
 
 
www.idosr.org                                                                                                                                                                    Ssenkayi 

68 
 

                                 
 
International Digital Organization for Scientific Research                                                                       IDOSRJSR10.300000                                                           
IDOSR JOURNAL OF SCIENTIFIC RESEARCH 10(3):68-75, 2025.  
https://doi.org/10.59298/IDOSRJSR/2024/10.3.6875 
 
The Interplay between Microbiome and Circadian 
Rhythms 

Ssenkayi Julius 
 

Department of Pharmacy Kampala International University Uganda 
Email:Julius.ssenkayi@studwc.kiu.ac.ug 

 
ABSTRACT 

The relationship between the microbiome and circadian rhythms has emerged as a critical area of biomedical 
research, highlighting the bidirectional communication between host biological clocks and microbial communities. 
Circadian rhythms regulate host metabolic, immune, and neural processes, while gut microbes display their own 
rhythmic fluctuations in composition and function. This dynamic interplay influences nutrient absorption, 
hormonal regulation, immune responses, and neurobehavioral outcomes. Disruptions in circadian patterns, such as 
those caused by shift work, irregular sleep, or dietary changes, can disturb microbial homeostasis and contribute to 
metabolic disorders, immune dysfunction, and neuropsychiatric conditions. Conversely, microbial metabolites act 
as zeitgebers, modulating host circadian gene expression. Understanding these interactions offers potential 
therapeutic strategies, including dietary timing, probiotics, and chronobiology-based interventions, to restore 
host-microbiome synchrony. This review synthesizes current knowledge on the mechanistic links between 
circadian biology and the microbiome, emphasizing their implications for health and disease. 
Keywords: Circadian rhythms, Gut microbiome, Host-microbe interactions, Chronobiology, and Metabolic 
regulation. 

 
INTRODUCTION 

The term microbiome (from microbe and biota) denotes the ecological community of commensal, symbiotic, and 
pathogenic microorganisms inhabiting a body space or other environment. The microbiota is the assemblage of 
microorganisms themselves. Following the emergence of credible evidence for a human “gastrointestinal-
microbiome-brain-brain-brain- brain axis” in 2004, microbiome research has expanded rapidly with the aid of new 
sequencing technology [1]. Microbiota research has focused primarily on bacteria and bacteriophages in humans, 
and on the microbiome of environmental systems, such as water supplies and soils. The bacterial component of the 
human gastrointestinal microbiome overwhelmingly belongs to the phyla Bacteroidetes, Firmicutes, 
Actinobacteria, and Proteobacteria [1]. While the contributions and mechanisms of host microbiota interaction 
with circadian rhythm need further inquiry, additional research regarding the association between circadian 
rhythm and microbiome has amassed a plethora of data on the variation of microbiota with the circadian rhythm, 
revealing the great potential of microbiota as an indicator to help elucidate the underlying disease mechanisms. 
These connections also indicate the possibility of developing microbiota-targeting medicines, consequently 
addressing diseases accompanied by circadian rhythm disorders [1]. 

Understanding Circadian Rhythms 

Circadian rhythmicity is a calibrated timing system that triggers varied physiological activities within a 
periodicity of approximately 24 h, providing a competitive advantage for pathogens as well as the host [1]. The 
physiological homeostasis of organs or tissues is known to be maintained by circadian coherence between the time 
dimensions of the central clock, peripheral clock, and rhythmic output signals [3]. The circadian clock, consisting 
of specific genes and proteins, creates self-sustaining transcription–translation feedback loops. This system enables 
organisms to synchronize physiological processes with external environmental cues, enhancing survival and 
function [3]. In addition to sunlight, contemporary lifestyles and modern work schedules (such as night shift work 
or frequent jet lag) can disrupt circadian rhythms, causing cascade reactions in key systems, including the 
microbiome. Since the microbiome is a key player in homeostasis and disease, the chrono-microbiome has attracted 
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increasing attention as a novel target for microbiome research. Given the bidirectional interactions between 
circadian rhythms and the microbiome, a detailed understanding of circadian regulation is critical [1, 3]. 

The Relationship between Microbiome and Circadian Rhythms 

Circadian rhythmicity is an inherent characteristic of almost all organisms, conferring an evolutionary advantage 
in an ever-changing environment [1]. Since the first observation of daily rhythms in cacti leaves by de Mairan in 
1729, the regulation mechanism of living organisms that are active during the day or night by a precise daily 
timekeeping system has been extensively researched. The circadian clock is an internal system residing in the 
brain and peripheral tissues that allows organisms to anticipate the day/night cycle and adjust their physiology 
and behaviour accordingly. At the molecular level, the circadian clock consists of the clock genes that regulate 
themselves through transcriptional feedback loops and their downstream targets, the clock-controlled genes. The 
clock transcription factors BMAL1 and CLOCK bind to a clock-controlled gene promoter to activate its 
transcription. After translation, the protein products of the clock genes accumulate, form complexes, and migrate 
into the nucleus to inhibit their transcription. This repression is relieved at night, and cyclical circadian gene 
expression continues with a period close to 24 h [1]. The circadian molecular clock controls many essential 
biological processes, such as cell division, differentiation, metabolism, tissue homeostasis, and immune response. 
One interesting example of physiological processes driven by circadian rhythms is the microbiome, which was 
discovered early in the evolution of life in a 0.1% oxygen atmosphere [1]. The microbiome is a complex of 
microbial communities living inside and outside of living organisms and the activities they perform [1]. This 
collection of microbial organisms comprises bacteria, viruses, and fungi living as symbionts, commensals, or 
pathogens [1]. Thus, the microbiota significantly affects the behaviour, metabolism, and physiology of their host. 
Many recent efforts have clarified that the microbiota and their host organisms interact through mutualistic or 
parasitic symbiosis and co-evolve. In addition, the microbiota itself can act as a modulation factor for the host’s 
circadian physiology and behaviour. Similarly, environmental factors, including daily cuing and host activities, 
change the dynamics and biodiversity of the microbiota, modulating its capacity to regulate the host’s metabolism 
and physiology [1]. 

Microbial Diversity and Its Impact on Health 

Microbial species on body surfaces comprise the human microbiota, with corresponding genomes collectively 
referred to as the microbiome. A diverse community of >100 trillion microbes, including bacteria, archaea, viruses, 
and eukaryotes, populates the human intestine; this gut microbiota is essential for maintaining host physiological 
homeostasis. Mechanisms ensuring a beneficial microbiota include shifts in microbial composition and function 
throughout a 24-h cycle, providing an important interaction mode with host circadian rhythms and a systemic 
coordinator of host physiology [1]. The microbiota also constitutes the largest microbial community on the 
human skin; its composition continually changes in response to environmental factors and the host circadian 
rhythm [1]. Cross-reference to 'Understanding Circadian Rhythms' for additional information on circadian 
regulation of the gut and skin microbiomes. 

Role of Gut Microbiota 
The human body harbors trillions of microbial cells, which influence physiological, metabolic, and homeostatic 
functions, contributing to conditions such as obesity, cancer, and psychiatric disorders [1]. These microbes are 
organized as species-dependent microbial communities called microhabitats, varying across regions like the nasal 
cavity, skin, and gastrointestinal tract [1]. Gut microbial diversity is highly correlated with health maintenance 
and disease development. Gut microbial ecology is tightly regulated by host cue systems, including circadian 
clocks, which impose time-of-day information for physiological and metabolic systems. Additionally, input from 
microbial communities to circadian mechanisms provides essential signals for host health and function. This 
bidirectional, interdependent microbiome-host circadian signaling influences the host’s health, metabolism, and 
immune system [1]. 

Skin Microbiome and Circadian Effects 
The skin is a unique interface between the environment and the organism, receiving and generating signals related 
to timing. It is exposed to external conditions such as UV radiation, pollutants, humidity, and temperature 
fluctuations that can reset circadian rhythms locally. Timing information from the master clock in the 
suprachiasmatic nucleus is communicated to the skin via sympathetic innervation and hormones [2]. Many skin 
attributes follow a periodicity: hydration, transepidermal water loss, blood flow, sebum production, temperature, 
pH, keratinocyte proliferation, and facial wrinkle visibility [2]. The skin hosts a highly diverse microbial 
population (the microbiome) that exhibits extensive variation with time of day. Microbial community composition 
changes correlate with fluctuations in skin properties such as hydration and sebum, and key taxa show repeated 
oscillations during the light–dark cycle. Time-of-day classification based solely on microbial community 
composition is highly accurate (exceeding 95% for the forearm, 83% for the cheek, and 75% for the scalp) and is 
reproducible across age groups and seasons. The skin microbiome is also shaped by microenvironment location, 
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host age, and sex [1]. Such circadian oscillations are putatively mediated by cyclical signals including nutrient 
availability, temperature, pH, and sebum secretion. 

Circadian Regulation of Microbial Communities 

Many microbial communities oscillate in composition and function over the course of a day. For example, human 
skin communities remain relatively stable during daylight, but fungal skin populations increase during the night 
[1]. In culture, a free-living bacterium that lacks known circadian clock genes exhibits circadian rhythms in 
physiology and gene expression when exposed to daily cycles of light and darkness. Reciprocal transplantation of 
microbiotas from mice in different phases of the daily cycle to germ-free mice results in correspondingly phased 
oscillations in behavior and metabolic gene expression, but only when the recipients have intact circadian systems 
[3]. These effects suggest interplay between mammalian and microbial circadian systems at mucosal surfaces. 
Daily light–dark cycles have a profound impact on the composition and function of the mammalian intestinal 
microbiota. Bacterial assemblages in mouse stools and colons adopt daily cycles of abundance, and these 
oscillations can be entrained by exposing the animals to a reversed light–dark cycle. Strikingly, stool and mucosal 
samples collected from the same animal show different patterns of oscillation, demonstrating the influence of 
localized host factors on the microbiota [1, 3]. Interactions between the mammalian circadian clock and intestinal 
microbes extend to delicate and complex structures such as dental plaque and tonsillar crypts. In teenagers, 
analysis of the human salivary microbiota reveals strong diurnal variations at the phylum level, primarily 
oscillations in the relative abundances of Firmicutes and Bacteroidetes. A salient feature is heightened diversity 
during the day. Diurnal cycling and resetting by host feeding schedules have also been observed in the colonic 
microbiota of macaques, further confirming the anthropological relevance and widespread conservation of daily 
rhythms in host-associated microbiotas [1, 3]. 

Daily Fluctuations in Microbial Populations 
Microbial populations across the body undergo temporal fluctuations in relative abundance governed by the host’s 
circadian rhythm. Such cycling renders the microbiome highly sensitive to circadian disruption. Emerging 
evidence suggests that microbial signals feed back to the circadian system to synchronize behavioral and 
physiological processes [1]. The human microbiome encompasses trillions of bacteria living within and on the 
host. Decoding the microbiome’s complex interactions with our circadian system presents a major potential 
advance with promising clinical applications. Detailed exploration of reciprocal microbiome–circadian interactions 
under both healthy and disordered conditions represents an important frontier. Chronic misalignment between 
microbiome and host rhythms associates with metabolic dysfunction, while emerging microbiome-based therapies 
offer novel routes to treat and prevent circadian-associated diseases [1]. 

Impact of Light-Dark Cycles 
The development of the gut microbiome appears to follow a circadian pattern that is synchronized with the 
rotation of the Earth. Observations from mice housed under normal light/dark cycling show few bacteria present 
in the gut at the transition time between dark and light phases, but a sharp increase in microbiome numbers at the 
midpoint of the dark phase [4]. Moreover, an entire microbiome develops in mice subject to light/dark cycling, 
but the same is not true for mice housed in darkness. Progressive changes in microbial abundance, composition, 
and localization in the intestine occur in time frames aligned with the circadian machinery; specifically, the high 
expression of Bmal1 during the day and high expression of Per 1-2 during the night appear to coincide with high 
and low levels of microbial abundance, respectively. In addition, the composition of the microbiome during the 
dark and light cycles can be defined as predominantly Firmicutes and Bacteroidetes [4]. Due to the metabolic and 
immune roles associated with these bacterial families, their close relationship with the circadian machinery, 
dictated by the photoperiod, is particularly relevant. The circadian clock exerts local and systemic control of the 
bacterial ecology and function of the microbiome throughout the body, particularly in organs and cavities that 
receive external air, such as the digestive tract, the skin (see Section 4.2), and the lungs [4]. In certain species, the 
highly regulated bacterial communities in each of these organs could depend on the life-history context of a 
particular species. 

Effects of Circadian Disruption on Microbiome 
Lifestyle changes associated with circadian disruption, such as shift work, jet lag, or social jet lag, can lead to gut 
microbiota imbalances. The gut microbiota contributes to the development of the intestinal immune system and 
affects immune homeostasis within the intestine. Alterations of the gut microbiota caused by circadian disruption 
enhance susceptibility to intestinal barrier dysfunction [4], highlighting the clinical relevance of maintaining 
healthy cyclical microbiome variations. Acute or chronic jet-lag profoundly alters care-related microbes and 
metabolite profiles throughout the intestinal tract and disrupts microbial networks, potentially influencing 
intestinal homeostasis and contributing to adverse health [5]. Consistent with these changes observed in gut 
microbiota, disruption of the light–dark cycle affects the skin microbiome. Circadian misalignment increases skin 
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bacterial alpha diversity and alters the composition and structure of the skin bacterial community in humans. Jet-
lag-induced shifts in commensal skin microbes are associated with altered intrinsic circadian rhythm [1]. 

Shift Work and Gut Health 

Shift work has been associated with gut microbial dysbiosis and increased risk of chronic diseases [6]. Food 
environment is proposed as a driver of gut microbial alterations induced by circadian disruption; in an 8-week 
study involving inverted feeding schedules, the timing of nutrient availability mediated changes in gut microbiota 
composition and rhythmicity following an 8-hour phase advance of the light–dark cycle [1]. 

Jet Lag and Microbial Imbalance 

Jet lag represents a prevalent form of human circadian disruption, triggering diverse metabolic and physiological 
disturbances. Such disturbances exert adverse effects on the microbial community and overall intestinal 
microenvironment, concurrently altering the metabolomic profile in the jejunum and colon in a temporal manner 
5. Notably, the jejunum exhibits heightened sensitivity to chronic shifts in the light–dark schedule. Several 
microbial groups, including Ruminococcus, Aeromonas, Staphylococcus, and Corynebacterium, their taxa 
numbers, and modulated metabolites, such as serotonin and secretin, demonstrate pronounced relationships with 
the intestinal remodeling that follows jet lag [1, 7]. Consequently, these findings reveal a putative mechanistic 
link between chronic phase shifts and gut-derived disorders. Since intestinal microbiota participate extensively in 
physiological activities across multiple organ systems, temporal alterations of the gut microenvironment ensuing 
from circadian misalignment imply broad relevance to host health [1]. Circadian disruptions also induce 
substantial, albeit transient, modifications in the human gut microbial community. Following a 9-h delay in 
regular bedtime, perturbation of the sleep–wake cycle precipitates considerable changes in overall gut microbiota 
interaction networks, even after a four-day readaptation period, when individuals return to their normal routines 
[7]. Compositional analysis identifies Odoribacter as a putative driver of enhanced microbial cooperation 
subsequent to circadian disturbance. This genus specializes in the fermentation of carbohydrate substrates into 
short-chain fatty acids and has been previously suggested to reduce host inflammation [7]. These findings 
indicate that the rapid induction of Odoribacter sustained well into the readaptation interval likely contributes to 
the observed attenuation of systemic inflammation as determined by plasma cytokine levels. The interaction 
between Odoribacter and other modestly abundant bacteria during lifestyle alterations may additionally influence 
colon cancer outcomes. Bacteroides, another identified driver genus with established associations with metabolic 
diseases such as obesity and diabetes, further underscores the contribution of acute sleep–wake cycle shifts to 
subtle alterations of the gut macroenvironment during circadian disruption [1]. Collectively, these results 
demonstrate that acute jet lag strongly disrupts homeostatic cyclical changes between the local microbial 
community and associated metabolites. Analysis at the cellular level attributes this effect at least in part to the 
insensitivity of peripheral clocks to abrupt perturbations of systemic circadian inputs [1]. Maintenance of 
homeostatic oscillatory crosstalk between the microbial consortium and host microenvironments following 
circadian disruption thus merits further investigation. 

Microbiome's Influence on Circadian Rhythms 
Circadian rhythm, the innate order that hosts allocate to their physiology and behavior, has evolved from a 
primordial function of oxidizing enzymes. As a result, all life on Earth is subject to variations that occur on a daily 
24h cycle. Such a cycle results from the rotation of Earth on its axis, with two major determinants [7]. The first is 
the quantity of photons reaching the planet, which displays very little latitude-dependent variations, but dramatic 
intensity variations between light and dark phases in each day. The second results from temperature variations, 
recognizable as season-dependent and latitude-dependent modifications of day-to-day kinetics of weather [7]. As a 
consequence of such timing, copious interactions take place between the host and the microbiards that inhabit it 
already an early age. A symphony between certain taxa is developed through the diet and the mode of delivery for 
the offspring. As a consequence, culture and dietary preferences play a crucial role since the taxa that the host is 
going to encounter and those that will implant and grow will be determined by what the host already eats. A 
direct effect of the presence of microbiomes on the host is mediated by the production of metabolites that help in 
training the metabolic pathways of the few cells they probably reach, thus exerting a partial effect on the host. 
Interactions between the microbiome and the host, and consequently between the environment and the host, are 
mediated by external factors, typically light and temperature, that shape the abundance and architecture of 
resident organisms on body surfaces [7]. These factors will be the crucible of the microbiome–host evolution, they 
will produce the evolutionary force leading to changes in its seasonality, both in composition and in functionality. 
What emerges from existing evidence is an additional level of regulation that rests basically on the synthesis and 
degradation of short-chain fatty acids (SCFAs) and other compounds produced by the microbiome on the course of 
the entire day: microbial colonization fosters cyclical histone deacetylase 3 (HDAC3) expression, which is required 
for diurnal rhythmicity in histone acetylation, metabolic gene expression, and nutrient uptake; cyclical histone 
acetylation impacts RNA Pol II recruitment and chromatin accessibility to regulate transcription; HDAC3 can 
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function canonically as a histone deacetylase or can be integrated with other factors such as nuclear receptor co-
repressor (NCoR) to serve as a co-activator; HDAC3 supports rhythmic expression of important metabolic genes. 
These considerations deliver an additional point of control that ensures a more stable structure of the circadian 
system: the rhythmicity of microbiota contributes to the circadian architecture and helps stabilize the cycle of 
SCFAs release. Several microbiome-dependent host metabolites (Taurine, an amino sulfonic acid; butyrate and 
propionate, both SCFAs) modulate the expression or activity of circadian clock genes after being absorbed daily: 
they also modulate the activity of immune cells through a variety of receptors that make them interact with 
several components of the circadian clock machinery [7]. The observation that acquisition of a normal microbial 
community also leads to the development of a competent immune system and to normal circadian rhythms would 
provide a final link in the probable evolutionary sequence constituting the metabolism–immune–circadian axis. 
Were such a sequence to be confirmed, the expression of Bmal1 found in most mammalian tissues would be central 
to mediating environment-dependent responses between immunity and metabolism through circadian signaling 1. 
A coherent schematic depiction of the feedback involved [7], where it is also evident that the perturbations of the 
microbiome caused by, for example, a jet lag configuration used to model modern circadian disruption also affect 
host rhythmicity at a variety of levels, adding obstacles to a quick recovery [7]. 

Metabolite Production and Hormonal Regulation 
Microbial metabolites and immune effects constitute two means by which the microbiome can influence the 
circadian system of the host [1]. The microbiome synthesizes a variety of small bioactive molecules such as 
hormones, neurotransmitters, and short-chain fatty acids that can regulate the molecular circadian machinery and, 
through the expression of cell surface receptors, activate a range of intracellular signaling pathways [8]. Immune 
factors act as Zeitgebers to peripheral clocks; the microbiome can regulate circadian rhythms by modulating the 
innate immune system [9]. 

Immune System Interactions 
The immune system operates closely with the biological clock and the microbiota, and it plays a major role in how 
the microbiome affects circadian rhythms. Building on a large body of literature demonstrating that execution of 
cutaneous antigens follows rhythmic patterns, it was recently shown that the microbial cues that trigger IgA 
secretion in the small intestine also display a marked diurnal variation [3, 10]. These microbiota-driven immune 
interactions provide a mechanistic basis for the ability of gut microbes to influence circadian function and 
behaviour [3]. Field-wide screening further established that circadian injury enhances susceptibility to different 
pathogens, including Listeria monocytogenes, Streptococcus pneumoniae, and Influenza A virus [10]. 

Research Methodologies 

Research methodologies play a pivotal role in elucidating the intricate relationship between the microbiome and 
circadian rhythms. Among the foremost techniques for characterizing the microbiome, sequencing of the 16S 
rRNA gene enables precise identification of bacteria at the species level, providing a comprehensive view of 
microbial diversity. Complementary approaches such as metagenomics and proteomics expand the scope of 
analysis, allowing researchers to infer metabolic capabilities and functional dynamics of microbial communities 
beyond taxonomic classification [4]. The dynamic nature of circadian rhythms can be quantified at multiple 
organizational tiers. At the genetic level, the use of molecular reporters facilitates monitoring of core clock gene 
transcription cycles. This is augmented by conventional genetic methods, including gene knockdowns and 
knockouts, which help dissect the contributions of individual circadian components. On the physiological front, 
circadian organisation is commonly assessed through behavioral assays of locomotor activity and measurements of 
body temperature fluctuations, thereby linking molecular oscillations to systemic outputs [1]. The integration of 
these methodologies has been instrumental in revealing the bidirectional interactions between microbiota and the 
circadian clock system. For instance, shifts in microbial composition and metabolic profiles have been correlated 
with altered expression patterns of clock genes, while disruption of circadian cues has been shown to perturb 
microbiome architecture. By leveraging a combination of microbiological and chronobiological tools, researchers 
are poised to uncover mechanistic insights into this complex interplay, with potential implications for human 
health and disease [1, 4]. 

Microbiome Analysis Techniques 
The exploration of microbiota requires specific experimental protocols that depend on the complexity of the 
targeted environment [1]. Four technologies established as the most reliable tools are microbial culture, 
denaturing gradient gel electrophoresis (DGGE), next-generation sequencing (NGS), and fluorescence in situ 
hybridization (FISH) [1]. The resulting data are treated with numerous bioinformatics software and platforms. 
Sampling optimization remains a major challenge for both researchers and clinicians. For instance, microbiota 
sampling in the intestine necessitates a deliberate choice of the sampling sites (duodenum, ileum, cecum, and colon) 
and the sampling modes (luminal and/or mucosal). Tissue biopsies must be obtained by endoscopy to collect the 
mucosa close to abscesses or ulcers. Although sufficient data can be obtained through analysis of luminal content, 
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biopsies ensure a reliable picture of the microbiota in a given region [1]. Rectal biopsies are commonly considered 

adequate to provide a representative snapshot of the colon’s microbiota. A sample can be stored at −80 °C for at 
least 3 months without significantly altering the microbiota model. Real-time quantification of the microbiota is 
particularly important in inflammatory diseases such as Crohn’s disease and ulcerative colitis, and also in the case 
of antibiotic treatment or fecal microbiota transplantation (FMT) [1]. Both absolute and relative quantifications 
of microorganisms are necessary, simply because the bacterial count can vary considerably according to the 
location, for example, almost 10,000 times between the duodenum and the colon. It is therefore important to know 
whether changes observed in certain microorganisms are real or relative to the evolution of other bacteria [1]. 

Circadian Rhythm Measurement Methods 
Methods for measuring circadian rhythms include the use of questionnaires, actigraphy, core-body temperature 
monitoring, and dim-light melatonin onset assessment [1]. Accurate quantification of circadian misalignment is 
essential for understanding its repercussions on physiological systems and the downstream impact on microbiome 
composition and function. 

Clinical Implications 
The central role of circadian regulation for microbiome function and homeostasis gives rise to promising 
therapeutic applications. In the context of the gut microbiome, the beneficial effects of probiotic and prebiotic 
interventions can be reinforced by incorporating a circadian perspective that exploits the bidirectional interaction 
with the host [1]. Likewise, bacterial therapeutics can enhance the effectiveness of anticancer agents, with drug 
delivery schedules fine-tuned to the host circadian rhythm [3]. These observations invite a fresh look at the long-
recognized clinical value of chronotherapy, the optimization of treatment based on the biological timing of disease 
symptoms or drug pharmacokinetics [3]. Even beyond the gut, advances in microbiome research concurrently 
extend and update the indications for chronotherapy. Consider medications targeting the oral cavity, for example. 
Antiseptic mouthwashes impair the production of microbial-derived nitric oxide (NO), contributing to increased 
risk of myocardial infarction and stroke; the efficacy of antihypertensive drugs, in turn, rests on the gut–oral 
microbiota interplay, while hypertension and associated nitrate–nitrite–NO–NO NO dysregulation show 
entrainment to the rest–activity cycle [3]. Thus, existing knowledge of circadian physiology can guide rational 
modifications to treatment regimens in order to improve clinical outcomes, not least in terms of decreased adverse 
effects. 

Microbiome-Based Therapies 
The pivotal roles of microbiome components such as bacteria and fungi in maintaining human health have been 
reaffirmed through numerous studies in the past decades. These components regulate metabolism, the intestinal 
barrier, immune function, and brain activity, and they interact bidirectionally with both central and peripheral 
circadian clocks. Mechanical studies have supported a reciprocal regulation between microbiome components and 
circadian rhythms [1]. The microbiome is closely linked to diseases like diabetes, obesity, and cancer. Therefore, 
therapies targeting the microbiome can counteract the pattern-formation disruptions that contribute to these 
conditions. These therapies include pre- and probiotics, fecal microbiota transplantation, and dietary modification. 
Given the tight reciprocal regulation with circadian rhythms, commensal microorganisms may be crucial for the 
beneficial effects of various chronotherapies on human health [1]. 

Chronotherapy and Its Benefits 

Chronotherapy is a treatment strategy that leverages the interplay between the microbiome and host circadian 
rhythms to optimize therapeutic efficacy or reduce side effects. By synchronizing medications with the body’s 
biological rhythms, chronotherapy seeks to enhance health outcomes [1]. Potential interventions include timed 
administration of medications, feeding schedules, lighting regimes, as well as the administration of candidate 
hormones and nutrients. Commonly, multiple approaches are combined into a comprehensive treatment program 
to maximize benefit. Significant diurnal variations in disease incidence and drug toxicity reinforce the value of 
circadian timing: myocardial infarction and stroke occur predominantly during the light phase, and numerous drug 
side effects exhibit rhythmicity [1]. Light acts as the primary environmental cue that entrains circadian rhythms, 
yet light pollution and shift work can desynchronize host and microbiota rhythmicity, contributing to clinical 
conditions such as cancer, cardiovascular disease, depression, obesity, and diabetes [1]. For example, time-
restricted feeding can entrain peripheral clocks and alleviate metabolic disorders caused by shift work, while 
additionally supporting auxiliary hormone and nutritional interventions. Melatonin, which is secreted nightly by 
the pineal gland of healthy individuals and regulates sleep-wake cycles, immune function, and antioxidant 
processes, can restore gut microbial rhythmicity and normalize blood pressure rhythms; optimal dosing and 
timing are imperative to maximize benefits [1]. Dietary composition further influences gut microbiota 
configuration: high-fat and high-sucrose diets disrupt microbiota rhythmicity, whereas the probiotic Lactobacillus 
reuteri and oolong tea polyphenols can effectively restore microbial and hepatic clock rhythmicity. Methionine 
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intake also modulates lipid metabolism, immune responses, and oxidative stress, with methionine-restricted diets 
partially rescuing microbiota rhythmicity disrupted by high-fat feeding [1]. 

Future Directions in Research 

Microbiome research will continue to uncover key insights into the circadian clock with important clinical 
implications for physiologists, microbial biologists, and health professionals. Efforts are beginning to clarify the 
influence of gut microbial rhythmicity on host physiology. Microbial metabolites may signal to the host circadian 
system, activating physiological changes in transcription and metabolism [1]. In addition, both the circadian 
system and germ-free status impact the local immune system, which in turn may regulate the circulating 
microbiota. Studies of the symbiotic immune system should be a significant focus in the immediate future. Ongoing 
research will also shed light on the molecular basis of how gut microbes affect gene expression and metabolic 
activity in the surrounding host tissues [1]. 

Potential for Personalized Medicine 
Owing to the extensive interindividual variations of microbiome communities, personalized medicine may be 
empowered by a better understanding of the microbiome–circadian crosstalk at individual, population, and 
microbial species levels. Each individual possesses a unique microbiome that changes markedly in response to 
intrinsic and extrinsic factors. A characterization of individual microbiome and an optimization of circadian 
rhythms would therefore greatly enhance the development of microbiome-based personalized medicine. Thus, the 
microbiome-based therapeutics can be improved beyond the conventional protocols for specific diseases towards 
individualized and dynamically adaptive treatments capable of maximizing efficacy and repeatability [1]. The 
circadian oscillations of microbial communities also provide fertile grounds for the discovery of new microbial 
species. The circadian array of microbial communities in a given environment depends on various internal and 
external factors of the environment, such as temperature of the carriers or habitats, humidity, day-heating (an 
influence on soil conditioning or surface water pressure), and reflective characteristics of the surrounding 
compartments (spaces). Hence, samples collected at different times of the day and environment can contain 
different microbial navigators of genomic fragments, with the opportunities to find novel species distinct from 
existing repositories [1]. 

Exploring Novel Microbial Species 
The Discoveries of New Microbial Species Another emerging research avenue involves uncovering novel 
microbial species within the mammalian microbiota. Keystone members of the mammalian commensal microbiota 
remain unidentified at the species level despite years of study [1]. It is unclear why these species persist through 
generations of antibiotic perturbation and replacement of closely related strains. Several arguments indicate that 
they constitute novel species: (1) these organisms do not correspond to previously cultivated species; (2) they do 
not closely resemble strains identified through commercial genotyping technologies; (3) their phylogenetic 
position in the 16S rRNA gene tree and distinct pigment production suggest previously uncharacterized species. 
Definitive identification requires additional taxonomic analysis [1]. 

CONCLUSION 

The microbiome and circadian rhythms form a tightly interwoven system that regulates essential aspects of 
human physiology. Evidence demonstrates that disruptions in either the host’s biological clock or microbial 
community can precipitate wide-ranging health consequences, including metabolic, immune, and neurobehavioral 
disorders. The reciprocal communication between microbial metabolites and circadian gene expression 
underscores the need to view health and disease through the lens of temporal biology. Emerging interventions, 
such as chrononutrition, time-restricted feeding, and microbiome-targeted therapies, offer promising strategies to 
re-establish circadian-microbiome balance. Future research should prioritize mechanistic studies, longitudinal 
analyses, and translational approaches to develop clinically relevant tools that harness this intricate interplay for 
disease prevention and treatment. 
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