Supplementary Tables
Supplementary Table 1. Impact of circadian rhythms disruption on gut microbiota and digestive health in shift workers
	Microorganisms
	Species
	Circadian intervention
	Phenotypes and Mechanism
	Reference

	Blautia, Bifidobacterium, Dialister, Ruminococcus gnavus, Faecalibacterium
	Human
	Shifts
	Circadian disruption (night shift) →gut microbiota changes: Blautia (+), Bifidobacterium (+), Dialister (+), Ruminococcus Gnavus (+), Faecalibacterium (−) →SCFA overproduction (acetate, propionate, butyrate)→intestinal barrier dysfunction (↑serum zonulin)→metabolic-endocrine imbalance (↑triglycerides,↓HDL-C, insulin resistance)→hypothalamic-pituitary-adrenal axis disruption→circadian clock desynchronization→pathological outcomes (metabolic syndrome, neuroinflammation, cardiovascular risk)
	[63]

	—
	Human
	Shifts
	Circadian disruption (shift work) → disrupted diurnal oscillation of SCFAs → increased gut permeability → impaired intestinal barrier function → increased susceptibility to gut inflammation and alcohol-induced damage
	[64]


Supplementary Table 2. Impact of light-dark cycle disruptions on gut microbiota and digestive health in animal models
	Microorganisms
	Species
	Circadian intervention
	Phenotypes and Mechanism
	Reference

	Akkermansia, Bifidobacterium, Clostridium, Prevotella, Aspergillus, Blumeria, Rhodotorula
	Mouse
	Jet Lag
	Circadian disruption (chronic jet lag) → gut microbiota changes: decreased Akkermansia, Bifidobacterium, Clostridium, Prevotella, Increased Aspergillus, Blumeria, Rhodotorula → Altered Rhythmicity of Gut Microbiota and Mycobiome → Disrupted Gut Barrier Function → Metabolic-Endocrine Imbalance (↑triglycerides, ALT, AST, insulin resistance, liver damage) → promotion of MAFLD progression → pathological outcomes (obesity, hepatic steatohepatitis, liver inflammation)
	[65]

	Bacteroidetes, Firmicutes
	Mouse
	Light
	Circadian disruption (short-day cycle)→gut microbiota changes: bacteroidetes (↑), Firmicutes (↓)→SCFA metabolism disorder→epithelial metabolite loss (↓adenine, amp, imp, etc.)→intestinal barrier impairment→hepatic transcriptome alteration (↓purine pathways)→endocrine/metabolic imbalance→inflammatory progression
	[66]

	Ruminococcus torques, Lactobacillus johnsonii
	Mouse
	Light
	Circadian disruption (light-dark cycle alterations) → gut microbiota changes: Increased Ruminococcus torques (+), Decreased Lactobacillus johnsonii (−) → Dysregulated gene expression (downregulation of butyrate synthesis, indole metabolism; upregulation of lps production) → intestinal barrier dysfunction (↑intestinal permeability) → host vulnerability to inflammation and disease (increased LPS exposure, decreased butyrate) → pathological outcomes (metabolic disorders, gut inflammation, immune dysregulation)
	[67]

	Firmicutes, Proteobacteria
	Mouse
	Light
	Circadian disruption (light/dark phase shift) → gut microbiota changes: decreased Firmicutes, Increased Proteobacteria → microbial functional shifts (increased lipopolysaccharides, steroid hormone metabolites) → intestinal barrier dysfunction (↓Occludin, ↓Claudin1) → increased intestinal permeability (↑FD4 Permeability, ↓TEER) → low-grade inflammation (↑IL-17α, IL-1β, IL-6) → visceral hypersensitivity (↓pain threshold, ↑AWR scores) → pathological outcomes (irritable bowel syndrome, gastrointestinal disorders).
	[68]

	—
	Hen
	Light
	Circadian disruption (reduced light exposure) →gut microbiota changes: increased Odoribacter, SCFA production (butyrate)→SCFA receptor activation→strengthened central and peripheral rhythms (Bmal1, Per1) → enhanced circadian function and metabolic health
	[69]

	—
	Mouse
	Light
	Circadian disruption (dLAN) → gut microbiota changes: reduced diversity, altered interactions → scfa metabolism disruption (acetate, propionate, butyrate) → impaired metabolic homeostasis (weight gain, insulin resistance) → dysregulated liver function → metabolic syndrome development
	[70]

	Lachnospiraceae, Prevotellaceae
	Mouse
	Light
	Circadian disruption (short-light cycles)→Per2 knockout→gut microbiota changes: increased Lachnospiraceae, decreased Prevotellaceae→SCFA production alteration (Butyrate ↑)→intestinal inflammation (↑ TNF-α, ↑ TLR2)→disrupted metabolic homeostasis→increased risk for metabolic disorders
	[71]


Supplementary Table 3. TRF and dietary interventions in circadian rhythms-mediated regulation of gut microbiota and system
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Firmicutes, Bacteroidetes
	Mouse
	TRF
	Circadian disruption (time-restricted feeding) →hepatic lipid metabolism changes: decreased Firmicutes/Bacteroidetes Ratio → increased biliary cholesterol→cholesterol gallstone formation→gut microbiota dysbiosis (↓ Firmicutes, ↑ Proteobacteria) → disrupted rhythmicity → pathological outcomes (gallstones, liver dysfunction)
	[73]

	Lachnospiraceae, Oscillospiraceae
	Mouse
	TRF
	Circadian disruption (genetic IL-10−/−, ad libitum feeding) → gut microbiota changes: Lachnospiraceae (↓), Oscillospiraceae (↓) → microbial arrhythmicity → impaired immune cell rhythms (T-cells, DCs) → gastrointestinal inflammation → IBD phenotype → restricted feeding → Clock gene re-expression (Bmal1) → microbiota rhythmicity restoration → immune synchronization → inflammation reduction → survival increase
	[74]

	Bacteroidetes, Firmicutes
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota changes: Bacteroidetes (↓), Firmicutes (↑)→loss of microbial rhythmicity→hepatic circadian gene disruption (Sirt1, Srebp, Pparα)→lipid metabolism imbalance→obesity & steatosis→time-restricted feeding→microbiota rhythmicity restoration→hepatic clock gene re-entrainment→metabolic improvement→obesity prevention
	[75]

	Lactobacillus, Mucispirillum, Acetatifactor
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota resynchronization (Lactobacillus, Mucispirillum, Acetatifactor ↑)→SCFA production (butyrate, acetate)→nash alleviation (↓ liver lipids, ↑ insulin sensitivity)→time-of-day-specific microbial functioning→improved metabolic health
	[33]

	Firmicutes, Verrucomicrobia
	Mouse
	TRF
	Daytime restricted feeding → circadian desynchrony (liver clock disruption) → gut microbiota changes: increased Firmicutes, Decreased Verrucomicrobia → altered bile acid profiles → metabolic disruption (lipid metabolism, insulin resistance)
	[76]

	Synergistes, Desulfovibrio, Alistipes
	Rabbit
	TRF
	Circadian disruption (daytime feeding)→gut microbiota changes: Synergistes (+), Desulfovibrio (+), Alistipes (+)→NRF→synchronization of serotonin rhythm and body temperature→improvement in gut health (reduced diarrhea, improved microbial balance)
	[77]

	
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota changes: scfa-producing bacteria ↑→scfa production (acetate, butyrate)→hepatic clock gene resynchronization→improvement in lipid metabolism (↓ triglycerides, ↓ LDL-C)→alleviation of metabolic disorders
	[78]

	Firmicutes, Bacteroidetes
	Mouse
	Light
	Circadian disruption (constant dark) → gut microbiota changes: Bacteroidetes (+), Firmicutes (−) → green tea polyphenol supplementation → improvement in circadian rhythmicity and metabolism → prevention of metabolic disorders
	[79]

	Firmicutes, Bacteroidetes, Prevotella, Clostridium
	Mouse
	Light
	Circadian disruption (continuous darkness) → gut microbiota changes: Firmicutes (+), Bacteroidetes (−), Prevotella (+), Clostridium (+) → dysregulated microbial oscillations → metabolic dysfunction (insulin resistance, obesity, impaired glucose metabolism) → restoration with otp → gut microbiota modulation: Firmicutes (−), Bacteroidetes (+) → circadian rhythms restoration (Clock, Bmal1, Per1) → improved metabolic health (reduced weight gain, enhanced fatty acid oxidation)
	[80, 81]

	Bacteroidetes, Firmicutes
	Mouse
	Light
	Circadian disruption→gut microbiota changes: Firmicutes (+), Bacteroidetes (−)→altered bile acid metabolism (↓ taurocholic acid)→intestinal inflammation (↑ TNF-α)→hepatic dysfunction (↑ Fatty Liver)→RPT treatment→reshaped microbiota and improved liver function
	[82]


Supplementary Table 4. Circadian rhythms-mediated regulation of gut microbiota and its impact on digestive system through liver-microbiota crosstalk
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	—
	Mouse
	—
	Circadian disruption (liver clock dysfunction) → microbiota dysbiosis → impaired glucose homeostasis and lipid metabolism → metabolic dysfunction
	[83]

	Akkermansia, Desulfovibrionaceae
	Mouse
	Diet
	Circadian disruption (High-fat, high-cholesterol diet)→gut microbiota changes: Akkermansia (↓), Desulfovibrionaceae (↑)→gut barrier dysfunction (tight junction breakdown)→endotoxemia & inflammation→NASH progression→SR9009 activation (ZT0 > ZT12)→circadian synchronization via REV-ERBα→microbiota remodeling→barrier restoration→hepatic improvement (↓steatosis, ↓fibrosis)→nash alleviation
	[84]

	Firmicutes, Bacteroidetes
	Mouse
	Diet
	Circadian disruption (HFD) → gut microbiota changes: Firmicutes (+), Bacteroidetes (−) → PPARγ activation → hepatic clock reprogramming → metabolic dysregulation (insulin resistance, dyslipidemia) → antibiotic treatment → disruption of microbial impact → loss of hepatic circadian rhythms
	[85]

	Firmicutes, Bacteroides
	Mouse
	Light
	Circadian rhythms change (light/dark cycle alteration) → gut microbiota dysbiosis: increased Firmicutes/Bacteroides Ratio → impaired liver lipid metabolism → exacerbation of NAFLD (liver steatosis, metabolic dysfunction)
	[86]

	—
	Mouse
	—
	Antibiotic-induced gram-positive bacterial depletion → disruption of hepatic circadian rhythms (liver clock genes) → impaired liver metabolic functions (xenobiotic metabolism, detoxification) → dysregulated circadian gene expression → liver dysfunction
	[87]

	Saccharomyces cerevisiae
	Mouse
	Drug
	Circadian disruption (acetaminophen dosing at zt0/zt12) → gut microbiota changes: Saccharomyces cerevisiae (−) → PPD Production ↑ at ZT12 → increased hepatotoxicity → gut microbial composition altered by antibiotics → reduced liver damage at ZT12
	[88]

	Bacteroides
	Mouse
	Gene
	Npas2 deletion (neonatal hepatic circadian gene knockout) → gut microbiota changes: increased Bacteroides → impaired microbiome response to dietary stress → metabolic and immune dysfunction (obesity, insulin resistance, inflammation)
	[89]


Supplementary Table 5. Circadian rhythms-mediated modulation of gut microbiota and its implications for immune function and disease
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Limosilactobacillus, Faecalibacterium, Veillonella
	Mouse
	Light
	Circadian disruption (irregular light-dark cycles) → gut microbiota changes: Limosilactobacillus (−), Faecalibacterium (−), Veillonella (+) → hepatic clock disruption → metabolic dysfunction (insulin resistance, dyslipidemia) → immune dysfunction (tryptophan metabolism, inflammation) → systemic inflammation → pathological outcomes (obesity, metabolic disorders)
	[90]

	Fusobacterium, Bacteroides
	Mouse
	Gene
	Circadian clock disruption (Bmal1 knockout) → gut microbiota changes: increased Fusobacterium, Bacteroides → dysregulated intestinal barrier function (↓tight junction proteins) → colorectal cancer progression (tumorigenesis)
	[91]

	—
	Mouse
	—
	Circadian disruption (HDAC3 Dysfunction) → reduced tuft cells (Dclk1, Trpm5) → impaired immunity (helminth resistance, norovirus) → microbial cues (TGF-β, SUCNR1) → altered mucosal immune responses → disrupted gut homeostasis
	[92]

	Alloprevotella, Streptococcus
	Mouse
	Light
	Circadian rhythms perturbation (light/dark phase shifts) → gut microbiota changes: increased Alloprevotella, Streptococcus→reduced microbial diversity→increased intestinal permeability→exacerbation of colitis symptoms (inflammation, disrupted barrier function)
	[93]

	Akkermansia, Lactobacillus
	Mouse
	TRF
	Diurnal feeding cycles → small intestinal microbiome changes: altered Akkermansia, Lactobacillus → immune homeostasis disruption (↑MHC Class II, ↓IL-10) → increased intestinal permeability → exacerbation of enteritis (crohn-like inflammation)
	[96]

	Akkermansia, Lactobacillus
	Mouse
	—
	EBN supplementation → gut microbiota changes: increased Akkermansia, Lactobacillus→circadian rhythms→enhanced bile acid metabolism → improved glucose and lipid metabolism → reduced inflammation (↓TNF-α, IL-6)
	[97]

	Lachnospiraceae, Oscillospira
	Mouse
	Sleep
	Circadian disruption (sleep restriction)→gut microbiota changes: Lachnospiraceae (−), Oscillospira (−)→diurnal rhythm disruption→melatonin supplementation→restoration of rhythmic microbes→improved intestinal health (metabolism, barrier function)
	[98]

	Firmicutes, Bacteroidetes
	Mouse
	Diet
	Circadian disruption (High-Fat High-Fructose Diet + photoperiodic shifts)→gut microbiota changes: Firmicutes (↓), Bacteroidetes (↑)→Inflammatory cytokines (TNF-α, IL-6) ↑→melatonin treatment→restoration of microbial balance and gut permeability→reduction in Inflammation and Metabolic Dysfunction
	[99]

	Lachnospiraceae
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota changes: Lachnospiraceae (−)→insulin resistance→ miRNA-10a-5p administration → restoration of diurnal rhythm (triglycerides, butyrate)→improved insulin sensitivity and metabolic Health
	[100]


Supplementary Table 6. Circadian rhythms-mediated modulation of gut microbiota and host-microbe interaction in digestive system
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Firmicutes, Proteobacteria
	Mouse
	—
	Circadian disruption (antibiotic perturbation)→gut microbiota changes: Loss of Firmicutes, ↑proteobacteria→disrupted recovery in irregular feeding → rhythmic feeding → restoration of gut microbial balance→enhanced recovery post-antibiotic
	[103]

	Lachnospiraceae, Odoribacteraceae
	Mouse
	Gene
	Circadian disruption (bmal1iec−/−)→gut microbiota changes: Lachnospiraceae (↓), Odoribacteraceae (↓)→microbial rhythmicity loss→immune dysregulation (↓t-cell recruitment, ↑inflammatory cytokines) → compromised gi barrier → enhanced inflammatory risk → clock restoration (WT mice) → microbiota synchronization → immune homeostasis →gi health maintenance
	[104]

	Bacteroidetes, Firmicutes
	Mouse
	Gene
	Circadian disruption (bmal1 deletion)→gut microbiota changes: Bacteroidetes (+), Firmicutes (−)→SCFA dysregulation (acetate ↓, butyrate ↓)→intestinal barrier dysfunction (↑ permeability) → immune system imbalance → metabolic dysregulation (↑ insulin resistance, fat accumulation
	[105]

	Muribaculaceae, Veillonellaceae
	Cow
	—
	Circadian disruption (melatonin deprivation) → gut microbiota changes: Muribaculaceae (+), veillonellaceae (−) → scfa production (acetate, propionate ↑) → disrupted nutrient absorption → metabolic imbalance (↓ energy utilization, ↑ inflammation)
	[106]

	Ruminococcus, Butyricicoccus
	Human
	Sleep
	Circadian disruption (short sleep)→gut microbiota changes: Ruminococcus (+), Butyricicoccus (+) → SCFA deficiency (acetate, butyrate ↓)→immune system imbalance (↓ HD5, ↑ inflammatory markers) → metabolic disorders (↑ blood glucose, ↑ weight gain)
	[107]

	Lachnospiraceae, Akkermansia, Lactobacillus
	Mouse
	Diet
	Circadian disruption (high-fat diet + crd)→gut microbiota changes: Lachnospiraceae (+), akkermansia (+), lactobacillus (+)→hepatic lipid metabolism improvement (↓ triglycerides, ↑ insulin sensitivity)→sfn treatment → microbiota restoration and liver function recovery
	[108]


Supplementary Table 7. Circadian rhythms-mediated regulation of gut microbiota and its impact on neurological and psychiatric systems through the gut-brain axis
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Candidatus_Arthromitus, Enterobacter, Lactobacillus, Muribaculum, Monoglobus, Parasutterella
	Mouse
	Sleep
	Circadian disruption (acute sleep deprivation)→gut microbiota changes: Candidatus_Arthromitus (+), Enterobacter (+), Lactobacillus (−), Muribaculum (−), Monoglobus (−), Parasutterella (−)→microbial dysbiosis (increased candidatus_arthromitus, decreased lactobacillus)→intestinal barrier dysfunction (↑tnf-α, ↑lps, ↑zonulin)→metabolic-endocrine imbalance (↑corticosterone, ↑Tnf-α, ↑C-reactive protein) → hypothalamic-pituitary-adrenal axis disruption (↑microglia activation, ↑icam1)→circadian clock desynchronization (↓bmal1, ↓cry1)→pathological outcomes (anxiety-like behavior, cognitive impairments)
	[110]

	Collinsella, Bifidobacterium
	Human
	Sleep
	Circadian disruption (rbd, parkinson’s) → gut microbiota changes: Collinsella (+), bifidobacterium (−), butyrate producers (−)→intestinal permeability increase (↑LPS, ↑Tnf-α) → metabolic-endocrine imbalance (↑systemic inflammation, immune activation)→hypothalamic-pituitary-adrenal axis disruption (CNS dysregulation, α-synuclein aggregation) →circadian clock disruption (disrupted rem sleep, circadian rhythms misalignment) → pathological outcomes (parkinson's disease progression, neurodegeneration)
	[111]

	—
	Human
	Sleep
	Circadian disruption (sleep-wake cycle shift)→gut microbiota changes: Functional-profile changes, altered microbial networks→functional shifts in microbial profiles (enriched microbial functions during shift)→microbial network disturbance (changes in microbial relationships) →metabolic-endocrine imbalance (impaired glucose metabolism, hormonal disruptions) → circadian clock disruption (sleep-wake misalignment)→pathological outcomes (potential for metabolic disorders, cognitive impairments)
	[112]

	—
	Mouse
	Sleep
	Circadian disruption (sleep)→brain metabolism & gut microbiota derivatives: ergothioneine (+), acylcarnitines (+), hydroxylated fatty acids (+)→metabolic shifts (shift from glucose metabolism to oxidative processes)→brain energy regulation (altered brain metabolite profile during sleep)→intestinal barrier dysfunction (increased gut-brain signaling) → hypothalamic-pituitary-adrenal axis disruption (neuroendocrine modulation)→circadian clock desynchronization (disruption of circadian oscillations in brain activity)→pathological outcomes (cognitive decline, brain homeostasis impairment)
	[113]

	Firmicutes, Bacteroidetes, Proteobacteria
	Mouse
	Light
	Circadian disruption (light-dark cycle disruption)→gut microbiota changes: Firmicutes (+), Bacteroidetes (+), Proteobacteria (+)→microbial oscillations disrupted (light exposure at night dampens circadian rhythms of gut microbes)→metabolic-endocrine imbalance (increased insulin resistance, decreased energy homeostasis)→hypothalamic-pituitary-adrenal axis disruption (increased corticosterone, disrupted circadian regulation)→circadian clock desynchronization (light-dark cycle disruption impacts microbial communities)→pathological outcomes (metabolic syndrome, gut inflammation, cognitive impairments)
	[114]

	Alistipes, Lachnospira, Bacteroides, Faecalibacterium
	Human
	—
	Circadian disruption (chronotype) → gut microbiota changes: Alistipes (+), Lachnospira (+), Bacteroides (−), Faecalibacterium (+)→microbial composition shift (variation between early and late chronotypes) → metabolic-endocrine imbalance (↑gluconeogenesis, disturbed metabolic pathways in late chronotype)→hypothalamic-pituitary-adrenal axis disruption (chronotype influence on hormonal rhythms)→circadian clock desynchronization (misalignment of individual sleep-wake cycles)→pathological outcomes (obesity, diabetes, cardiovascular risk)
	[115]


Supplementary Table 8. Circadian rhythms-mediated regulation of gut microbiota in neuropsychiatric disorders
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Lactobacillus, Bifidobacterium, Firmicutes, Bacteroides
	Mouse
	—
	Circadian disruption (microbial depletion)→stress response changes: Lactobacillus (−), Bifidobacterium (−), Firmicutes (+), Bacteroides (+)→microbial dysbiosis (depletion of beneficial microbes, shift in stress response rhythms)→altered hpa-axis rhythmicity (disrupted diurnal rhythm of corticosterone release, altered brain stress pathways)→pathological outcomes (impaired stress response, altered circadian-driven behavior)
	[31]

	Lactobacillus, Bacteroides, Firmicutes, Proteobacteria
	Mouse
	Time of surgery
	Circadian disruption (morning vs. Evening surgery)→gut microbiota changes: Lactobacillus (+), Bacteroides (+), Firmicutes (−), Proteobacteria (−)→microbial dysbiosis (based on circadian time of surgery)→lipid metabolism disruption (time-dependent modulation of lipid metabolism in the hippocampus)→cognitive impairment (increased cognitive deficits when surgery performed in the evening)→pathological outcomes (cognitive decline, liver injury-associated brain dysfunction)
	[116]

	Lactobacillus, Bacteroides, Faecalibacterium, Firmicutes
	Mouse
	Shifts
	Circadian disruption (shift work-induced)→gut microbiota changes: Lactobacillus (+), bacteroides (+), faecalibacterium (−), firmicutes (−)→microbial dysbiosis→intestinal barrier dysfunction (increased gut permeability, pro-inflammatory responses)→neuroinflammation and cognitive impairment (restoration of cognitive function with rifaximin treatment)→pathological outcomes (reversal of cognitive deficits with rifaximin through gut barrier protection)
	[117]

	Lactobacillus, Bacteroides, Firmicutes, Proteobacteria
	Mouse
	Anorexia
induced
	Circadian disruption (activity-based anorexia model)→gut microbiota and circadian clock changes: Lactobacillus (+), Bacteroides (+), Firmicutes (−), Proteobacteria (−)→circadian clock gene expression changes (sex-dependent differences in circadian clock gene expression in SCN, liver, ileum)→microbial dysbiosis (sex-dependent microbiota composition changes, more marked in females)→pathological outcomes (disruption in gut microbiota and circadian clock contributing to anorexia-related behaviors)
	[118]


Supplementary Table 9. Circadian regulation of microbiota in neuropsychiatric dysfunction and therapeutic targeting
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Akkermansia,  Clostridia, Alistipes, Firmicutes
	Mouse
	Light
	Circadian disruption (constant darkness)→gut microbiota changes: Akkermansia (+), Clostridia (−), Alistipes (+), Firmicutes (−)→microbial dysbiosis→intestinal barrier dysfunction (increased lps invasion into blood and brain)→neuroinflammation and cognitive impairment→pathological outcomes (restoration of cognitive function, reduced hippocampal neuroinflammation)
	[119]

	Bacteroides, Firmicutes, Proteobacteria, Actinobacteria
	Mouse
	Drug
	Circadian disruption (antibiotic-induced microbiome depletion)→gut microbiota changes: Bacteroides (+), Firmicutes (−), Proteobacteria (+), Actinobacteria (−)→microbial dysbiosis→disrupted metabolic cycles in brain (altered circadian rhythms of metabolites in the SCN, hippocampus, and cortex)→cognitive impairment (altered learning and memory)→pathological outcomes (cognitive deficits, altered brain metabolism)
	[120]

	Proteobacteria, Bacteroidetes, Firmicutes
	Mouse
	Drug
	[bookmark: OLE_LINK4]Circadian disruption (nanoplastics exposure)→gut microbiota changes: Proteobacteria (+), bacteroidetes (−), firmicutes (+)→microbial dysbiosis→altered circadian rhythms-related gene expression (Camk2g, Adcyap1, Per1)→neurotoxicity (reduced neuroplasticity, cognitive decline)→pathological outcomes (impaired learning and memory, neuroinflammation)
	[121]

	Muribaculaceae, Clostridia_UCG-014, Desulfovibrio
	Mouse
	Shifts
	Circadian disruption (night shift-induced)→gut microbiota changes: Muribaculaceae (+), clostridia_UCG-014 (+), Desulfovibrio (−)→ microbial dysbiosis→scfa production (acetate, butyrate)→intestinal barrier damage (decreased LPS transport to serum)→neuroinflammation suppression→pathological outcomes (reduced cognitive impairment, enhanced synaptic plasticity)
	[122]

	Akkermansia, Clostridiales, Ruminiclostridium
	Mouse
	Light
	Circadian disruption (continuous darkness)→gut microbiota changes: Akkermansia (+), clostridiales (−), ruminiclostridium (−)→microbial dysbiosis→restoration of gut homeostasis (enhanced microbial diversity, improved barrier function)→regulation of circadian clock genes (Bmal1, Clock, Per3)→pathological outcomes (improved circadian rhythms, cognitive function recovery)
	[123]

	Bacteroidetes, Firmicutes, Lactobacillus
	Mouse
	Light
	Circadian disruption (continuous darkness-induced)→gut microbiota changes: Bacteroidetes (+), Firmicutes (−), Lactobacillus (−)→microbial dysbiosis→scfa production (acetate, propionate)→improved metabolic function (improved insulin sensitivity, reduced glucose intolerance)→regulation of circadian clock genes (upregulation of Csnk1d, Clock, Per3, Cry2)→pathological outcomes (restoration of metabolic homeostasis, cognitive function improvement)
	[124]

	Proteobacteria, Bacteroidetes
	Mouse
	Surgery, Gene
	Circadian disruption (surgical or genetic disruption of brain rhythmicity)→gut microbiota changes: Proteobacteria (+), bacteroidetes (−)→microbial dysbiosis→disrupted gut ilc3 homeostasis (impaired epithelial reactivity, altered microbiome) → lipid metabolism disruption → pathological outcomes (increased susceptibility to infection, impaired gut defense)
	[32]


Supplementary Table 10. Dietary synchronizes gut microbiota clocks to alleviate metabolic dysfunction
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Firmicutes, Bacteroidetes, Allobaculum, Bifidobacterium
	Mouse
	Diet
	Circadian disruption (HFFD)→gut microbiota alterations: Firmicutes (±), Bacteroidetes (±), Allobaculum (+), Bifidobacterium (+)→glucose metabolism disruption (Pgc-1α, Glut2, g6pc, Pepck dysregulated)→restoration via capsaicin→metabolic homeostasis recovery
	[125]

	Ruminococcaceae, Lachnospiraceae
	Mouse
	Light
	Circadian disruption (shifted light-dark cycle)→metabolic syndrome (obesity, glucose intolerance, dyslipidemia)→gut microbiota changes: Increased butyrate producers (Ruminococcaceae, Lachnospiraceae)→oat β-glucan restoration→metabolic homeostasis recovery
	[126]

	Akkermansia, Lactobacillus, Bacteroides
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota changes: Akkermansia (↓), Lactobacillus (↓), Bacteroides (↓) → glucagon-like peptide 1 (glp-1) secretion (↑)→restoration of colonic circadian rhythms→improved insulin sensitivity→oat β-glucan treatment→reduction in inflammation and metabolic dysfunction.
	[127]

	—
	Mouse
	—
	Circadian disruption (alcohol-related liver disease) → ellagic acid treatment → npas2 upregulation in liver → microbiome reshaping → liver injury reduction → amelioration of alcohol-induced liver disease
	[128]

	Lachnospiraceae, Firmicutes
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota dysbiosis: Lachnospiraceae (↓), Firmicutes (↓) → ω-3 pufa supplementation→restoration of microbial rhythms→enhanced short-chain fatty acid production→improved lipid metabolism
	[129]

	Bifidobacterium, Akkermansia
	Mouse
	Feeding
	Circadian disruption (reversed feeding)→gut microbiota alterations: reduced diversity, inflammation-related bacteria (+), beneficial bacteria (Bifidobacterium, Akkermansia) (-)→lipid metabolism disruption (leptin↑, adiponectin↓, pparγ↑)→metabolic dysfunction (obesity, insulin resistance)
	[130]


Supplementary Table 11. Impact of circadian disruption on gut microbiota and its role in metabolic dysfunction
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	—
	Rat
	Drug
	Circadian disruption (glucocorticoid) → gut microbiota changes: Reduced diversity, inflammation-related bacteria (+), lipid metabolism disruption → lipid accumulation (leptin↑, adiponectin↓) → metabolic dysfunction (insulin resistance)
	[131]

	Firmicutes, Bacteroidetes
	Mouse
	Light
	Circadian disruption (shifts, genetic clock dysfunction) → gut microbiota changes: Firmicutes (↓), bacteroidetes (↑) → loss of microbial rhythmicity → increased body weight → dysregulated metabolism → microbiome transfer → restoration of rhythmicity and metabolic health
	[132]

	Bacteroidetes, Firmicutes
	Human
	Shifts
	Circadian disruption (night shift)→gut microbiota changes: Bacteroidetes (↓), firmicutes (↑)→microbial dysbiosis→metabolic risk: Insulin resistance, hyperlipidemia→gastrointestinal pathologies→increased risk for metabolic syndrome
	[133]

	—
	Human
	Sleep
	Circadian disruption (sleep deprivation, environmental cues)→loss of bile acid rhythmicity→impaired lipid metabolism →disruption in metabolic homeostasis
	[134]

	Firmicutes, Bacteroidetes
	Human and Mouse
	Jet lag, shift work
	Circadian disruption (jet lag, shift work)→gut microbiota changes: Firmicutes (↑), Bacteroidetes (↓)→loss of diurnal oscillations→microbial dysbiosis→metabolic dysregulation: obesity, insulin resistance→fecal transplantation (metabolic consequences transferred)
	[135]



Supplementary Table 12. Role of circadian rhythms in modulating gut microbiota and its impact on host metabolic regulation through microbial metabolites
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	—
	Mouse
	—
	Circadian disruption→gut microbiota changes → GLP-1 secretion disruption→impaired insulin secretion and glucose homeostasis→metabolic dysregulation
	[136]

	Lactobacillus, Clostridium
	Mouse
	—
	Circadian disruption (scfa deficiency) → gut microbiota changes: Lactobacillus (+), Clostridium (+) → HDAC3 inhibition → phase shifts in Bmal1 and Per2 expression → altered intestinal epithelial homeostasis → dysregulated metabolism and immunity
	[137]

	—
	Human
	—
	Circadian disruption (ulcerative colitis) → butyrate supplementation → circadian clock gene upregulation (Cry1, Cry2, Per1, Bmal1) → inflammation reduction ( crp, calprotectin) → improved sleep and quality of life
	[138]

	Firmicutes, Bacteroidetes
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota changes: Firmicutes (↑), Bacteroidetes (↓)→hepatic clock gene disruption (Bmal1, Clock)→impaired metabolism (insulin resistance)→restoration of microbial rhythmicity → improvement in metabolic function
	[139]

	Lachnospiraceae, Firmicutes
	Mouse
	Gene
	Circadian disruption (HDAC3 dysfunction)→gut microbiota changes: Lachnospiraceae (↓), Firmicutes (↑)→HDAC3-mediated metabolic rhythms→altered lipid absorption → increased fat storage and obesity
	[140]

	Faecalibacterium, Lachnospiraceae
	Mouse
	Gene
	Circadian disruption (Nfil3 dysfunction)→gut microbiota changes: Faecalibacterium (↓), Lachnospiraceae (↓)→Nfil3-mediated lipid metabolism→increased body fat and obesity
	[141]

	Firmicutes, Bacteroidetes, Akkermansia
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota changes: Firmicutes (+), Bacteroidetes (−), Akkermansia (↓)→inhibition of Tma production (Cutc inhibition) → rewiring of host circadian clock→increased energy expenditure→improved glucose tolerance→reduced adiposity
	[142]

	Firmicutes, Bacteroidetes
	Mouse
	—
	Circadian disruption (unrhythmic clock)→gut microbiota changes: firmicutes (↑), bacteroidetes (↓)→runx1 signaling in Ilc3→Ilc3 migration to intestine→fat storage (↑)→therapeutic targeting of runx1→reduction in obesity and fat storage
	[143]

	—
	Mouse
	—
	Circadian disruption (germ-free mice)→loss of sex-specific gene expression: liver (feminization in males, masculinization in females)→altered growth hormone secretion→dysregulated metabolism→sexual dimorphism loss in metabolism
	[144]


Supplementary Table 13. Circadian rhythms-mediated modulation of gut microbiota and its disease-specific interactions in metabolic regulation
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Lachnospiraceae, Ruminococcaceae
	Mouse
	Disease
	Circadian disruption (type 2 diabetes)→gut microbiota changes: Lachnospiraceae (↓), Ruminococcaceae (↓)→impaired GLP-1 sensitivity→altered clock gene expression (Per2, Cry2)→insulin dysregulation→impaired metabolic homeostasis
	[145]

	Akkermansia, Bifidobacterium, Oscillospira
	Mouse
	Disease
	Circadian disruption (type 2 diabetes) → gut microbiota changes: Akkermansia (↓), Bifidobacterium (↓), oscillospira (↓) → loss of diurnal oscillation → altered metabolic pathways: histidine, methionine/cysteine, TCA cycle → metabolic dysfunction → insulin resistance and dyslipidemia
	[146]

	Akkermansia, Bifidobacterium
	Mouse
	Diet
	Circadian disruption (maternal HFD) → gut microbiota changes: Akkermansia (−), Bifidobacterium (−) → glucose metabolism dysregulation (male offspring)
	[147]

	—
	Mouse
	Disease
	Circadian disruption (IBD-induced inflammation) → urolithin a treatment → clock gene rhythmicity (Bmal1, Per2) and tight junction expression → gut barrier function improvement → reduction in inflammatory markers (Iga, Calprotectin) → alleviation of IBDsymptoms
	[148]

	Firmicutes, Bacteroidetes
	Mouse
	Surgery
	Circadian disruption (ischemia-reperfusion surgery)→gut microbiota changes: Firmicutes (↓), Bacteroidetes (↑)→exacerbation of hepatic injury→increased ALT and AST levels→impaired liver regeneration
	[149]

	Bifidobacteria
	Human
	Feeding
	Circadian disruption (infant feeding patterns)→gut microbiota changes: Bifidobacteria (↑ with gos)→enhanced microbial rhythmicity→metabolite oscillations (acetate, propionate)→promotion of gut health→improved immune and metabolic function
	[150]


Supplementary Table 14. Therapeutic targeting of the circadian-microbiota axis for metabolic homeostasis
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Firmicutes, Bacteroidetes
	Mouse
	Light
	Circadian disruption (constant light exposure)→gut microbiota dysbiosis: Firmicutes (↓), Bacteroidetes (↑)→melatonin supplementation→restoration of hepatointestinal circadian rhythms→improvement in lipid homeostasis → reduction in obesity and insulin resistance
	[151]

	Firmicutes, Bacteroidetes
	Mouse
	Diet
	Circadian disruption (HFD)→gut microbiota dysbiosis: Firmicutes (↓), Bacteroidetes (↑)→agomelatine treatment→restoration of circadian rhythms→improved metabolic health→enhanced lipid and glucose metabolism
	[152]

	Prevotellaceae, Bacteroideaceae
	Human
	TRF
	Circadian disruption (TRF)→gut microbiota changes: Prevotellaceae (↑), Bacteroideaceae (↑)→activation of sirt1→enhanced circadian gene expression (Bmal1, Clock)→improved lipid profile→reduced metabolic risk
	[153]


Supplementary Table 15. Circadian regulation of gut microbiota in systemic homeostasis
	[bookmark: OLE_LINK12]System
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Pulmonary
	Lactobacillus, Bacillus, Bifidobacterium, Firmicutes, Bacteroidetes
	Mouse
	TRF
	Circadian disruption (TRF) → gut microbiota changes: Lactobacillus (+), Bacillus (+), Bifidobacterium (+), Firmicutes (+), Bacteroidetes (−) → immune and inflammatory pathways reprogramming → enhanced tumor suppression (↓lung tumor growth) → metabolome reprogramming (enhanced correlations between gut microbiota and key metabolites) → circadian rhythms recovery (Bmal1, Per2 diurnal shifts) → pathological outcomes (lung cancer suppression)
	[155]

	Circulation
	Firmicutes, Bacteroidetes, Lactobacillus johnsonii
	Mouse
	Sleep
	Circadian Disruption (Sleep Deprivation)→gut microbiota changes: Firmicutes/Bacteroidetes (+), Lactobacillus Johnsonii (−)→inflammatory mediators increased (Ccl2, Il-6, Il1β)→impaired cardiac repair→pathological inflammation→heart failure progression
	[156]

	Circulation
	—
	Mouse
	TRF
	Circadian disruption (mutant clockδ19/δ19 mice)→gut microbiota changes: disrupted diurnal rhythms→impaired cardiac remodeling→time-restricted feeding during wake phase→improved cardiac function (lv, hemodynamics)→heart failure recovery
	[157]

	Circulation
	Firmicutes, Bacteroidetes
	Rat
	Diet
	Circadian disruption (high salt diet)→gut microbiota changes: firmicutes (+), bacteroidetes (−)→BP rhythmicity altered (higher BP in dark phase) → renal damage (Lcn2, Kim1 elevated)→pathological hypertension and renal dysfunction
	[158]

	Circulation
	—
	Rat
	Diet
	Circadian disruption (high salt diet)→gut microbiota changes: decreased butyrate-producing bacteria→inflammation (colon, kidney)→hypertension, renal dysfunction→calcitriol administration→restoration of gut barrier, reduction in inflammation→ameliorated hypertension
	[159]

	Genital
	Clostridium sensu stricto 1, Ruminococcaceae UCG-010
	Rat
	Light
	Circadian disruption (constant darkness exposure) → gut microbiota changes: Clostridium Sensu Stricto 1 (−), Ruminococcaceae Ucg-010 (−) → increased capric acid production → galr1 activation → hepatic lipid accumulation (Srebp1 ↑, Nr1d1 ↓) → dyslipidemia amelioration → pathological outcomes (improved metabolic and hormonal function in pcos)
	[160]

	Genital
	Parasutterella, Corynebacterium, Odoribacter, Acinetobacter
	Rat
	Light
	Circadian disruption (continuous light exposure)→gut microbiota changes: Parasutterella (+), Corynebacterium (−), Odoribacter (−), Acinetobacter (−) → hormonal imbalance (increased testosterone, elevated AMH)→altered glucose metabolism (insulin resistance)→pcos-like phenotype (ovarian morphology, estrous cycle disruption)
	[161]

	Genital
	Clostridium sporogenes
	Mouse
	—
	Circadian regulation (gut microbial metabolites)→gut microbiota changes: clostridium sporogenes (+)→metabolite production (4-OH-PPA, PPA)→amplitude increase in per2 and bmal1 oscillation→phase shifting of circadian genes→peripheral and central clock disruption→pathological outcomes (disrupted physiological rhythms)
	[162]

	Genital
	Turicibacter
	Mouse
	Light
	Circadian disruption (continuous light exposure)→gut microbiota changes: turicibacter (+)→decreased bile acid (LCA)→vitamin d absorption impairment→reduced oocyte quality and embryonic development→melatonin/vitamin D3 rescue→pathological outcomes (improved oocyte quality, embryonic development)
	[163]

	Musculoskeletal
	Firmicutes
	Rat
	Diet
	Circadian regulation (dietary butyrate supplementation) → gut microbiota changes: Firmicutes (+)→increased Butyrate production→histone acetylation in muscle → upregulation of fatty acid oxidation genes→anti-obesity effects (weight reduction, enhanced metabolism)
	[164]

	Musculoskeletal
	Lactobacillus, Trytophan Metabolites
	Mouse
	Disease
	Circadian disruption (collagen-induced arthritis)→gut microbiota changes: lactobacillus (−), trytophan metabolites (−)→loss of rhythmicity in microbial metabolites→altered gut integrity→immune dysregulation→inflammation and disease worsening
	[165]

	Musculoskeletal
	Parabacteroides distasonis
	Human/Mouse
	TRF
	Circadian regulation (dietary timing)→gut microbiota changes: Parabacteroides distasonis (+)→glycitein release→Sirt5-NF-kB axis modulation→reduced inflammation (improved rheumatoid arthritis symptoms)
	[166]

	Musculoskeletal
	—
	Mouse
	Light
	Circadian disruption (circadian clock dysfunction)→gut microbiota changes: TCA (+)→enhanced glycolysis in mdscs→increased MDSC accumulation in lungs → accelerated cancer metastasis (tumor progression)
	[167]

	Skin
	Bacteroides, Firmicutes
	Mouse
	Sleep
	Circadian disruption (sleep restriction)→gut microbiota changes: Bacteroides (−), Firmicutes (+), propionic acid production (−)→skin barrier dysfunction (decreased ZO-1, claudin1, occludin) → oxidative stress (↑MDA, ↓antioxidant enzymes)→inflammation and skin damage→circadian disruption of clock genes (Bmal1, Per1, Cry2) in skin
	[168]

	Skin
	Bacteroides
	Mouse
	Drug
	Circadian restoration (melatonin supplementation) →gut microbiota restoration: Bacteroides (+), propionic acid production (+)→GPR43 activation in skin → enhanced skin barrier function (↑tight junction proteins)→reduction of inflammation (↓Il17a, ↑antioxidant enzymes)→restoration of circadian rhythms in skin (Bmal1 acrophase restoration, enhanced amplitude of clock genes)
	[168]


Supplementary Table 16. Circadian orchestration of microbiota in multi-system regulation
	System
	Microorganisms
	Species
	Circadian intervention
	Function and Mechanism
	Reference

	Oral
	Streptococcus, Prevotella
	Human
	—
	Circadian rhythms→microbial oscillations: streptococcus (+), prevotella (+)→metabolic functions (morning, e.g., vitamin biosynthesis, fatty acid synthesis)→environmental response (evening, e.g., transporters)→oral microbiome homeostasis→impact on health and disease
	[171]

	Oral
	Firmicutes, Bacteroidetes, Fusobacterium, Porphyromonas
	Human
	Sleep, Diet
	Circadian misalignment (forced desynchrony)→microbial changes: Firmicutes (−), Bacteroidetes (+), Fusobacterium (+), Porphyromonas (+)→increased inflammatory pathways→immune system activation→potential long-term metabolic and immune dysfunction
	[170]

	Oral
	—
	Human
	TRF
	Circadian disruption (late eating)→gut microbiota changes: increased pro-inflammatory bacteria→microbial diversity disruption→potential metabolic dysregulation (obesity, insulin resistance)
	[172]

	Urinary Tract
	—
	Mouse
	—
	Circadian disruption (germ-free mice)→urinary bladder microbiota changes→circadian genes (Per1, Per2) (+), ECM genes (Spon1, Spon2) (−)→bladder weight decrease (−25%)→disruption of urinary bladder function→pathological outcomes (bladder dysbiosis, immune alterations, bladder cancer risk)
	[173]

	Skin
	Pseudomonas, Streptococcus, Stenotrophomonas, Acinetobacter, Haemophilus, Neisseria
	Human
	Sleep
	Circadian disruption (late bedtime)→skin microbiota changes: Pseudomonas (+), Streptococcus (−), Stenotrophomonas (−), Acinetobacter (−), Haemophilus (−), Neisseria (−)→skin barrier dysfunction (↓skin hydration, ↑tewl, ↑sebum)→skin aging and reduced elasticity (↓firmness, ↓elasticity) → pathological outcomes (skin damage, impaired skin health)
	[174]

	Skin
	—
	Human
	Sleep
	Circadian disruption (sleep loss)→skin microbiota changes: dysbiosis (loss of beneficial bacteria, ↑pathogenic bacteria)→skin barrier dysfunction (↑oxidative stress, ↑tewl)→impaired skin regeneration (↓collagen synthesis, ↓healing) → disrupted drug absorption (↓enzymatic activity) → pathological outcomes (skin aging, worsened dermatological conditions)
	[175]




