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A B S T R A C T

The circadian rhythm arises endogenously from genetically encoded molecular clocks, wherein the components collaborate to induce cyclic
fluctuations, occurring approximately every 24 h. The rhythms synchronize biological processes with regular and predictable environmental
patterns to guarantee the host metabolism and energy homeostasis function and well-being. Disruptions to circadian rhythms are widely
associated with metabolic disorders. Notably, microbial rhythms are influenced by both the host’s intrinsic circadian clock and external
rhythmic factors (i.e., light–dark cycle, diet patterns, and diet composition), which affect the structure of microbial communities and
metabolic functions. Moreover, microbiota and the metabolites also reciprocally influence host rhythms, potentially impacting host
metabolic function. This review aimed to explore the bidirectional interactions between the circadian clock, factors influencing
host–microbial circadian rhythms, and the effects on lipid metabolism and energy homeostasis.
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Statement of significance

This review explores the factors influencing both host and microbial rhythms, highlighting the interactions between gut microbiota, the

metabolites, and host circadian rhythms. Additionally, it emphasizes the impact of disruptions in microbial and host rhythms on the development
of metabolic diseases.
Introduction

Most organisms have developed the circadian clock system to
adapt to daily environmental cycles, driving periodic behavioral
and physiologic oscillations in anticipation of geophysical time
changes [1]. Circadian rhythms (exhibit a periodicity of ~24 h)
are vital to almost all forms of life due to coordinating crucial
physiologic processes in most organisms [2,3]. The endogenous
Abbreviations: BMAL, brain and muscle aryl hydrocarbon receptor nuclear translo
hrome; KO, knockout; NPAS, neuronal PAS domain protein; Per, period; REV, re
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circadian clock synchronizes with external signals through zeit-
gebers, including light–dark cycles (the primary zeitgeber), food
timing, type of food or drink, exercise, and temperature [2,4].
Thus, various factors, including jet lag, shift work, nighttime
light, late-night eating, high-calorie food, and gene poly-
morphisms or behavior, do disrupt circadian rhythms [2,5,6].

Furthermore, the disturbance of the host–gut microbiota
circadian system, caused by genetic, diet, or environmental
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factors, are linked to increased disease incidence and aggravated
pathologic conditions [7,8]. Specifically, the gut microbiota
comprises dynamic microbial communities, and the coevolution
of the communities with the host has profoundly influenced host
health [9–14]. Recent research highlights the profound impact of
trillions of gut microbes on host physiology, including digestion,
absorption, metabolism, and energy balance, all of which are
intricately linked to the host’s circadian clock [5]. It is not sur-
prising that certain bacteria exhibit circadian rhythms, given the
widespread significance of circadian rhythms across the micro-
biota [15,16].

Notably, the gut microbiota exhibits distinct circadian clock
patterns, generating oscillations in critical metabolic mediators
that integrate with the host’s circadian rhythm, contributing to
metabolic homeostasis [16,17]. Disruptions in gut microbiota
circadian rhythms harm host metabolism and energy balance,
leading to metabolic syndrome [8,16]. Recent studies have
highlighted the complex relationship between circadian rhythms
and microbiota. This review aimed to explore the interactions
between gut microbiota, host circadian rhythms, and lipid
metabolism.
Circadian Clocks

In mammals, the circadian system is a network of clocks led
by the master clock in the suprachiasmatic nucleus (SCN) of the
hypothalamus. This master clock is responsible for synchronizing
or entraining peripheral clocks located in various tissues, such as
the heart, liver, gastrointestinal tract, adipose tissue, and
pancreas, thereby orchestrating behavioral and humoral
FIGURE 1. Typical molecular feedback loops of circadian rhythms. CLOCK
PER, CRY, REV-ERBA, and ROR genes. PER and CRY inhibit CLOCK-BMA
ERBA and ROR proteins are responsible for driving rhythmic BMAL1 tra
gion. This figure was created using Figdraw.com.
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rhythms throughout the organism [7,18–20]. The SCN, receiving
environmental cues, centrally controls the host’s circadian
rhythm and influences peripheral tissues via nerve signals and
hormones [2,7]. Most tissues and peripheral organs in the
mammalian body also express the equivalent clock genes and
proteins to those present in the SCN [2].

Approximately, a 24-h cycle is generated at the molecular
level by a cell-autonomous transcriptional autoregulatory feed-
back loop made up of clock genes [18,21] (Figure 1). The mo-
lecular clock involves 2 central components: the circadian
locomotor output cycles kaput (CLOCK) and brain and muscle
aryl hydrocarbon receptor nuclear translocator-like protein
(BMAL) 1 (also known as ARNTL1) [1]. Clock and BMAL1, which
encode activators, and Period (Per, comprising Per1, Per2 and
Per3) and cryptochrome (Cry, comprising Cry1 and Cry2), which
encode repressors, are the core clock genes [18].

In the primary feedback loop, PER and CRY genes are acti-
vated under the control of transcriptional activators: Clock,
BMAL1, and neuronal PAS domain protein (NPAS) 2, which form
CLOCK–BMAL1 and NPAS2–BMAL1 heterodimers, respectively
[1]. These complexes activate transcription of the PER and CRY
genes by binding to E-box (5'-CACGTG-3') elements in promoter
regions [7]. Following the degradation of PER/CRY, CLOCK and
BMAL1 begin transcriptional activation, whereupon a new
circadian cycle can commence [7].

In a second molecular feedback loop, the CLOCK–BMAL1
complex drives the rhythmic expression of the genes encoding
reverse erythroblastosis virus (REV-ERBs, REV-ERBα/β; also
known as NR1D) proteins and retinoic acid–related orphan re-
ceptors (RORs; RORα/β/γ) families [1,7]. In contrast, REV-ERBα
and RORα also contend for the ROR DNA-binding element
-BMAL1 and NPAS2-BMAL1 heterodimers activate the transcription of
L1–dependent and NPAS2-BMAL1–dependent transcription. The REV-
nscription from ROR response elements (ROREs) in the promoter re-
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located within the promoter regions of Clock and Bmal1, result-
ing in the repression or activation of transcription of Clock and
Bmal1, respectively [1]. These complicated feedback loops
generate rhythms lasting about a day and are called the circa-
dian. Accordingly, understanding the biological processes im-
proves our comprehension of circadian physiology and
pathology.

Endogenous Factors Influencing the Circadian
Oscillation of Host Microbiota

To date, host circadian rhythms exhibit a significant influence
on microbial oscillations, based on data from animal and human
studies. Although gut microbiota is not exposed to light, alter-
ations in host rhythms induce oscillations in the abundances and
functions of gut microbiota [22] (Figure 2). However, the in-
teractions between microbes and host factors that regulate
circadian rhythm oscillations are complex and poorly
understood.
Deletion of rhythmic gene
The core molecular clock machinery can profoundly affect

metabolic regulatory signals at the peripheral and central levels.
Notably, deleting the host’s circadian clock gene disrupts the gut
microbiota’s rhythm [23,24]. For example, Bmal1 knockout (KO)
mice exhibit altered diurnal fluctuations in the abundances of
Bacteroidetes, Firmicutes, and Proteobacteria, along with
increased abundances of Rikenella sp. [25]. Moreover, the rhyth-
micity of microbial metabolites, short-chain fatty acids (SCFAs), is
FIGURE 2. Endogenous and exogenous factors influence the circadian rhyt
changes in composition and function driven by endogenous factors. Additi
nutrient composition also impact the rhythmic oscillations of the host–gut

3

eliminated in feces of Bmal1-deficient mice [26], indicating a role
in microbial taxonomic abundance at multiple levels.

Interestingly, microbial α-diversity in Per2 gene KO mice is
notably higher than that in wild-typemice in a standard light–dark
cycle [6]. Furthermore, the KO of the Per2 gene leads to an in-
crease Lachnospiraceae and Ruminococcaceae, although simulta-
neously decreasing concentrations of Erysipelatoclostridium and
Olsenella species [6]. In addition, Per1/2-deficient mice display an
almost complete absence of rhythmic fluctuations in the abun-
dances of commensal bacteria, such as Bacteroidales [27]. Addi-
tionally, the diurnal rhythmicity in metagenomic pathways (i.e.,
vitamin and nucleotide metabolism and cell wall synthesis),
observed in wild-type mice, disappear in Per1/2-deficient mice
[27]. Per3-deficient mice also show alterations in the Shannon and
Simpson indices, apart from a significant decrease in the abun-
dance of Dorea species compared with the wild-type mice [24].

Notably, the average relative abundance of bacteria from the
family Lachnospiraceae was elevated in Clock KO mice. This
alteration contributed to an increased Firmicutes/Bacteroidetes
ratio in Clock KO mice relative to wild-type mice [28]. Further-
more, conditional KO of Npas2 in the liver alters the gut micro-
biota following restricted feeding [29]. These findings indicate
that deletion of host circadian clock genes result in adverse
disruptions to the gut microbiota [2,6,26].
Sex affects the rhythms of gut microbiota
Current studies from both human and animal subjects have

highlighted the significant role of sex as a contributing factor to
the variation of gut microbiota [25,30]. Interestingly, changes in
hms of the host–gut microbiota. The gut microbiota undergoes diurnal
onally, exogenous factors such as light/dark cycles, feeding times, and
microbiota. This figure was created using Figdraw.com.
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the circadian clocks of host organisms affect gut microbiota, and
it has also been postulated that the effects differ between the
sexes. For example, male and female mice in a controlled envi-
ronment show significant differences in gut microbiota compo-
sitions [31]. To determine the role of sex hormones, testosterone
was administrated and the results were characterized by the
changes in gut microbiota caused by gonadectomy [31]. More-
over, the synthesis of steroids, including testosterone, is reported
to be dependent on the circadian clock protein Bmal1 [32].
Therefore, hormones such as testosterone may be associated
with different gut microbiota produced by the different sexes of
the hosts.

Similarly, as well as the circadian system of the host, the sex
of the host also influences the rhythmicity of microbial taxo-
nomic abundances. The deletion of Bmal1 leads to a disturbance
of the host circadian clock, resulting in a sex-dependent alter-
ation of the fecal microbial compositions [25]. Despite the mi-
crobial showed circadian rhythmicity is observed in both sexes,
females show more significant oscillations than males [25].
Recent studies on male and female mice have demonstrated
age-related alterations in the diurnal patterns of gut microbial
compositions, with variations contingent upon the sex of the host
[33]. In summary, alterations in host circadian rhythms signifi-
cantly impact gut microbiota, potentially creating a feedback
loop where gut microbes adjust their circadian activities [2].

Exogenous Factors Affect the Circadian
Oscillation of Host Microbiota

Exogenous factors, encompassing environmental cues and
external stimuli, exert a profound influence on the circadian
oscillation of gut microbes (Figure 2). These external factors not
only modulate the timing but also determine the intensity of
microbial activity, thereby profoundly shaping the dynamics of
the microbial community within the host. Among the pivotal
exogenous factors affecting circadian oscillation, light serves as a
vital cue for numerous organisms, microbes included, in syn-
chronizing the internal clocks. The mere presence or absence of
light initiates specific molecular cascades within microbes,
resulting in alterations in their metabolic processes and gene
expression patterns. Furthermore, the abnormal diurnal fluctu-
ations in the microbiota and dysbiosis are also driven by diet-
related patterns [27]. Habitual diet, time-restricted feeding,
late-night eating, rapid changes in fat and fiber composition of
the diet, and consumptions of fiber and other indigestible food
components have all been shown to affect the compositions,
function, and rhythmicity oscillation of gut microbiota [2,5,
34–37].
Light–dark cycle
A regular light–dark cycle is essential for circadian rhythms,

nutrient metabolism, and gut microbiota homeostasis [6]. Pre-
dictively, prolonged darkness or constant illumination generally
disrupts circadian rhythms [38,39]. The light cycles of the
environment also entrain the circadian feeding behavior of
animals, which produces rhythms in the exposure to food-borne
bacteria [40]. Hence, light is the most important environmental
factor affecting the circadian clock. For instance, mice fed a
standard feed pellets diet lost the diurnal rhythmicity of gut
4

microbes, as well as the oscillatory operational taxonomic units,
when subjected to a phase-shift paradigm like jet lag [27].
Continuous darkness leads to the disappearance of certain
families, such as Prevotellaceae [41]. Conversely, prolonged
exposure to light induces alterations in Bacteroidetes and Fir-
micutes, which is correlated with weight gain and insulin
resistance [39].

Interestingly, melatonin administration demonstrated a pos-
itive impact on ameliorating gut microbiota dysbiosis induced by
continuous light exposure. Additionally, melatonin treatment
not only reduces lipid content and improves insulin sensitivity
but also decreases fat accumulation in the livers of mice on a
high-fat diet exposed to constant light [39]. Similarly, the gut
microbiota of mice exposed to regular light–dark cycles showed
rhythmicity at the compositional and functional levels, but
constant darkness resulted in the loss of rhythmic oscillations
[38]. Notably, the abundance of Clostridia sp. in the small in-
testine is significantly elevated under conditions of constant
darkness, indicating that the light–dark cycle plays a crucial role
in regulating the concentration of Clostridia species [38]. How-
ever, Ruminococcus torques increased and Lactobacillus johnsonii
decreased after 4 wk of constant 24-h light [42]. These findings
underscore the critical role of the light–dark cycle in shaping the
composition, functionality, and diurnal oscillations of the host
microbiota.
Diet patterns and diet composition
Intermittent fasting

The timing of food intake affects circadian rhythms, which
regulate key physiologic processes essential for human health
[43]. Currently, 3 types of intermittent fasting are extensively
studied: whole-day fasting, alternate-day fasting, and
time-restricted feeding [43,44]. However, due to its ease of
integration into daily routines, time-restricted feeding has
recently garnered significant attention [43]. Time-restricted
feeding modulates nutritional cues that synchronize peripheral
oscillations by limiting food intake to specific time intervals,
such as an 8- to 10-h eating window, followed by a fasting period
[45].

Time-restricted feeding has been shown to partially restore
the cyclical fluctuations of gut microbes, thereby providing
protection against obesity and metabolic disorders [46]. For
instance, a time-restricted high-fat diet exhibited distinct circa-
dian rhythms in the abundances of Bacteroidetes and Firmicutes
[35]. Furthermore, mice subjected to a time-restricted high-fat
diet exhibited significantly reduced weight gain, decreased he-
patic steatosis, and lower hepatic triglyceride concentrations
[35]. The mechanism may be due to time-restricted feeding
altering gut microbes and molecular circadian rhythms associ-
ated with hepatic lipid metabolism. Likewise, time-restricted
feeding may reduce obesity and metabolic risks by influencing
circadian clock genes and the gut microbiome [47].
Time-restricted feeding modulates the circadian system by
stimulating sirtuin 1 (sirtuin 1 regulates the circadian rhythms
through the control of Bmal1 acetylation) [48] and increases gut
microbial diversity, thereby ameliorating the serum lipid and
liver profiles in healthy males [47]. Notably, time-restricted
eating may lead to reduced calorie intake, and caloric restric-
tion may also further impact circadian rhythms. For instance,
caloric restriction reverses liver circadian genomic signatures of
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aging [49]. Interestingly, there are also differing viewpoints:
time-restricted feeding is a dietary pattern based on circadian
rhythm and do not require a significant reduction in calorie
intake that was required for intermittent fasting and periodic
fasting [50,51]. Hence, further study is needed to investigate the
potential relationship between time-restricted feeding, caloric
intake, and the regulation of the microbial circadian rhythm.

Furthermore, different feeding patterns influence clock–
lipid–bile acid metabolic balance, particularly through gut
microbiota, which connects circadian rhythms to bile acid
metabolism [52]. For instance, daytime feeding, unlike ad libi-
tum and dark-fed conditions, disrupts the liver’s rhythmic
expression of Per1, Cry1/2, and Rev-erb α, and changes gut
microbiota composition, increasing Firmicutes and decreasing
Verrucomicrobia [52]. This suggests intermittent fasting has a
regulatory effect.

Nutrient component
The nutrient component is a crucial signal for regulating

circadian rhythms that target clock genes [53]. In addition, sig-
nals derived from the nutrition can also influence the rhyth-
micity of the expression of clock genes and their downstream
targets, including metabolic genes [54–56]. High-fat diets have
been shown to decrease gut microbiome α-diversity, reducing
the number of microbial species with diel oscillation patterns [5,
17,46,57]. For instance, high-fat diet increases the concentra-
tions of Clostridiales, Peptostreptococcaceae, and certain Lacto-
bacillus species in mice’s gut microbiota. Notably, exogenous
melatonin administration enhances the composition and rhyth-
micity of gut microbes in mice subjected to a high-fat diet [34].

Furthermore, high-fat diets have the potential to affect the
circadian rhythm of the gut microbiota by disrupting the
rhythmic expression patterns of hepatic clock genes and adipose
tissue clock genes, in addition to influencing downstream
metabolic genes. In response to high-fat diets, the gut microbiota
affected hepatic lipid metabolism, mainly by activating PPARγ
signaling within the host’s circadian rhythm [58]. This suggests
that a diet alone is insufficient in producing changes in host
circadian rhythms unless it is coupled with a functional gut
microbiota. Notably, disruptions in the circadian rhythm may
also contribute to the development of obesity. Specifically,
excessive caloric intake not only contributes to obesity but also
realigns the circadian rhythms of peripheral organs, such as the
liver and adipose tissue, further exacerbating the obesity [59].
Hence, this may also further disrupt the oscillations of the mi-
crobial rhythm. This further implies that the gut microbiota ex-
hibits diurnal oscillations in both composition and function, with
these fluctuations being regulated by the nutrient composition of
the host’s diet.

Effects of Microbiota on the Circadian Rhythms
of Host

The gut microbiota is essential for immune, metabolic, and
nervous system functions, making it crucial for overall health
and well-being [22,60]. Growing evidence indicates that the gut
microbiota plays a crucial role in regulating host metabolism,
particularly by influencing and responding to host circadian
rhythms [8,22,61,62] (Figure 3).
5

Absence of the gut microbiota
A healthy gut microbiota (a balanced microbial ecosystem)

ensures the host’s circadian rhythms, but its absence disrupts the
host’s circadian gene expression [45,63]. Indeed, the adminis-
tration of broad-spectrum antibiotics significantly reduces both
the population of intestinal mucosal-associated bacteria and the
oscillatory behavior [63]. Chromatin immunoprecipitation-
sequencing analysis revealed discernible alters in the rhythmic
promoter and enhancer activity in antibiotic-treated mice [63].
Furthermore, the oscillatory genes (i.e., Il18, Reg3b, and Reg3g)
were altered in antibiotic-treated mice [63]. Similarly, the gut
microbiota is also required for both the core clock of the liver and
clock-controlled functions. Specifically, the expression patterns
of Bmal1, Per1/2, and Cry1 exhibit distinct profiles in germ-free
mice [64]. Furthermore, the expression patterns of these output
effectors (i.e., Dbp, Tef, and Bhlhb42) of the liver clock were
disrupted in germ-free mice, leading to alterations in their gene
expression rhythmic period [64]. Collectively, these findings
suggest that gut microbiota influence the expression patterns of
clock-related genes and output regulators.

Interestingly, the expression levels of core circadian clock
genes in the mediobasal hypothalamus exhibited variations
contingent upon the germ-free status and dietary conditions of
the mice [17]. Furthermore, germ-free mice, irrespective of
whether they are fed a low-fat or high-fat diet, demonstrate
disrupted circadian clock gene expression in both central and
hepatic systems in comparison with their conventionally raised
counterparts [17]. This suggests that the absence of gut micro-
biota may alter the host’s circadian clock gene expression,
potentially independent of dietary factors. Gut micro-
biota–mediated disruption of circadian rhythms generally leads
to abnormal metabolic symptoms [45]. For example,
antibiotic-induced depletion of the gut microbiota leads to
hypercortisolism and insulin resistance [64]. Collectively, gut
microbiota crucially regulates the host’s circadian rhythms.

Probiotics
Probiotics may play an important role in improving the

composition of gut microbiota to regulate host physiological
functions [65]. Currently, the role of probiotics in regulating
circadian rhythms has attracted much attention.

For example, Bifidobacterium breve strain CCFM1025 is re-
ported to improve the body weight and food intake of the sleep
deprivation mice [65]. Indeed, metabolites derived from Bifi-
dobacterium breve may influence the striatal melatonin system,
regulating the expression of circadian clock genes and thereby
ameliorating circadian rhythm disruptions caused by sleep
disorders [65]. Similarly, Lactobacillus delbrueckii was found to
impact the bacterial composition at the genus level in the
ileum, which might have implications for regulating gut
function and host metabolism [66]. Furthermore, Lactobacillus
rhamnosus may have additional effects on the gut microbiota.
Although it may not significantly impact gut microbiota di-
versity within the first 24 h, it has been observed to enhance
the abundances of melatonin receptor transcripts and proteins
[67]. These findings from animal model studies suggest that
probiotics’ regulation of circadian rhythms offers valuable in-
sights for developing future treatments for circadian disorders
in humans.



FIGURE 3. Gut microbiota influence host rhythms through various mechanisms. Both antibiotics and probiotic supplementation influence the
rhythmic oscillations of the host. Additionally, gut microbiota further modulates the host rhythms through the production of various metabolites.
This figure was created using Figdraw.com.
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Potential Mechanisms Through Which
Microbiota Influence Host Circadian Rhythms

The gut microbiota, functioning as an active endocrine organ,
generates various metabolites based on circadian rhythms and
meal times [68]. These small molecule metabolites mediate
signaling interactions within the host. There is also evidence that
metabolic products from gut microbiota contribute to host
circadian rhythms [2,22,61] (Figure 3). However, the precise
mechanisms of their actions remain poorly understood and
warrant further investigation.
Short-chain fatty acids
SCFAs are well-established mechanisms in the interaction

between gut microbiota and host metabolism. Germ-free mice
are characterized by lowered SCFAs along with resistant to diet-
induced obesity [22]. Supplementing the diet with acetate,
propionate, butyrate, or the SCFAs admixture are directly re-
ported to alleviate the weight gain [69]. The differential timing
of SCFAs production and delivery have specific impacts on the
host. Any alteration or disruption in the diurnal delivery pattern,
potentially caused by circadian rhythm disturbances [22].

Diurnal oscillations of gut microbiota–derived SCFAs have
been shown to influence circadian control of host metabolism.
For instance, administering SCFAs and lactate orally significantly
sped up the phase entrainment (the cycle or phase of the
biorhythm is adjusted to align with periodic changes in the
external environment) of PER2 rhythms in the kidney [70]. The
addition of SCFAs like butyrate or acetate to hepatic organoids in
6

vitro resulted in noteworthy alterations in PER2 and BMAL1
rhythms, manifesting as significant phase shifts alongside
amplitude increases [17]. Similarly, oat fiber supplementation
increases concentrations of SCFAs, reversing the disruption of
the liver clock caused by a high-fat diet [71]. This further sug-
gests that SCFAs are important contributors to the improvement
of circadian rhythms in the host. Furthermore, gut micro-
biota–generated SCFAs, including acetate, isovaleric acid, pro-
pionate, and butyrate, entrain intestinal epithelial circadian
rhythms through a histone deacetylase inhibition–dependent
mechanism [72]. Therefore, SCFAs may act as synchronizers of
circadian clocks and play a crucial role in the dynamic interplay
between gut microbiota and host rhythms [17].
Bile acids
Bile acids are key signaling molecules that regulate meta-

bolism and connect circadian rhythms to the gut microbiome
[73–76]. For example, cholesterol 7α-hydroxylase (Cyp7α) and
sterol 12α-hydroxylase (Cyp8b) are pivotal enzymes involved in
the biosynthesis of bile acids within hepatic metabolic pathways,
and the transcripts display circadian expression patterns in the
liver [77]. Specifically, the expression profile of the Cyp7a
transcript in wild-type mice exhibits circadian rhythms [77]. In
contrast, in homozygous Clock mutant mice, the expression
profile also demonstrates circadian rhythms, albeit with a
reduced amplitude [77]. However, the expression profile of
Cyp8b mRNA in homozygous Clock mutant mice becomes
arrhythmic [77]. This indicates that the circadian regulation of
Cyp7a and Cyp8bmay involve the coordinated action of multiple
clock transcription factors.

http://Figdraw.com
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Furthermore, certain bile acids have been shown to inhibit
the activation of the circadian transcription factor and PPARγ.
Inhibition of this enzyme mediates the relationship between a
high-fat diet and subsequent changes in the hepatic oscillators
[58,78]. Similar studies have identified a role for bile salt hy-
drolase in the regulation of host circadian gene expression [79].
Unconjugated bile acids, generated by the bile salt hydrolase
activity of the gut microbiota, have been proposed as potential
regulators of circadian gene expression in the host [79]. Specif-
ically, these unconjugated bile acids have been shown to
enhance the expression levels of the Clock and Arntl genes, which
are integral to circadian rhythms [79].

Furthermore, the oral administration of unconjugated bile
acids modulates the expression of circadian clock genes in the
ileum, colon, and liver of mice, thereby influencing hepatic
circadian regulators such as Dbp, as well as associated genes
including Per2, Per3, and Cry2 [79]. Microbial metabolites,
particularly unconjugated bile acids, can affect host metabolism
and clock gene expression. Notably, conjugated and unconju-
gated bile acids follow different rhythms in human enterohepatic
circulation [80]. Specifically, the transintestinal flux of conju-
gated bile acids postprandially elevates circulating concentra-
tions of fibroblast growth factor 19, which subsequently inhibits
bile acid synthesis [80]. Additionally, the late-night peaks of
unconjugated bile acids indicate a nonpostprandial diurnal
variation in human gut microbiota [80]. These studies indicate a
potential circadian influence of particular bile acids on a com-
plex within the host organism. Nonetheless, additional research
is required to corroborate these findings.
Other microbial metabolites
Apart from SCFAs and bile acids, other microbial metabolites

may also impact host circadian rhythms. Notably, polyamines, as
pleiotropic signaling molecules, exhibit diurnal fluctuations. In
cultured cells and animal models, polyamines modulate the
circadian rhythm by altering the interaction between Per2 and
Cry1 [81]. Additionally, the dissimilatory sulfite reductase,
predominantly found in deltaproteobacteria, produces hydrogen
sulfide in the distal colon [82], which can delay the expression of
Bmall in mouse liver organoids [17].

Certain B vitamins have been associated, either directly or
indirectly, with circadian rhythms [83]. Although vitamins are
typically obtained through dietary intake, genome annotations
predict that 40%–65% of the 256 human gut microbes produce
each of the 8 B vitamins [84]. For instance, Bacteroides thetaio-
taomicron binds dietary corrinoids, which are precursors to
vitamin B-12, and makes them available to the microbiota [84].
Collectively, host-regulated conditions—encompassing endoge-
nous circadian control, diet, feeding times, and other fac-
tors—can induce alterations in microbial community structure
and activity. Consequently, microbial metabolic activity plays a
crucial role in regulating circadian rhythms, especially through
the production of SCFAs.

Disruption of Microbial and Host Circadian
Rhythms: Health Implications

In mammals, including humans, lipid homeostasis is integral
to the maintenance of metabolic health. Research findings
7

indicate that functional circadian oscillators are essential for
sustaining lipid homeostasis and, consequently, metabolic health
[4]. However, disruptions or dysfunctions in circadian rhythms
significantly impact host lipid metabolism and expedite the onset
of metabolic disorders, including obesity, diabetes, and cardio-
vascular disease [4,7]. Notably, the gut microbiota possesses the
capability to both convert and synthesize lipids, as well as to
degrade dietary lipids, thereby producing secondary metabolites
with host-modulating properties [85,86]. The role of lipid
signaling in host–microbiome interactions has been relatively
underexplored; however, recent findings indicate that in-
teractions between microbiota and host lipid metabolism may
significantly influence the regulation of the circadian clock [79,
85]. Thus, given the influence of both microbiota–host lipid
metabolism and circadian rhythms in host physiologic processes,
it is crucial to study the interplay between these 2 systems in
health and metabolic diseases.
Obesity
Manipulating the gut microbiome can influence obesity by

altering the host circadian clock [68]. To date, obesity research
has identified the most significant association between circadian
rhythms and the gut microbiota in the context of disease [2,17,
27,87–89]. The expression of central and hepatic circadian clock
genes is significantly impaired in germ-free mice fed a low or
high-fat diet, and these mice do not gain weight [17]. Mice with
the Clock mutation exhibit weaker daily eating patterns,
impaired glucose tolerance, and reduced insulin secretion [90,
91]. Furthermore, studies on Clock-mutant mice illustrate the
impact of circadian clock disruption on the gut microbiota,
which subsequently contributes to the development of obesity
[28,90].

Recent research increasingly underscores the significant
interplay between obesity, microbiota, and circadian rhythms,
particularly emphasizing the influence of dietary patterns and
composition on metabolism and gut microbiota [92]. For
instance, a high-fat diet has been observed to induce lipid
accumulation and disrupt gut microbiota homeostasis in murine
models. In contrast, the administration of oral melatonin has
been shown to mitigate lipid accumulation and improve gut
microbiota composition [87]. Specifically, the administration of
a high-fat diet in mice results in a reduction of SCFAs, whereas
melatonin treatment enhances the synthesis of acetic acid [87].
Sleeve gastrectomy has been demonstrated to ameliorate meta-
bolic disorders, an effect that is mediated by alterations in the
gut microbiota [88]. Similarly, high-fat diets primarily drive
microbial oscillators that disrupt host metabolic homeostasis,
resulting in arrhythmic host Reg3g expression, which secondarily
drives key gut microbial abundance and oscillation [5]. Accu-
mulating evidence reveals that the gut microbiota significantly
impacts the regulation of host peripheral clocks [58]. Intrigu-
ingly, complex interactions may exist between calorie intake,
obesity, the microbiome, and circadian rhythms. For example,
compared with individuals who consumed a high-calorie dinner,
those who ate a high-calorie breakfast exhibited lower intake at
dinner, reduced weight gain, less adipose tissue, and lower
concentrations of fasting blood sugar, triglycerides, and insulin
[93]. Furthermore, mice fed a high-fat diet during inactive pe-
riods (light) gained weight more rapidly than those fed high-fat
diet only during active periods (dark) [94]. Therefore, it is
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imperative to devote additional scholarly attention to the role of
circadian rhythms in the regulation of obesity.

Diabetes
Emerging evidence suggests a significant association between

gut microbiota and metabolic health, particularly in relation to
alterations in the microbiota profile observed in individuals with
diabetes [95]. For instance, research has demonstrated that pa-
tients with type 1 or type 2 diabetes are associated with alter-
ations in gut microbiota composition when compared with
healthy individuals, as evidenced by studies conducted in both
humans and animal models [2]. Additionally, the untargeted
metabolomics in blood plasma revealed changes in the diurnal
patterns of metabolic pathways influenced by gut bacteria. It is
suggested that diabetes disrupts the rhythm of gut microbiota
oscillations, which may impact the temporal regulation of host
metabolic pathways. Similarly, individuals with type 2 diabetes
exhibited reduced amplitude oscillations in core clock genes
(only 1.8% of expressed genes of 16,818) compared with healthy
controls (8.4% of expressed genes of 1421) [89].

Notably, mice with KO mutations in the Clock and Bmal1
genes demonstrate impaired glucose tolerance and diminished
insulin secretion, thereby establishing a connection between
circadian rhythm genes and the pathogenesis of diabetes. Addi-
tionally, these mice show defects in pancreatic islet size and
proliferation that worsen with age [91]. Furthermore,
arrhythmic gut microbiota signatures predict risk of type 2 dia-
betes [95]. Specifically, a study identified that certain members
of the microbiota demonstrate 24-hour oscillations in their
relative abundance. Consequently, this suggests a potential
functional linkage between circadian rhythms and the micro-
biota in the context of diabetes.

Cardiovascular disease
Recent research has revealed surprising interactions between

gut microbiota rhythms and the host, altering risk of cardiovas-
cular disease, a condition long linked to diet [96,97]. For
instance, murine models of cardiovascular disease exhibit more
rapid recovery when maintained under 24-h light–dark cycles, as
opposed to conditions with disrupted circadian rhythms, which
have been shown to exacerbate cardiac pathology [98].
Furthermore, mice harboring a point mutation in the circadian
regulatory gene casein kinase-1ε demonstrated pronounced
cardiomyopathy, extensive fibrosis, and renal pathology char-
acterized by proteinuria, culminating in premature mortality
[98]. However, the mice were ameliorated by reestablishing
them in light–dark cycle, which was congruent with their ge-
notype [98]. Similarly, short-term circadian misalignment,
which involves inverting behavioral and environmental cycles
for 3 days, has been shown to have adverse effects on cardio-
vascular disease risk factors in healthy adults [99].

Interestingly, dietary interventions involving high fiber
intake and acetate supplementation have been shown to modu-
late gut microbiota composition and confer protective effects
against hypertension and heart failure in murine models [100].
The beneficial impact of fiber and acetate may lead to an
increased abundance of Bacteroides acidifaciens, promote circa-
dian rhythm regulation through the upregulation of circadian
genes and downregulate EGRL, a key cardiovascular regulator
implicated in cardiorenal fibrosis and inflammation [100].
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Furthermore, a metabolite derived from gut microbes, phenyl-
acetylglutamine, has been shown to enhance the potential for
thrombosis, which can lead to heart disease [101]. In summary,
gut microbiota and circadian rhythms may mutually influence
each other and modulate disease severity.

Conclusion and Future Perspective

Over the past few decades, increasing evidence supports 2-
way interaction between circadian rhythms and gut micro-
biota. However, the specific mechanisms involved remain un-
known. The gut microbiota’s composition and function vary with
the diurnal cycle, aligning with the host’s circadian rhythm. In
turn, a complex microbiota and its metabolites are crucial for
optimal regulation of the host’s circadian rhythm. However,
disruption of the cyclical microbiota–host interactions leads to
disorders of host metabolism and consequently to metabolic
diseases [4,7]. Indeed, SCFAs and microbial-modified bile acids
are potential mediators of interactions between gut microbial
and circadian rhythms, affecting host metabolism and energy
balance networks. However, how do these mediators accomplish
signaling? Furthermore, the mechanism behind gut microbial
rhythms is still unknown. Apart from light, diet, sex, and other
known factors that affect host–microbial rhythms, what other
factors may alter microbial rhythms? Extensive research has
been conducted on diseases associated with the interplay be-
tween gut microbiota and circadian rhythms. However, the
contribution of gut microbial rhythmicity to host well-being
lacks clarity, and the regulatory impact of these influencers on
specific microbial taxa dynamics requires further exploration.
Therefore, more research is required to explore how microbiota
and circadian rhythms influence host metabolism and interact in
metabolic disorders. Future research will prominently focus on
the interplay between gut microbiota, the circadian clock, and
host metabolism.
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