Chapter 14

Sleep, Circadian Rhythms, and the Gut Microbiome —
Interconnected Systems in Health and Disease

Introduction

Sleep and circadian rhythms coordinate a multitude of
physiological processes, from metabolism to immune function.
Meanwhile, the gut microbiome — the complex community
of microorganisms inhabiting the gastrointestinal tract — has
emerged as a major regulator of host health. Growing evidence
indicates that these systems do not operate independently: rather,
there is a tight, bidirectional interplay among sleep/circadian
regulation, gut microbial rhythmicity, and host health outcomes.
In this chapter, we synthesize current knowledge on how sleep
and circadian rhythms influence gut microbiota oscillations, how
disruptions (e.g., jet lag, shift work) may precipitate dysbiosis,
and how such dysregulation may affect mental and physical
health.

This chapter synthesizes current evidence on the connections
between sleep, circadian rhythms, and the microbiome, explains
mechanisms linking circadian disruption to gut dysbiosis,
and reviews the mental health consequences of microbiome-
circadian misalignment. Clinical and public health implications
are discussed, as well as emerging interventions.

14.1 The Human Circadian System: An Overview
Central and Peripheral Clocks

The circadian system is governed by a central pacemaker located
in the suprachiasmatic nucleus (SCN) of the hypothalamus. The
SCN synchronizes peripheral clocks in nearly every tissue—
including the gastrointestinal tract, liver, pancreas, and immune
cells—via hormonal cues, autonomic signals, feeding rhythms,
and temperature cycles.

The molecular clock mechanism is based on transcription-
translation feedback loops involving the following gene families:
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* CLOCK and BMALI1 (positive regulators)
* PER1/2 and CRY1/2 (negative regulators)

e Additional modulators such as REV-ERBa, RORa, and
nuclear receptors

These core genes coordinate diurnal oscillations in metabolism,
detoxification, immune responses, digestive enzyme secretion,
and epithelial cell turnover.

14.2 Circadian Control of Gastrointestinal Physiology
The GI system displays strong circadian patterns:

Physiological Feature | Daytime Pattern Nig
Gastricemptying Faster Slower
Intestinalmotility Increased Decrease

pHvariability Moredynamic Stabilize
Mucussecretion Higher Lower
Epitheliumproliferation| Peaksduringnight Declines

14.3 Microbiome Rhythmicity: Diurnal Oscillations in the Gut
Ecosystem

Microbial Rhythmic Patterns

Gut bacteria are not static; many taxa exhibit predictable
oscillations in abundance, gene expression, and metabolite

production. Examples include:
* Proteobacteria increased during active phase
* Firmicutes enriched during rest/fasting phase

* Microbial functions (carbohydrate metabolism, DNA repair,
protein synthesis) oscillate with the feeding cycle
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Reitmeier et al. identified arrhythmic microbial signatures
associated with increased risk of type 2 diabetes, highlighting
the clinical relevance of microbiota rhythmicity (1).

14.4 Drivers of Microbial Oscillations
Microbial rhythms depend on:

* Feeding-fasting cycles (primary zeitgeber for the gut/
main synchronizing signal)

* Host metabolic hormones (insulin, glucagon, GLP-1)
* Epithelial turnover timed by circadian genes
* Bile acid secretion, which follows circadian patterns

* Melatonin, present in the GI tract in higher concentrations
than the pineal gland

Circadian clock gene knockout models (e.g., Bmall-null mice)
lose microbial rhythmicity entirely (2).

14.5 Feedback: Microbes Influence Host Clock Genes

Microbial metabolites—such as short-chain fatty acids
(SCFAs), secondary bile acids, tryptophan metabolites, and
neurotransmitter precursors —feed back to modulate:

* Intestinal epithelial clock gene expression

* Hepatic peripheral clocks

* Energy regulation

* Sleep pressure (e.g., via SCFAs influencing vagal pathways)

Bidirectionality is central: the host sets the rhythm, and microbes
fine-tune it.

14.6 Sleep as a Regulator of the Gut Microbiome
Physiological Effects of Sleep on Gut Microbial Homeostasis

Sleep ensures coherence among peripheral clocks. During
consolidated sleep:

* GI motility slows
* Mucosal immunity synchronizes

* Metabolic pathways shift to fasting state
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* Intestinal barrier integrity is strengthened
* Microbial communities enter predictable metabolic phases

Studies show that even a single night of sleep restriction
alters intestinal microbiota composition and increases pro-
inflammatory microbial species (3).

Sleep Fragmentation, Short Sleep, and Dysbiosis
Short sleep (<6 hours) and fragmented sleep are associated with:
* | microbial diversity
* 1 Firmicutes/Bacteroidetes ratio
* 7 inflammatory genera (Ruminococcus, Blautia)
* Altered SCFA profiles
* Increased gut permeability
Mechanistically:

* Sleep loss activates the HPA axis — 1 cortisol — changes in
GI motility and immune regulation

* Sympathetic overactivity alters nutrient absorption and
epithelial turnover

* Circadian misalignment disrupts feeding behavior, often
leading to late-night eating

These changes destabilize the microbial ecosystem.

Feeding—
fasting cycles
Microbial
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Vagus nerve
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Clock)

Circadian-Microbiome-Brain Axis

Figure 1: Circadian-Microbiome-Brain Axis
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14.7 Circadian Disruption: Jet Lag, Shift Work, and the
Microbiome

Jet Lag and Social Jet Lag

Jet lag rapidly shifts the central clock, while peripheral clocks
(e.g., gut, liver) shift gradually. This leads to temporary
desynchronization.

Studies show:

* A single 6-hour shift alters microbial functional profiles

* Loss of rhythmicity in carbohydrate and lipid metabolism
genes

* Transient increases in Proteobacteria, a marker of dysbiosis
(4)
Even weekend “social jet lag” —a >2-hour discrepancy between

weekday and weekend sleep —has been associated with altered
microbial profiles in adolescents and adults.

Shift Work: A Model of Chronic Circadian Misalignment

Shift work exposes individuals to long-term circadian disruption
due to:

* Irregular sleep schedules
* Nocturnal eating
* Mismatched light exposure
* Altered activity rhythms
A systematic review reported:

* Decreased a-diversity

* Higher abundance of Escherichia/Shigella, Blautia, Dialister
* Increased inflammatory metabolic pathways (5)
14.8 GI and Metabolic Consequences in Shift Workers
Long-term shift work is associated with:
* IBS-like symptoms
* GERD
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* Functional dyspepsia

* Metabolic syndrome

¢ Increased cardiovascular risk

* Non-alcoholic fatty liver disease

Animal studies mirror these findings: chronic circadian
disruption in mice leads to dysbiosis, visceral hypersensitivity,
and altered metabolomic profiles consistent with IBS (6).

14.9 Mechanisms Linking Circadian Disruption to Dysbiosis
Irregular Feeding Patterns and Chrononutrition

Feeding time is the strongest synchronizer of the gut clock.
Circadian misalignment (e.g., eating at night) causes:

*  Loss of microbial rhythmicity

* Increased endotoxin production (LPS)
*  Metabolic inflexibility

* Increased adiposity

Time-restricted feeding has been shown to restore microbial
oscillations even when sleep patterns remain irregular.

Hormonal and Iimmune Disruption
Circadian disruption alters secretion of:
¢ Cortisol (disrupted diurnal curve)
* Melatonin (delayed or blunted release)
* Insulin and postprandial hormone rhythms

These changes modify gut motility, mucus secretion, and barrier
function.

* Loss of Microbial Metabolite Rhythmicity
* Metabolites such as:

* SCFAs (butyrate, acetate)

* Secondary bile acids

* Indoles

* Serotonin precursors
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display diurnal patterns. Loss of these rhythms contributes to:
* impaired epigenetic regulation
* metabolic syndrome
* neurobehavioral changes

14.10 Mental Health Implications

Circadian disruption is strongly linked to mood disorders, and
recent evidence suggests the gut microbiome plays a mediating
role.

Microbiome-Gut-Brain Axis
Key pathways include:
* Vagal signaling
* HPA axis modulation
* Tryptophan-serotonin pathway
* Inflammatory cytokines
* Neuroactive metabolites

Disrupted microbial rhythms can reduce the production of
metabolites essential for mood stabilization.

14.11 Depression, Anxiety, and Circadian/Microbiome
Disturbance

Studies show:
* Social jet lag correlates with higher depressive symptoms

* Shift workers have higher rates of anxiety, depression, and
cognitive impairment

* Microbial dysbiosis (e.g., low SCFA-producing bacteria) is
associated with major depressive disorder

Milota et al. proposed that circadian disruption combined with
dysbiosis reduces resilience of stress pathways, increasing
psychiatric vulnerability (7).

14.12 Sleep Disorders and Microbiome Alterations

Conditions such as insomnia, OSA, and circadian rhythm sleep-
wake disorders exhibit:
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* increased inflammatory microbial taxa
* decreased SCFA-producing genera
¢ altered tryptophan-kynurenine metabolism

This suggests a bidirectional relationship between sleep
disturbances and dysbiosis.

14.13 Clinical and Public Health Relevance
Implications for Healthcare Providers
Clinicians should recognize that:

* Sleep hygiene influences GI health

* Night-shift healthcare workers face increased metabolic
and Gl risk

* Gut-directed therapies may aid circadian disorders

* Chrononutrition (meal timing) is relevant to metabolic
management

Health Risks Associated With Circadian-Microbiome
Disruption
* Obesity

* Type 2 diabetes

* IBS

* GERD

* Depression and anxiety

* Cardiovascular disease
Vulnerable Populations

* Shift workers (healthcare, aviation, hospitality,
manufacturing)

* Frequent travelers
* Adolescents with irregular sleep

¢ Individuals with mental health disorders
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1414 Interventions: Restoring Circadian-Microbiome
Harmony

Chronotherapy

* Light exposure therapy (morning light for phase
advancement)

* Melatonin supplementation (for jet lag and delayed sleep
phase)

* Regular sleep schedules
Chronotherapy aligns central and peripheral clocks.
Chrononutrition
Key evidence-based principles:

* Consistent meal timing

* Avoiding late-night eating

* Time-restricted feeding (8-12 h window)

* High-fiber diets supporting rhythmic SCFA production
Microbiome-Targeted Therapies

* Probiotics (e.g., Bifidobacterium, Lactobacillus)

e Prebiotics (inulin, resistant starch)

* Polyphenol-rich diets (berries, tea, cocoa)

* Fecal microbiota transplantation (emerging, experimental)
Behavioral and Lifestyle Interventions

* Sleep hygiene education

* Strategic napping for shift workers

* Minimizing rotating shift schedules

* Structured exercise (also has circadian effects)
Challenges and Future Directions
Research Gaps

* Human trials remain limited; many are cross-sectional

* Differences in sequencing methods complicate comparison
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* Inter-individual variability in microbial responses
* Need for long-term interventional studies
Emerging Research Areas

e Personalized chrononutrition based on microbiome
profiling

* Microbiome-derived psychobiotics

* Use of metabolomics to track circadian health

* Artificial intelligence for circadian risk prediction
The Future of Circadian-Microbiome Medicine
Possible future clinical tools:

* Microbial rhythmicity tests

* Circadian-metabolite-based sleep therapeutics

* Workplace policies to reduce chronodisruption
Conclusion

Sleep, circadian rhythms, and the gut microbiome represent a
deeply integrated triad essential for maintaining metabolic,
gastrointestinal, immunologic, and neurobehavioral health.
Disruptions such as jet lag and shift work can destabilize this
network, leading to gut dysbiosis, systemic inflammation,
altered neuroendocrine balance, and increased susceptibility to
metabolic and mental health disorders.

Understanding these interactions offers new avenues for
prevention and  treatment—including  chronotherapy,
chrononutrition, and targeted microbiome interventions. As
modern society continues to challenge natural circadian rhythms,
incorporating circadian-microbiome concepts into clinical
practice and public health strategies is increasingly essential.
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