 2018; Thaiss
et al. 2014). The desynchronization of these interactions not
only alters microbial diversity and function but also drives
host metabolic dysfunction, intestinal barrier breakdown,
and systemic inflammation (Altaha et al. 2022; Bishehsari
et al. 2016).

Future research should focus on identifying specific
microbial taxa and metabolites that exert chronobiotic

effects, as well as deciphering host genetic and epige-
netic regulators that mediate microbial influence on circa-
dian physiology (Gutierrez Lopez et al. 2021; Pérez-Villa
et al. 2023; Thaiss et al. 2014). Precision chrononutrition
and microbial-targeted interventions, such as probiotics,
prebiotics, postbiotics, and TRF, offer exciting avenues
for restoring rhythmic homeostasis in disease contexts
(Gutierrez Lopez et al. 2021; Srivastava et al. 2021;
Tofani et al. 2025). Moreover, emerging evidence sup-
ports the application of circadian principles in therapeutic
scheduling (chronotherapy), particularly in the manage-
ment of metabolic diseases and cancer, where the timing
of drug delivery or nutrient intake may influence efficacy
and toxicity (Fan and Pedersen 2021; Pérez-Villa et al.
2023).

Ultimately, integrating circadian biology with microbi-
ome science holds promise for developing personalized,
time-based medical strategies aimed at improving health-
span and preventing disease. A systems-level understand-
ing of the temporal orchestration between host and micro-
biota will be essential for translating these discoveries into
clinically actionable interventions (Bishehsari et al. 2020;
Fan and Pedersen 2021; Gutierrez Lopez et al. 2021).
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