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Abstract: With the development of social economy, the quality of national life has been rapidly
improved, along with the accelerated aging of the population and the continued prevalence of
metabolic risk factors. Cardiometabolic diseases (CMDs) have become a major disease burden for
both urban and rural residents in China, and most of them are related to lifestyle changes in modern
society, especially circadian rhythm disorders. Circadian rhythm regulating the activity of
metabolism, such as carbohydrates, lipids, and other nutrients, is the most important pathway
modulating the health. Nowadays, studies have shown that the interaction between circadian
rhythmicity and gut microbiota counts for the homeostasis of metabolic health, while circadian
rhythm disruption is associated with gut microbiota dysbiosis and metabolic diseases. However,
there is a lack of research on the topic of gut microbiota mechanisms regulating circadian rhythm
disruption leading to CMDs. With increased burden of CMDs prevention and treatment, as well as
the demand of healthcare resource allocation, it prompts us to put forward a new strategy to solve
this problem. This review focuses on the interactions between circadian rhythm and gut microbiota
to elucidate the potential mechanisms of circadian rhythm disruption induced CMDs, providing a
solid support for further prevention and treatment.
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1. Introduction

CMDs encompass a range of disorders that initiate with insulin resistance, progress to metabolic
syndrome and prediabetes, and ultimately culminate in cardiovascular disease and type 2 diabetes
mellitus (T2DM)[1]. CMDs mainly include coronary obesity, diabetes mellitus, hyperlipidemia, heart
disease, and non-alcoholic fatty liver disease. They are associated with high mortality and disability
rates, posing a serious threat to human health. With the improvement of living standards and the
increasing prevalence of unhealthy lifestyles, the prevalence of obesity, disorders of glucose-lipid
metabolism, and T2DM has significantly increased, making these cardiometabolic diseases driven by
metabolic risk factors more prevalent[2]. As risk factors for cardiovascular disease such as metabolic
syndrome, diabetes, and obesity, there is a need to explore better strategies for preventing and
modifing the course of these CMDs. This has led to a growing interest in studying the pathogenesis
of CMDs.

Circadian rhythms are variations in vital activities that occur on a 24-hour cycle. The circadian
system is a hierarchical oscillatory network with the main pacemaker located in the suprachiasmatic
nucleus (SCN) of the hypothalamus. This pacemaker coordinates the peripheral organization of the
oscillatory network, leading to circadian rhythms in the body from gene expression and cellular
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metabolism at the microscopic level to macroscopic biological behavior[3,4]. Circadian clocks control
many aspects of an organism’s physiology and are influenced by various external stimuli, including
environmental factors (e.g., light, food, and temperature), genetic polymorphisms, or behavior[5,6].
The most common causes of circadian disruption in our current society are jet lag, shift work,
socialization, light or food at night, inconsistent eating times, and the high-fat diet[7-17]. The primary
function of the circadian rhythm clock is to anticipate daily changes in the external environment in
order to maintain homeostasis and provide an adaptive physiological response to a changing
environment[18,19]. It has been demonstrated that genetic or environmental disorders of the
circadian clock can lead to a high incidence of disease or exacerbation of conditions[20,21].

Gut microbiota exhibits circadian rhythmicity in both structural composition and function,
influencing brain neurobiochemistry and behavioural phenotypes via the brain-gut axis. The
composition and function of the gut microbiota are modulated by a variety of factors including diet,
ethnicity, past or current substance use, smoking, and gender[22-25]. Several human studies have
shown that manipulating the gut microbiota can modify the risk of cardiovascular diseases by
affecting the production of microbial metabolites [26-29].

It has been found that disruption of the circadian system alters microbial communities, as well
as host metabolism, energy homeostasis, and inflammatory pathways[30]. An in-depth investigation
into the mechanisms by which both circadian rhythm and gut microbiota contribute to the
development of CMDs is necessary. At the same time, it is important to find out whether the gut
microbiota has an impact in the process of circadian rhythm disruption leading to CMDs, in order to
define the preventive and therapeutic approaches to these diseases.

Current treatment options for CMDs are costly, ineffective, and associated with numerous
adverse effects[31,32]. With cardiovascular disease remaining a leading cause of mortality
worldwide, there is an urgent need for a more affordable and effective prevention and treatment
strategies. Several studies have indicated a close relationship between biorhythms, gut microbiota,
and CMDs development, making them promising therapeutic targets[33]. The contributory role of
these two factors in the development of CMDs has recently been realized, thus providing a new
therapeutic target for drug development. This review summarizes the potential roles of circadian
rhythms, gut microbiota and their metabolites in the development of CMDs[34]. By exploring how
these two factors can be utilized as therapeutic strategies, it aims to shed light on potential treatment
and prevention avenues for CMDs, as well as the pathophysiological pathways by which the two
factors interact in the development of CMDs.

2. Relationship between Circadian Rhythm Disruption and CMDs

Many studies have focused on the interactions between clock genes and metabolism including
glucose, lipids, and amino acids/proteins, as well as CMDs[35-40]. For example, RORa knockout
(KO) mice have shown decreased obesity rates, lower serum HDL cholesterol levels, and reduced
serum and liver triglyceride levels [41]. However, these mice were more susceptible to atherosclerosis
than wild-type mice, indicating a potential protective role of RORa in atherosclerotic lesions [41].

2.1. Obesity

The development of CMDs is often accompanied by obesity, which is an important contributor
to CMDs. One of the biological areas of current interest in obesity research is circadian rhythm
disruption [37]. The main causes of obesity are the abnormal accumulation of white adipose tissue
due to excessive food intake, physical inactivity and chronic insulin resistance [42]. Studies have
shown that circadian rhythm disruption (nocturnal light, sleep disorders, social jet lag, and late-night
snacking), whether genetic or acquired environmental factors, impacts host lipid metabolism and
accelerates the development of obesity [43-45]. For example, Clock mutant mice and Bmall KO mice
exhibit obese phenotypes: glucose intolerance, reduced insulin secretion, increased sensitivity to
high-fat diets, hyperphagia, and weight gain [46,47]. Furthermore, glucose metabolism is impaired
in a peripheral tissue-specific Bmall KO model [48]. Inducing disruption of central circadian rhythms
through modulation of circadian rhythms results in an obese phenotype in rodents [49,50]. These
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findings in rodents have been largely replicated in humans [51]. Environmental disruptions to
circadian rhythms, such as prolonged exposure to artificial light at night, can also lead to disruptions
in lipid metabolism and circadian rhythms, ultimately contributing to obesity [52]. Overall, the
available date suggest that genetic and/or environmental disruptions to circadian rhythms impair the
interaction between circadian rhythms and lipid metabolism, leading to an increased risk of obesity.
There is a close relationship exists between circadian rhythms and metabolism, as circadian rhythms
regulate metabolic functions; on the other hand, many metabolic functions exhibit circadian
rhythmicity, including enzymes (expression and function) important for the regulation of cholesterol,
other lipids, glucose and amino acids [53]. Moerover, various hormones (melatonin [54-59],
leptin[60-64] and glucocorticoids[65-67]) and their associated receptors are involved in the
regulation of feeding, lipid metabolism and fat accumulation [54,68].

2.2. Diabetics

A study has shown that even just one night of disturbed sleep can impair glucose metabolism in
humans [50]. Sleep disruption is a major cause of circadian rhythm disruptions and metabolic
dysfunctions. Individuals who fall asleep later and for shorter periods of time are more likely to be
obese than those who regularly get adequate sleep [70,71]. Additionally, poor quality and insufficient
duration of sleep increases the risk of T2DM [71], which may be the result of the interaction of
multiple genetic and environmental risk factors [34,72]. Sleep disruption enhances sympathetic
nervous system activity, leading to elevated gluconeogenesis, glucose intolerance, and insulin
resistance [73]. An interesting factor that has been shown to play a role in the prevalence of T2DM is
genetic and environmental variation in circadian rhythms. For example, T2DM is more common in
people who work shifts, such as night and evening shifts [74].

2.3. Atherosclerosis

Atherosclerosis, the underlying pathology of most CMDs, is an inflammatory condition
characterized by the accumulation of lipids and leukocytes in the arterial wall [75]. Despite recent
advancements in treatment and management, atherosclerosis and its complications remain the
leading cause of death worldwide [76,77]. Recent evidence also suggests that the pathogenesis of
atherosclerosis progression may be controlled by circadian rhythms. Both systemic factors
(hematopoietic and dyslipidemia) and local cellular events (endothelial cell activation, macrophage
behavior, inflammation, and vascular remodeling) in atherosclerosis exhibit circadian patterns[78].
(Figure 1)
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Figure 1. Relationship between Circadian Rhythm Disruption and CMDs.

3. Circadian Rhythm Disruptions Lead to Gut Microbiota Dysbiosis

Genetic variation in the molecular clock mechanism of circadian rhythms has been linked to
metabolic disorders in humans[79]. The single nucleotide polymorphisms in Clock and Bmall alter
an individual’s risk for T2DM, obesity, and dyslipidemia, as well as disrupted sleep/wake patterns
[80]. Genetic variation in the molecular clock mechanism of circadian rhythms has been linked
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between genetic variation and disease risk. Studies have reported that Bmall and Per1/2 KO mice
have significantly reduced or absent circadian oscillations of gut microbiota, increased susceptibility
to intestinal inflammation leading to inflammatory bowel disease, and abnormal microbial circadian
rhythms due to disturbances in feeding rhythms, along with glucose intolerance and obesity, as
compared to wild-type mice [81]. Oral administration of short-chain fatty acids (SCFA) and lactic acid
to mice receiving antibiotics temporarily alters PER2 rhythms [13]. The addition of SCFA such as
butyric or acetic acid resulted in an increase in the phase shift and amplitude of PER2 and BMALL1
rhythms [14]. Unconjugated bile acids(BAs) have been shown to both modulate circadian genes in an
in vitro cellular model and alter circadian gene expression and the regulators of these genes in the
mouse ileum, colon and liver[82].

3.1. Food Intake and Circadian Rhythm

It has been shown that both scheduled and restricted feeding cause dramatic changes in gut
microbiota rhythms. Ad libitum-fed Per1/2 KO mice lose the circadian rhythm of gut microbes, but
the circadian oscillations of their gut microbes are restored when they are fed at a certain regularity
[81]. Normal mice fed freely and regularly have a very significant circadian rhythm of gut microbes,
which disappears when changed to a high-fat diet. However, when mice are fed a high-fat diet
restrictively, they still maintain some circadian rhythm of gut microbes and a normal body phenotype
[83]. When mice fed a high-fat diet were subjected to intermittent fasting, the gut microbiota was
altered and the chances of obesity were reduced, a situation that did not occur in germ-free mice [84].

(Figure 2)
— Free re_gular o . %
y Circadian Rhythm feeding : Significant Gircadian
4 Disorder N ! Rhythm
' uﬁ". L
Perti2 Ko

i Regular Fasding ;
v ¥
£ Circadian Rhylhm
3 Disorder
Recovery "_\

Figure 2. Food intake and circadian rhythm.
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3.2. Light and Circadian Rhythm

Many studies manipulate the light-dark cycle to investigate its effect on circadian rhythmicity,
using methods such as phase shift, a 24 h light exposure, or a 24 h darkness. Circadian rhythm
disruption has been shown to alter the composition of gut microbiome taxa and functional genes
[9,68,81,85]. Animals kept under constant 24-hour light or dark conditions, along with regular feeding
schedules, exhibited a loss of diurnal rhythmicity in their gut microbiota compared to mice housed
under normal light-dark cycles. Mice housed in a 24-hour darkness also showed an increase in
abundance of Clostridia [68,85]. Both jet lag and shift work have been associated with a wide variety
of CMDs, inflammatory, and stress-related diseases [7,68].

3.3. Shift Work and Circadian Rhythm

Standard-chow-fed mice that underwent a phase-shift paradigm representative of jet lag (8 h
shift) incurred a loss of circadian rhythm in their gut microbiota. Furthermore, the jet lag paradigm
also exacerbated the effect of a high-fat diet in mice, namely increased weight gain and glucose
intolerance. These results were corroborated in a human study during which two subjects underwent
8 to 10 h flights to incur jet lag[81]. Their stool, 24 h post-flight, encompassed a significantly altered
microbiota composition characterized by a relative increase in Firmicutes compared to baseline and
at recovery 2 weeks later. It is becoming apparent that alterations in host circadian rhythmicity have
a profound effect on gut microbiota, potentially leading to a feedback mechanism of gut microbial
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modulation of further circadian rhythm-dependent activity. This communication pathway requires
further investigation at both the preclinical and clinical levels to help elucidate potential therapeutic
interventional strategies. (Figure 3)
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Figure 3. Circadian Rhythm Disruptions Lead to Gut Microbiota Dysbiosis.

4. Relationship between Gut Microbiota Dysbiosis and CMDs

Early studies have shown that most gut microbiota exhibit circadian oscillations with the same
period of approximately 24 hours as the human central circadian clock[81,86]. Circadian oscillations
of the gut microbiota and metabolome further control host circadian rhythms and circadian
fluctuations in host physiology and disease[87]. Without gut microbes, germ-free mice fed low or
high-fat diets exhibit entirely different central and hepatic circadian clock gene expression and
metabolic pathways compared to conventionally raised counterparts[88].

Organisms typically feed during active periods and fast during inactive periods. Meals
consumed at different times result in varying levels of glucose at different times. Dinner produces
higher peak plasma glucose than breakfast [89,90]. The timing of our meals also affects the microbes
active in the gut [89]. Both humans and rodents exhibit diurnal fluctuations in their intestinal
microbiota in response to different diets and feeding times. Various bacterial genera and species in
the gut, along with the overall microbial community, exhibit oscillatory behavior characterized by
population fluctuations with specific patterns [14,15,87]. For example, mice fed a high-fat diet showed
a decrease in Lactococcus spp. after the initiation of time-restricted feeding, particularly during
inactive periods. Moreover, the bacterial populations of mice (most notably the asexual phylum) peak
at 11 p.m. (the active period for nocturnal organisms); the bacterial populations (most notably the
thick-walled phylum) reach their lowest values at 7 a.m. (the resting period) [14,15]. The alpha
diversity (local species diversity) of the gut microbiota increases with feeding and decreases with
fasting [83].

4.1. Gut Microbiota Dysbiosis Leads to CMDs

Gut microbiota dysbiosis has been implicated in the pathogenesis of many diseases, including
metabolic disorders such as obesity, diabetes, and CMDs [35,91-95]. CMDs have been associated with
changes in the gut microbiota and its metabolites [96-98]. In recent years, particular attention has
been paid to the interactions between cardiovascular diseases such as atherosclerosis, hypertension
and heart failure, and dysbiosis of the gut microbiota[99-102]. Circadian rhythms of the gut
microbiota are primarily driven by circadian signals from the host, diet composition, and food intake
[103]. For example, elimination of the host’s molecular clock component (Per1/2 KO) or induction of
jet lag leads to abnormal circadian fluctuations in the microbiota, resulting in impaired feeding
rhythms, glucose intolerance and obesity [104].
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4.2. Pathogenesis of CMDs Caused by Gut Microbiota Dysbiosis

4.2.1. Metabolism-Independent Pathway

Metabolism-independent pathways involve translocation of bacteria and their structural
components to the circulatory system in response to inflammatory activation [105]. Gut bacteria can
be directly translocated, contributing to the development and progression of CMDs. And gut
bacterial genes can be detected in atherosclerotic plaques [106-108]. Gut bacteria can also influence
the onset and progression of CMDs through immunoinflammatory metabolic pathways. For
example, visceral congestion caused by some CMDs (e.g., heart failure) can lead to intestinal edema
and leakage of bacterial components (e.g., LPS) into the circulatory, thereby compromising the
intestinal barrier [109]. Alternatively, intestinal dysbiosis may increased intestinal permeability
leading to the release of bacterial LPS into the circulation, up-regulating the expression of Toll-like
receptor 4 (TLR4), which generates downstream signals that promote inflammation and foam cell
formation [110]. Several studies have confirmed the association between inflammatory processes and
CMDs risk [111,112]. In addition, IL-22 has been used in the treatment of CMDs. studies have found
that IL-22 reduces inflammation and endotoxemia, protects the intestinal barrier, enhances insulin
sensitivity and endocrine effects, and controls lipid metabolism [113-115]. A better understanding of
the impact of the gut microbiota in triggering inflammation could provide therapeutic strategies for
CMDs [108]. Therefore, identification of the gut microbiota responsible for the immune response
leading to CMDs could be a therapeutic target for the prevention and treatment of inflammation-
related CMDs. Although this approach is prone to opportunistic infections, immunomodulators have
emerged as an optimistic therapy for CMDs.

4.2.2. Metabolism-Dependent Pathway

The gut microbiota can directly influence cardiovascular risk factors and the progression of
CMDs through the production of metabolites such as Bas, short-chain fatty acids, trimethylamine-N-
oxides and uremic toxins [116,117]. These metabolites enter the circulation, or localize intestinal
function and can act either directly or after additional metabolism by the host [101,118-120].

SCFAs are products of degradation of undigested dietary fiber by intestinal microbes and are
predominantly acetate, propionate, and butyrate in the body [109,121,122]. SCFA may improve
intestinal and systemic immune responses and modulate CMDs [123]. The results of several animal
studies support the role of SCFA released by the gut microbiota in the regulation of cardiovascular
functions and their cardioprotective effects [86]. The number of bacteria responsible for the release of
SCFA is significantly reduced in patients suffering from hypertension, heart failure and other CMDs
[86,124,125]. In addition, butyric acid prevents obesity and CMDs [126,127].

Choline, phosphatidylcholine, lecithin, and L-carnitine may be interpreted as releasing
trimethylamine (TMA) in the presence of microbial-specific TMA lyases in the gut [118,128,129]. Once
absorbed in the intestines and transported to the liver, hepatic flavin monooxygenases (FMOs)
convert TMA to TMAO[130]. Increased expression of FMO3 in mice affects intestinal cholesterol
absorption, reverse cholesterol transport (RCT), and bile acid formation in mice thereby increases the
risk of CMDs by increasing plaque formation [131]. FMO3 was found to be up-regulated in obese
insulin-resistant mice and resulted in elevated TMAO levels [132]. Two major determinants of
circulating TMAO are high TMA-producing gut microbiota composition [168] and dietary intake of
TMAO substrates [33,133]. TMAO is a risk factor for cardiac and renal diseases [134]. It has various
atherogenic and/or thrombogenic and inflammatory effects in experimental animals [135]. Studies
have also shown that TMAO plays a regulatory role in inflammatory responses, oxidative stress, and
vascular dysfunction [136]. Studies in germ-free mice and humans have demonstrated a strong
association between elevated TMAO levels and an increased risk of CMDs [137,138]. Elevated levels
of TMAO are also predictive of a high risk of peripheral arterial disease, coronary artery disease,
myocardial infarction (MI), stroke and HF [137-141]. Normal gut microbiota mice fed a high choline
diet showed elevated blood TMAO levels, leading to foam cell formation and the development of
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atherosclerotic plaques [129]. Furthermore, elevated TMAO levels are associated with adverse
myocardial fibrosis and ventricular remodeling [33]. (Figure 3)
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Figure 4. Pathogenesis of CMDs Caused by Gut Microbiota Dysbiosis. .

In addition to the previously discussed gut microbiota-associated metabolites, other microbial
metabolites with potential modulatory effects on the host are being recognized, such as BAs and
uremic toxin [121]. The gut microbiota metabolite BAs affect hepatic cholesterol metabolism and thus
modulate the onset and progression of atherosclerosis[142,143]. Uremic toxin stimulates cardiac
fibroblasts and collagen synthesis through activation of the p38 mitogen-activated protein kinase
(MAPK), p42/44 MAPK, and NF-kB pathways, thereby acting directly on cardiomyocytes and leading
to adverse cardiac remodeling [144,145]. Tryptophan (Trp) is an essential amino acid and a precursor
of the neurotransmitter serotonin. Metabolites of intestinal microbiota tyrosine and phenylalanine
have been shown to be associated with the severity of myocardial infarction in rats [146]. Patients
with atherosclerosis have significantly lower levels of tryptophan metabolites produced by
circulating microorganisms. [147].

5. Crosstalk between Circadian Rhythms and Gut Microbiota:the Potential Role in CMDs

It has been found that host and microbial biological clocks can co-evolve based on their diet and
availability. Disruption of the host’s biological clock can lead to alterations in the microbial biological
clock, which in turn affects the composition of the gut microbiota. Animals with mutations in
circadian rhythm-related genes often develop diet-related obesity and metabolic syndrome with
hypoinsulinemia. Conversely, high-fat diets in turn disrupt normal sleep/wake patterns, indicating a
reciprocal regulatory relationship between the circadian clock and organismal metabolism. This
bidirectional interaction between the host’s circadian clock and oscillations of gut microbes is crucial
for maintaining homeostasis in the host. Therefore, it is imperative that we focus on how this
interaction affects key physiological and pathological processes in the host.

A large number of studies have been carried out to explore the effects of gut microbiota and its
metabolites on host circadian rhythms from various perspectives[14,82,88]. The subsequent
discussion focuses on how alterations in gut microbiota affect the peripheral circadian clock, as well
as the influence of microbiota-derived metabolites or diet-induced microbiota changes on the
circadian clock. For instance, The intestinal microbiota influences circulatory signaling, enteric and
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vagal afferent neurons, participates in circadian regulation of food intake and feeding rhythms, and
mediates host lipid metabolism [81].

The cardioprotective factor short-chain fatty acids (SCFA), a major end product produced by
anaerobic bacteria fermenting dietary fiber or polysaccharides in the colon, is an important
manifestation of the mutually beneficial symbiosis between humans and bacterial symbionts
[148,149]. SCFA have now been shown to reduce the risk of CMDs. In healthy individuals, intestinal
homeostasis and lipid metabolism benefit from an enriched intestinal microbiota produced from
SCFA, including acetic, butyric and propionic acids [13,87]. The main SCFA-producing bacteria in
the human gut belong to the phylum Thick-walled Bacteria, in particular Faecalibacterium prausnitzii,
Roseburia intestinalis, and Eubacterium hallii [150]. SCFA play a protective role in the gut by regulating
energy homeostasis, lipid and carbohydrate metabolism, and the composition of the host immune
system. host immune system composition to protect cardiometabolism. It has been shown that SCFA-
stimulated secretion of glucagon-like peptide 1 (GLP1) from intestinal L-cells regulates food intake
and thus controls glucose homeostasis [151].

The main receptors for SCFA are GPR41, GPR43, and GPR109A, which are expressed in the
gastrointestinal tract epithelium in colonic epithelial cells, sympathetic ganglia, and adipose tissue
lymphocytes [151]. Among them, GPR43 can affect glucose and fatty acid uptake through a signaling
mechanism and promote white fat browning, thereby reducing the incidence of obesity [54]. SCFA
can directly convert acetic acid or oxidized propionic and butyric acids to acetyl coenzyme A (CoA),
which is a substrate for histone acetyltransferase (HAT), thereby affecting host gene expression. It
also directly regulates the expression of the clock genes Per2 and Bmall. Oral administration of short-
chain fatty acids (SCFA) to mice had a significant effect on host peripheral tissue rhythms. This
suggests a potential mechanism for the interaction of the gut microbiota and the circadian clock in
lipid metabolism, and targeting the gut microbiota and its metabolites could be used for the
prevention and treatment of obesity and CMDs.

6. CMDs Treatment and Prevention

6.1. Treatment Associated with the Gut Microbiota

The relationship between susceptibility to CMDs and the composition and metabolites of gut
microbiota suggests that the gut microbiota may act as a regulator of CMDs, offering a new target for
CMDs therapy [108,152]. By understanding the mechanisms involved, it is possible to develop drugs
that can inhibit known gut microbial enzymes [31]. Interventions that target the host by altering the
gut microbiota have fewer adverse effects on the host compared to interventions that target the host’s
metabolism [121]. Therefore, there is an urgent need to explore therapeutic strategies focusing on the
gut microbiota for the treatment of CMDs. Current therapeutic approaches targeting the gut
microbiota focus on microbiota composition, metabolic pathways, and mucosal barrier protection
[86].

Gut microbiota can be used as an in vivo microbial therapy for the treatment of diseases, in
addition to being a target for drug therapy [121]. In vivo microbial therapies most commonly involve
the use of fecal microbiota transplantation (FMT), probiotics [108]. FMT is the process of restoring
normal gut microbiota composition and function by transferring healthy microbiota directly from an
individual donor to the gut of a dysbiotic recipient [153,154]. FMT, a pioneering medical procedure,
has gained attention in recent years for its potential to impact cardiometabolic disease. The effects of
FMT on CMDs have begun to be demonstrated, and future preclinical studies are expected to
examine its effectiveness in lipid metabolism, hypertension, and atherosclerosis. Numerous studies
support the use of FMT in both experimental and clinical settings in humans and animals (Table 1).
FMT has been successfully used for the treatment of CMDs. difficile infections and is now gaining
attention in managing CMDs[155]. Because of the generalized gut microbial abundance resulting
from this transplantation, the therapeutic application of fecal preparations became an early Chinese
practice for the treatment of metabolic diseases [156], highlighting the potential of gut microbiota as
a valuable source of beneficial bacteria for CMDs treatment. However, it has been reported that FMT
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may transfer infectious organisms or endotoxins simultaneously with the transfer of microbiota,
resulting in the development of infections and other diseases [157]. To address this issue,
transplantion of specific classes of bacteria instead of whole fecal material has been proposed[158].
This innovative approach of transferring healthy gut bacteria offers promising prospects for
preventing and managing CMDs.

The utilization of probiotic therapy can alter the assortment of gut microorganisms, boost the
production of beneficial microbial byproducts, and decrease levels of trimethylamine oxide and
atherogenic amino acids. These changes are believed to contribute to the enhancement of quality of
life and the observed anti-inflammatory and lipid-lowering effects. The researchers mentioned that
probiotic treatment changed the composition of intestinal microorganisms, increased bioactive
microbial metabolites, and reduced TMAO and atherogenic amino acids, which may be the reason
for the observed improvement in quality of life and the reported anti-inflammatory and lipid-
lowering effects [159]. Probiotics, defined as live microorganisms, can offer health benefits when
consumed in appropriate quantities. Numerous animal studies have demonstrated their positive
impacts on heart health. Furthermore, research has highlighted the heart-healthy effects of a diet high
in fiber. Firstly, increased fiber intake can produce more SCFA through bacterial fermentation,
potentially lowering blood pressure [160,161]. Secondly, a fiber rich diet may also lead to a decrease
in TMAO levels, which is beneficial for cardiovascular health [162].

Table 1. CMDs Treatment Associated with the Gut Microbiota

Treatment Species/Strain Effect
Reference

Transplantation of feces from lean healthy individuals
into patients with metabolic syndrome for 6 weeks
resulted in a significant enhancement of peripheral and
hepatic insulin sensitivity respectively, and this
enhancement was independent of differences in body
Human weight

[163]

With regard to FMT in men with metabolic syndrome,
shifting the gut microbiota from a lean donor improved
insulin sensitivity while increasing butyrate-producing
gut bacteria
Treatment of Clostridium difficile infection [153]
FMT restored gut microbial homeostasis in mice and
prevented cardiac cell damage in a mouse model of [164]
FMT myocarditis
Administration of FMT in BTBRob/ob mice, a model of
diabetic nephropathy, attenuated weight gain,
inflammation, and insulin resistance, a finding that was [165]
accompanied by an increase in the number of
Odoribacteraceae bacteria
FMT in diabetic db/db mice increased the abundance of
Ruminococcaceae and Porphyromonas, restored the
integrity of the intestinal barrier, and ameliorated
inflammation

[163]

C57BL/6] mouse

[166]

Patients consuming Bifidobacterium bifidum and
probiotics containing Lactobacillus acidophilus have
shown significant reductions in lipid and/or blood
Human glucose levels
improve metabolic status in diabetic patients [169]
Probiotics After 12 weeks of supplementation with Lactobacillus
rhamnosus and calorie intake restriction in patients with

[167,168]

[170]
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Coronary Artery Disease(CAD), the patients lost
significant weight and showed anti-inflammatory effects
that were superior to those of calorie intake restriction
alone
CAD patients treated with the probiotic strain
Bifidobacterium lactis Probio-M8 in combination with
conventional therapy showed significant improvements
in angina, anxiety and depressive symptoms, as well as
reductions in interleukin 6 and LDL-C levels, when
compared to the control group.
Improvement of glycemic status (fasting glucose, fasting
insulin levels, insulin resistance) in overweight or obese [171]

patients
Treatment with Lactobacillus acidophilus ATCC 4358
attenuated atherosclerosis in ApoE-/- mice
C57BL/6] mouse Probiotics can effectively reduce the burden of
atherosclerotic plaque and have an anti-atherosclerotic [173]
effect
Administration of a single cholesterol-lowering probiotic
Rats strain to hypercholesterolemic rats affects weight gain, [30]
lipid markers, and hepatic steatosis

[159]

[172]

6.2. Treatment Associated with Dysfunction of Both Circadian Rhythms and the Gut Microbiota

Stimuli such as light and food can act as signals for the phase of the clock and regulate the
circadian system. Gut microbiota-derived metabolites, including SCFAs (propionic acid, butyric acid,
acetic acid) and BAs, also alter circadian rhythms. Bacterial metabolites oscillate in composition and
content. It has been shown that metabolites produced by germ-free and antibiotic-treated mice do
not oscillate diurnally [87]. It has also been reported in the literature that removal of polyamines from
the diet of mice leads to abnormalities in the expression of hundreds of circadian genes [81]. This
indicates an intricate interaction between diet, gut microbiota, and biological rhythmicity,
highlighting the importance of polyamines for regulating circadian gene expression patterns.

Recently, intermittent fasting (IF) has been increasingly recognized as a promising treatment for
CMDs. IF involves abstaining from food for a set period of time, usually achieved by restricting food
for 12 hours to a few days per week[174]. There are various types of IF, including alternate-day fasting
(ADF), fasting-mimicking diet (FMD), and time-restricted feeding (TRF). TRF, considered one of the
more extreme approaches, involves regulating or pausing eating every day. The flexibility in fasting
frequency and duration allows people to choose their preferred eating pattern, while affecting the
gut microbiota and the host’s circadian rhythm. Within the TRF framework, the specific time of day
for eating is important. Calorie intake during active periods is often associated with improved
cardiometabolic health compared with resting periods, potentially influencing circadian
rhythms[175]. Understanding the molecular mechanisms by which host circadian microbiota
interactions influence host metabolism and immunity may provide an important dimension to the
effective implementation of IF diets used for CMDs therapy.

It has been shown that restricting eating to the active phase in obese mice consuming a high-fat
diet results in decreased body weight and fat mass, improved glycemic control, reduced hepatic
steatosis, and improved running endurance compared with mice consuming the same number of
calories and eating ad libitum[176]. Therefore, it is recommended that calories be consumed during
the active phase of the TRF diet. Additionally, clinical trials have shown that eating breakfast may be
associated with weight loss, improved glycemic control, and better cardiovascular outcomes in
humans[177]. On the other hand, several randomized controlled trials have demonstrated that eating
breakfast significantly affects body fat composition or cardiometabolic parameters in humans more
than skipping breakfast, even when the total calorie intake remains the same throughout the
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day[148]. TRF provides a variety of benefits, including improvements in obesity, hypertension,
T2DM, and HF[149].

7. Discussion

Circadian rhythms have an important influence on the individual metabolism of the host. And
circadian fluctuations in the gut microbiota are also important components in the metabolic process.
The interaction between host and gut microbiota is important for maintaining host metabolic
homeostasis. The loss of regulation of such rhythms may lead to obesity, metabolic disorders, and
CMBDs. Therefore, understanding the interaction between host rhythms and gut microbiota is an
important advancement in the field of metabolic diseases, offering new insights.. Such interactions
have been found to be able to impact on aspects such as immunity and nutrient metabolism.

It is widely recognized that diet is a primary factor in modulating gut microbiota. Consequently,
it is not surprising that diet would alter and interact with the gut microbiota, particularly in a cyclic
manner due to natural feeding patterns. While much is known about the factors regulating intestinal
microbiota, the underlying mechanisms and their effects are not fully understood, prompting further
exploration into potential influencing factors. Investigating the circadian rhythm of gut microbiota
and its interaction with host metabolism can open up new avenues for studying metabolic diseases.
However, understanding the mechanisms underlying changes in the gut microbiota rhythm in the
host’s pathological state resulting from dysbiosis remains a direction for future research.
Undoubtedly, the study of circadian rhythm of intestinal microbiota is a very important entry point
for investigating the pathogenesis of CMDs in both animals and humans.
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