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Circadian rhythms and the gut microbiome
synchronize the host’s metabolic response to diet
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SUMMARY

The molecular circadian clock and symbiotic host-microbe relationships both evolved as mechanisms that
enhance metabolic responses to environmental challenges. The gut microbiome benefits the host by
breaking down diet-derived nutrients indigestible by the host and generating microbiota-derived metabo-
lites that support host metabolism. Similarly, cellular circadian clocks optimize organismal physiology to
the environment by influencing the timing and coordination of metabolic processes. Host-microbe interac-
tions are influenced by dietary quality and timing, as well as daily light/dark cycles that entrain circadian
rhythms in the host. Together, the gut microbiome and the molecular circadian clock play a coordinated
role in neural processing, metabolism, adipogenesis, inflammation, and disease initiation and progression.
This review examines the bidirectional interactions between the circadian clock, gut microbiota, and host
metabolic systems and their effects on obesity and energy homeostasis. Directions for future research
and the development of therapies that leverage these systems to address metabolic disease are high-

lighted.

INTRODUCTION

The collection of microbes that live in our bodies, including bac-
teria, viruses, archaea, and fungi, compose the human micro-
biome (Carmody et al., 2015; Marchesi and Ravel, 2015). The
human body is comprised of unique mucosal microenviron-
ments, inhabited by multiple bacterial strains (Tropini et al.,
2017), each with distinct genomes that augment the innate hu-
man genetic potential by increasing responsivity to their environ-
ment (Lloyd-Price et al., 2017). At any given time, an estimated
500—1,000 bacterial species critical to human survival and
health co-exist within this human metaorganism (Locey and Len-
non, 2016).

The largest and most complex microbial community in humans
resides in the gastrointestinal (Gl) tract. Our relationship with the
Gl microbiota (GM; see Table 1 for a glossary of terms) is dynamic
and dependent on interactions between the host, the micro-
biome, and the response of host and microbial metabolism to
rhythmic fluctuations in environmental cues, in particular dietary
intake (Ley et al., 2006a). The GM undergoes diurnal changes in
community composition and corresponding changes in meta-
bolic function that are influenced by both the host’s circadian
rhythms and feeding behavior (Thaiss et al., 2014). Identifying
the mechanisms that regulate these rhythmic and bidirectional in-
teractions is an emerging and important area of study. This review
describes factors that modulate rhythmic host-microbe interac-
tions and their effects on host metabolic health, including gaps
in knowledge that, once filled, may lead to the development of mi-
crobial-derived timed therapies.

Gheck for
Updates

CIRCADIAN RHYTHMS

Circadian rhythms have been observed in organisms ranging
from primitive cyanobacteria to mammals (Bhadra et al., 2017).
Cellular endogenous circadian clocks allow for the rhythmic con-
trol of multiple physiological processes. The molecular circadian
clock mechanism consists of a network of transcriptional pace-
makers expressed in virtually all cells in the body. The molecular
machinery for the mammalian circadian clock (depicted in
Figure 1) is an auto-regulatory mechanism composed of inter-
locking transcriptional-translational feedback loops. Positive
and negative systems regulate rhythmic expression of the tran-
scriptional elements of the cellular circadian clock and, in turn,
produce rhythmic expression of downstream clock-controlled
genes (CCGs). The core components of the positive arm of the
clock’s molecular machinery include the activators, circadian lo-
comotor output cycles kaput (Clock) and brain and muscle
ARNT-like 1 (Bmal1), while the core repressors of the negative
arm of the system are the nuclear receptors, Period 1 and Period
2 (Per1/2) and Cryptochrome 1 and Cryptochrome 2 (Cry1/2).
The ancillary regulators, repressor nuclear receptor subfamily
1, group D, member 1 (Rev-erva), retinoic acid receptor-related
orphan receptor alpha (Rorc), nuclear factor interleukin-3-regu-
lated protein (Nfil3), and albumin D-box binding protein (dbp),
provide redundancy of function and secondary regulation to
the core clock (Takahashi, 2017).

The master, or central pacemaker, is located in the suprachi-
asmatic nuclei (SCN) of the anterior hypothalamus in the brain,
and is entrained by light/dark (LD) signals through the stimulation

Cell Metabolism 33, May 4, 2021 © 2021 Elsevier Inc. 873


mailto:mbray@austin.utexas.edu
https://doi.org/10.1016/j.cmet.2021.03.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmet.2021.03.015&domain=pdf

¢ CellPress

Cell Metabolism

Table 1. Glossary

Table 1. Continued

Brain and muscle ARNT-like
1 (BMAL1)

Circadian rhythm disruption

Circadian locomotor
output cycles kaput (CLOCK)

Circadian entrainment

Clock-controlled genes

Collaborative Cross

Cryptochromes (CRYSs)

Albumin D-box binding
protein (DBP)

A transcription factor that
possesses a basic helix-loop-helix
(bHLH) and two PER-ARNT-SIM
domains and dimerizes with
CLOCK to activate gene
expression by binding E-boxes in
target gene promoters.
Disruption of biological rhythms
that can occur because of
misalignment between
environmental cues and behavior,
or at the level of the molecular
clock, caused by genetic variants
(humans) or genetic disruption
(animal models).

A transcription factor with a basic
helix-loop-helix PER-ARNT-SIM
(bHLH-PAS) domain that
dimerizes with BMAL1 to initiate
transcription of circadian clock-
controlled genes.

The process in which the period of
an internal circadian clock is
entrained by an oscillatory
environmental signal or zeitgeber
(“time giver”).

Genes that have a rhythmic
expression pattern but are not part
of the feedback mechanisms that
regulate the core molecular clock.
Expression of transcription factors
can be under circadian clock
control, which may give their
target genes a circadian
expression profile.

Community effort to develop a
large panel of new recombinant
inbred (RI) mouse strains derived
from a genetically diverse set of
founder strains and designed
specifically for the study of
complex trait analysis (e.g., sleep
and obesity) (Churchill et al., 2004).
It addresses shortcomings of
currently available mouse strains:
small strain number, genetic
diversity limitations, and a
population structure that is not
ideal. Improvements in this mouse
colony look to revolutionize the
current understanding of system-
wide genetic interactions.

In mammals CRY proteins
associate with PER proteins to
inhibit BMAL1-CLOCK-mediated
transcription.

Member of the PAR leucine zipper
transcription factor family. Exhibits
robust rhythms in SCN and can
activate mPer1 expression.
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Diurnal

Dysbiosis

Kwashiorkor

MAMPs

Metagenome

Microbiota/microbiome

Nuclear factor interleukin-3-
regulated protein (NFIL3)

Period circadian protein
homolog 1 (PER1)

Oscillatory pattern that occurs
over the course of a 24 h day
entrained by an external zeitgeber,
such as light-dark signals.

Disruption of the homeostatic
composition of the bacterial
community in the human body.

A form of severe acute malnutrition
characterized by edema and an
enlarged liver with fatty infiltrates
as a consequence of inadequate
nutrient intake plus additional
environmental factors including
the gut microbiome.

Molecular structural components
or products of bacterial
metabolism that are sensed by the
host innate immune system and
activate an immune response in
defense of the microorganism.
Inadequate recognition of MAMPs
or failure to activate adequate PRR
responses can lead to
inflammatory diseases such as
allergies, asthma, atherosclerosis,
and inflammatory bowel diseases.

The collection of genomes of the
microorganisms that live in and on
our bodies, including bacteria,
viruses, archaea, and fungi.

The community of
microorganisms that are present in
a defined environment. The
members of the community are
identified using molecular
methods, such as sequencing of
the 16S rRNA, 18S rRNA, and/or
other marker genes and genomic
regions, which are unique across
bacterial taxa. Sequences
identified are assigned to a
microbial taxon (bacteria, archaea,
or lower eukaryotes) at different
taxonomic levels from phylum to
species using a variety of
bioinformatic tools and sequence
libraries.

Also known as E4BP4, a negative
transcriptional regulator that
represses transcription from
promoter by activating
transcription factor sites. Negative
regulator of circadian expression
of PER2 oscillation.

PAS (PER-ARNT-SIM) domain-
containing proteins that bind to
CRY proteins to inhibit BMAL1-
CLOCK-activated gene
expression. Paralogs include
PER2 and PERS.

(Continued on next page)
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Table 1. Continued

Table 1. Continued

Peripheral clocks

Postbiotic

Prebiotic

Probiotic

Reverse-erythroblastosis virus
(REV-ERB)

Shift work

Sleep disruption

Sleep restriction

Molecular circadian pacemakers
located in non-SCN tissues
including non-SCN brain
structures and peripheral organs
including liver, muscle, heart,
adipose tissue, and the Gl tract.

Beneficial preparation of non-
viable microorganisms and/or
their functional components
created by fermentation of live
microorganisms that are
subsequently deactivated, or
killed, and then dried into a
powder, to deliver positive health
benefits to the host. Other terms
used include parabiotic, non-
viable microbial cells, heat-killed
probiotics, or heat-treated
bacteria (Hernandez-Granados
and Franco-Robles, 2020;
Mayorgas et al., 2021; Vallejo-
Cordoba et al., 2020).

A substrate (non-digestible
compound) that is selectively
metabolized by the host
microorganisms, modulating
composition and/or activity of the
gut microbiota conferring a health
benefit (Gibson et al., 2017).

Live microorganisms that, when
administered in an adequate
amount, confer a health benefit to
the host; also known as live
biotherapeutic product (LBP), as
defined by the FDA (Cordaillat-
Simmons et al., 2020).

Transcriptional repressors that
bind to ROR response element
(RORE) motifs in the promoter to
regulate the rhythmic expression
of downstream targets. In
humans, the REV-ERBu. protein is
encoded by the NR7D1 gene and
its isoform REV-ERBS is encoded
by the NR1D2 gene.

Work that takes place on a
schedule outside the usual 8 a.m.—-
5 p.m. day, which may involve
evening or night shifts, early
morning shifts, and/or rotating
shifts.

Changes in sleep duration, timing,
or continuity mediated by external
factors.

Externally mediated reduction of
sleep duration.

Social jetlag Sleep restriction imposed by
social or work obligations; for
example, sleep loss due to
variation of sleep times between
weekday and weekend days and/
or short sleep duration caused by
forced wakefulness induced by

alarm clock use.

of the optic nerve (Figure 2) (Albrecht, 2012). The SCN clock pro-
vides temporal information through systemically secreted neuro-
transmitters to non-SCN clocks, located in other brain regions
and peripheral organs (Takahashi, 2017). The circadian system
controls activity at multiple levels. In multicellular organisms, be-
haviors requiring whole-organism coordination (e.g., arousal,
feeding behavior, and locomotor activity) exhibit diurnal patterns
of rhythmicity controlled by the circadian system, defining time-
dependent patterns of energy intake and expenditure
(Figure 3A). At the organ and tissue levels, metabolic fluxes (di-
rection and rate) are driven by anticipatory and responsive
mechanisms. The anticipatory mechanism is controlled by circa-
dian-regulated transcription factors, which control rhythmic pat-
terns of gene expression of metabolic enzymes. The responsive
mechanisms are triggered by the activation of cellular receptors
via signaling molecules (e.qg., glucocorticoids and insulin), many
of which have a pattern of diurnal variation controlled by the cen-
tral nervous system and the SCN. Rhythmic physiological signals
(i.e., metabolites and energy-related hormones) feed back to
induce epigenetic regulation, reinforcing and consolidating the
synchrony across peripheral circadian clocks. The hierarchy
and directionality existing between the different facets of the
circadian clock system and cellular metabolism allow for optimal
circadian rhythms (Figure 3B), by coordinating light exposure,
physical activity, feeding behavior, and sleep/wake cycles to
reach homeostasis.

Peripheral clocks respond to SCN-independent signals, such
as neurohumoral changes induced by fasting/feeding cycles
and physical activity (Kumar, 2017), including energy-related
hormones (e.g., ghrelin, leptin, insulin, and glucocorticoids)
and signaling pathways (e.g., AMP-activated protein kinase
[AMPK], peroxisome proliferator-activated receptors [PPARs],
and sirtuin-1 [SIRT1]). Peripheral clocks regulate local physi-
ology including hormonal secretion, immune response, and
digestion (Richards and Gumz, 2012), and the SCN signals
establish phase alignment for peripheral clocks (Gooley and
Chua, 2014). The presence of a transcriptional circadian clock
in virtually every cell in the body suggests that rhythmicity of
metabolic functions is a key component of health. Circadian
disruption (Figure 3C) occurs when behaviors like sleeping or
feeding are out of synchrony with the surrounding environment
(i.e., dark/light cycles), affecting the homeostatic state. A
growing body of epidemiological evidence suggests that a
sedentary lifestyle, a Western diet characterized as high in fat
and refined carbohydrates and low in fiber, and behaviors
that promote the disruption of the natural sleep/wake cycles
(e.g., shift work, chronic sleep restriction, and social jet lag; Ta-
ble 1) all contribute to the current worldwide epidemic of
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Figure 1. Circadian clock molecular mechanism for control of gene expression

Graphical representation of the core components of the molecular circadian clock and their interlocking feedback loops. The major arrows indicate the inter-
connection between individual components of the loops describing repression (negative regulation) and activation (positive regulation) of gene expression for
clock components. See Table 1 for a detailed description of the gene names for CLOCK; BMAL1; nuclear receptors REV-ERBa and ROR«; PER1, PER2, CRY1,

and CRY2; and NFIL3 and DBP.

overweight/obesity (Depner et al., 2014), cardiovascular dis-
ease (CVD), and other metabolic disorders (Broussard and
Van Cauter, 2016; Potter et al., 2016).

THE DYNAMIC GUT MICROBIOTA

Just as the molecular circadian clock has the potential to impact
multiple metabolic and physiological systems, the GM performs
numerous vital functions benefiting host health, including diges-
tion of complex polysaccharides, pathogen displacement, and
synthesis of vitamins (O’Neill et al., 2018). The GM is considered
a “microbial organ” and a major component of the enteroendo-
crine system due to its broad metabolic capacity and influence
on host health and energy homeostasis (i.e., nutrient sensing,
metabolic processes, satiety, and body weight regulation)
(Lyte, 2010; Reinehr and Roth, 2015). In humans and mice, the
GM is composed of two prominent phyla, Bacteroidetes and Fir-
micutes, which represent up to 90% of the host’s entire microbial
community (Turnbaugh et al., 2007). This relative simplicity at
higher taxonomic levels (i.e., phylum) masks enormous
complexity of composition and function given that the Gl tract
contains a diverse array of microbial habitats that are differenti-
ated by temporal and spatial variations in their environment.
Along the Gl tract, variations in chemical and nutrient gradi-
ents, compartmentalized host immune activity, and structure
(e.g., surface area and length) lead to different substrate avail-
ability and transit times that determine bacterial survival. The
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primary location of host-microbiome interactions in the Gl tract
is the intestinal mucusal layer, where microbial structural com-
ponents and metabolic products interact with the host’s nutri-
tional environment and intestinal cells (Dumas, 2011; Ha et al.,
2014). The microenvironment heterogeneity in the Gl tract is pre-
sent in its transverse axis, from the lumen to the mucosa. The
lumen harbors bacteria from numerous different species
including Bifidobacterium, Bacteroides, Enterobacteriaceae,
Streptococcus, Clostridium, Enterococcus, Lactobacillus, and
Ruminococcus. In contrast, mucin utilizers like some Clos-
tridium, Lactobacillus, Enterococcus, and Verrucomicrobia
species exist closer to the epithelium (Tailford et al., 2015). The
proximity of the mucin-degrading bacteria to the circulatory
and immune systems provides a prime location to influence their
host’s response to diet (Corfield, 2018).

In response to dietary inputs, bacterial members of the GM
signal the host epithelium through the secretion of metabolites
that are commonly referred to as microbial-associated molecular
patterns (MAMPs). MAMPS include short-chain fatty acids
(SCFAs) (i.e., acetate, butyrate, and propionate), polyamines
(e.g., spermine), amino acids (e.g., tyrosine and tryptophan)
and their fermentation products (e.g., taurine, histamine, and
indole), biotin, vitamin K, y-aminobutyric acid (GABA), bile acids
(host-secreted bile acids transferred into secondary bile acids),
and lipopolysaccharide (LPS) (Martin et al., 2012; Vernocchi
et al., 2016). All of these MAMPS can function as signaling mol-
ecules that may affect host metabolism and energy balance.
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Figure 2. The circadian clock system, energy balance, and the microbiome

The circadian clock system is composed of a hierarchical network of transcription factors. The central circadian clock is located in the suprachiasmatic nucleus
(SCN) in the hypothalamus in the brain and responds mainly to LD cycles in the environment, setting the timing for itself and the peripheral circadian clocks. Light
entrains the master clock of the host, whose rhythmic activity determines the timing of food intake. The SCN clock gates the timing of sleep and physical activity.
Neurohumoral signals secreted upon feeding then entrain peripheral circadian clocks and affect diurnal activity of the microbiome and its metabolic products.
Microbiome-derived metabolites influence host tissues and can mediate rhythmicity of the transcriptome of the host. Circadian rhythms underlie many in-
teractions between the microbiome and its host. The synchronization between the major components of the system, the microbiome, environment, and host

physiology is necessary for metabolic homeostasis and health.

SCFAs are a direct source of energy for the Gl tract epithelium
(Cait et al., 2018; Perry et al., 2016; Segers et al., 2019), and can
also reach the systemic circulation, modulating host metabolism
(Clarke et al., 2014). Butyrate is utilized as an energy source by
colonocytes, while propionate and acetate can be transported
to the liver for utilization in gluconeogenesis and lipogenesis
(Baothman et al., 2016). G protein-coupled receptors 41 and
43 (GPCR41/FFAR3 and GPCR43/FFAR2) have been identified
as important molecular targets for SCFA signaling (Hu et al.,
2018). Propionate activates GPCR43, promoting the secretion
of peptide tyrosine tyrosine (PYY) and glucagon-like peptide-1
(GLP-1) in the intestine, potentially modulating appetite in the
host (Psichas et al., 2015). Acetate may also improve insulin
resistance and energy balance through the activation of
GPCR41 in white adipose tissue (Inoue et al., 2014; Kasubuchi

et al., 2015), suppressing insulin-induced protein kinase B phos-
phorylation and inhibiting fat accumulation (Kimura et al., 2013).
Further evidence of the role that SCFAs and bile acids play in the
communication between the host and the GM has been previ-
ously reviewed by Frazier and Chang (2020). Overall, current
research suggests not only that the composition of the gut mi-
crobiota is associated with changes in metabolic activity in the
host, but more importantly, that individual microbial metabolic
products may play critical roles in normal physiology and dis-
ease pathogenesis (Ha et al., 2014).

CIRCADIAN RHYTHMS AND THE GUT MICROBIOME

The multidirectional interactions between host circadian rhythms,
nutritional and metabolic signals, and the gut microbiome form a
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Figure 3. Circadian partitioning of physiology and rhythmicity parameters
(A) A representative circadian rhythm possesses specific parameters illustrated by this cosine curve. A reference point in the curve relative to a fixed event (e.g.,
sunrise or lights on in a controlled system) is the phase. The time between two reference points is the period, and the difference between the peak value or the

trough value and the mesor (mean) is the amplitude.

(B) The circadian system allows for adequate partitioning of physiology corresponding with environmental signals coordinating metabolism, immunity, activity,

and feeding behavior with the organism’s environment.

(C) Environmental changes (e.g., changes in light exposure, food signals, and exercise) can affect the rhythmicity of gene expression under circadian clock
control. Possible changes to rhythmicity include loss or gain of rhythmicity, dampening or increase in the amplitude, phase advancement or delay, and base shift.

complex network that regulates metabolic homeostasis in the
host. While disruption in both circadian rhythmicity and the GM
is known to underlie many disease processes, Thaiss and col-
leagues were among the first to demonstrate the link between
the two. Significant, reproducible diurnal variations were
observed in the abundance of more than 15% of the bacterial
operational taxonomic units (OTU) identified from 16S
sequencing in fecal samples collected every 4-6 h for up to
4 days (Thaiss et al., 2014). Metagenomic profiling revealed that
certain genes and pathways (e.g., nucleotide metabolism, amino
acid metabolism, and mucus degradation) exhibited a strong
rhythmicity in abundance, indicating that not only the GM compo-
sition but also microbiota functionality vary over the course of the
day (Thaiss et al., 2014). It has since been robustly shown that
changes in the composition of the GM are influenced by both
the host’s dietary composition and nutrient load, as well as disrup-
tions in host fasting/feeding cycles (Leone etal., 2015; Liang et al.,
2015; Mukheriji et al., 2013; Osério, 2015; Thaiss et al., 2014; Voigt
et al., 2014). Thus, the GM plays an intricate role in optimizing
physiology and function in coordination with fluctuations in
nutrient availability over the course of a 24 h day.

The microenvironment in the Gl tract is in constant change un-
der the influence of the circadian system. Expression of clock
genes in the digestive organs occurs in different phases along
the cranio-caudal axes of the gut (Polidarova et al., 2009). The
proximal Gl tract appears to display an advanced phase
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(Figure 3B), compared to the tissues in the distal Gl, suggesting
that, as nutrients advance through the digestive system, they
entrain the proximal gut sooner than the distal gut (Tahara and
Shibata, 2013). Several intestinal functions, including enzyme ac-
tivity and self-renewal of intestinal epithelial cells, exhibit circa-
dian rhythmicity that can be entrained by food intake (Stokes
et al., 2017). The Gl system exhibits circadian patterns of gene
expression, secretion, and motility in vivo and in vitro (Hussain
and Pan, 2015), and gastric acid secretion, enzyme secretion,
and GI motility all show feeding time-dependent activities that
modulate the host-GM ecosystem (Pacha and Sumova, 2013).
Colonic moatility (e.g., colonic pressure, smooth muscle contrac-
tility, and stool output) has been shown to have a circadian
rhythm, with increased activity during the host’s active phase of
the LD cycle and minimal activity during the inactive phase (Hoo-
gerwerfetal., 2010; Tahara and Shibata, 2014). The GM can influ-
ence motor patterns of the Gl tract through the secretion of end
products of bacterial fermentation (e.g., SCFAs and deconju-
gated bile acids), neurotransmitter peptides, and inhibitory
neurotransmitter gas (i.e., nitric oxide) (Hoogerwerf, 2010; Quig-
ley, 2011). Recent evidence suggests that SCFA concentration
in feces is synchronized with Gpr43/41 expression in the colonic
muscle layer leading to SCFA-induced colonic motility in mice
(Segers et al., 2019). These findings have not been replicated in
humans, but provide a potential mechanism of bacterial metabo-
lite regulatory effects on physiological processes.
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In terms of structure, the mucus layer becomes denser toward
the distal end of the colon, and its thickness undergoes rhythmic
fluctuations, with the peak in thickness occurring during the inac-
tive phase of the LD cycle and the trough occurring during the
active phase of the LD cycle (Hattori and Arizono, 1988; Thaiss
et al., 2016). Diurnal fluctuations in mucus layer density affect
the composition of the microbial community associated with
the mucosa, and some members of the mucosal community
have been shown to present rhythmic patterns of epithelial
adherence (e.g., Mucispirillum schaedleri, Lactobacillus reuteri,
and Bacteroides acidifaciens) (Thaiss et al., 2016). Levels of bac-
teria colonizing the epithelial layer were up to 10-fold higher dur-
ing the active phase compared to the inactive phase of the LD
cycle (Thaiss et al., 2016). Thus, circadian rhythmicity in the
physical environment of the gut plays a key role regulating GM
abundance and composition.

Circadian control of Gl tract physiology affects the timing and
availability of nutrient substrates for bacterial growth, indirectly
affecting the rhythmicity and generation of products of bacterial
metabolism. The activities of brush border enzymes (e.g.,
maltase, leucyl naphthylamidase, sucrase, trehalase, and Y-glu-
tamyl transferase) (Stevenson et al., 1975) and the expression of
transporters involved in the absorption of macronutrients (Hus-
sain and Pan, 2015; lwashina et al., 2011) exhibit circadian rhyth-
micity that can be entrained to food intake. In mice, limiting
access to food to a 4 h window synchronizes brush border
enzyme peak activity, with sucrase and trehalase peaking before
feeding, and maltase, alkaline phosphatase, and Y-glutamyl
transferase peaking after feeding (Stevenson et al., 1975). In
mice under ad libitum feeding conditions, gene expression of
the major hexose transporters sodium/glucose co-transporter
1 (SGLT1), glucose transporter 2 (GLUT2), and glucose trans-
porter 5 (GLUT5) reaches maximum concentration levels during
the active phase of the LD cycle (Houghton et al., 2008). Lipid ab-
sorption in the mouse enterocyte has been shown to peak during
the active phase of the LD cycle and be lowest during the inactive
phase (Balakrishnan et al., 2012; Pacha and Sumova, 2013; Pan
and Hussain, 2007, 2012). Both SGLT1 and H*/peptide co-trans-
porter 1 (Pept?) protein are phase-entrained by food intake
(Balakrishnan et al., 2010), indicating that both protein and car-
bohydrate transport through the intestinal epithelium is directly
regulated by feeding cues (Pan et al., 2004). Although there is lit-
tle evidence that the GM affects transport of peptides in the small
intestine, dietary amino acids that escape absorption and reach
the large intestine can function as precursors for numerous
bacteria-derived metabolites that, in turn, can affect the gut-mi-
crobiome-immune axis as reviewed by Ma and Ma (2019). This
evidence suggests that enzymatic activity and nutrient absorp-
tion capacity in the intestine change in response to circadian
transcriptional regulation and feeding activity. Consequently,
the nutrients available to the microbial communities throughout
the intestinal tract may change, adding to the dynamic nature
of the host-GM interaction.

Transcriptional regulation of metabolic functions is a critical
factor linking the GM and the circadian clock. Recent evidence
suggests that GM-derived metabolites and circadian clock sig-
nals are able to control Gl motility and shape the microbial envi-
ronment in the gut (Kumar et al., 1986; Malloy et al., 2012), which
in turn may have time-specific effects in other peripheral organs.
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Thaiss et al. identified the temporal dynamics of the GM metab-
olome through metabolic profiling of cecal samples from wild-
type (WT) mice. They detected significant oscillations across
diverse chemical groups (e.g., lipids, amino acids, carbohy-
drates, vitamins, nucleotides, and xenobiotics). The diurnal
rhythms of microbiota-derived and -modulated metabolites
found in the intestinal tract were reflected in host serum metab-
olite levels (Thaiss et al., 2016), with the concentration in serum
of some metabolites featuring phase-shifted oscillations (e.g.,
threonine, ornithine, proline, and a-aminobutyric acid). Serum
metabolite analysis of germ-free and antibiotic-treated mice
showed that their diurnal oscillations were abolished in the
absence of the GM, suggesting the involvement of the GM in
the orchestration of metabolite fluctuation in the host. Disruption
of the GM community via antibiotic treatment altered normal
chromatin and transcriptional oscillations in the host, and
induced genome-wide de novo oscillations in gene expression
in both the intestine and liver (Thaiss et al., 2016). RNA
sequencing (RNA-seq) and chromatin immunoprecipitation
sequencing (ChIP-seq) analysis of liver and colonic epithelial
cells performed at 6 h intervals over 2 days from antibiotic-
treated and control mice demonstrated that the GM distally or-
chestrates hepatic transcriptome oscillations (Thaiss et al.,
2016). These studies provide evidence that the intestinal epithe-
lium undergoes rhythmic exposures to different bacterial species
and their metabolites, which may depend on circadian rhyth-
micity of Gl function of the host and feeding behavior.

CROSSTALK BETWEEN THE MICROBIOTA AND THE
CIRCADIAN CLOCK

Circadian-controlled rhythmic changes in gene expression allow
for the temporal partitioning of basic physiological functions
including the immune system. Markers of immune response
that have circadian patterns of expression, including pattern
recognition receptors (PRRs) (e.g., Toll-like receptors [TLRs]
and nucleotide-binding oligomerization domain [NOD]-like re-
ceptors), sense microorganisms through the detection of
MAMPS. Similarly, evidence suggests that gene expression in
microorganisms themselves (e.g., 10% of genes in Trypanosoma
brucei, a parasite responsible for sleeping sickness) can also
display circadian behavior (Rijo-Ferreira et al., 2017). The endog-
enous clock anticipates the daily fluctuation in the risk of infec-
tion inducing a stronger immune response at the beginning of
the active phase of the LD cycle (Curtis et al., 2014; Scheiermann
et al., 2018; Tognini et al., 2017).

The Gl tract and the GM work in close connection to transduce
multiple inputs, including light and nutrient availability, via MAMP
signals (Tognini et al., 2018). Potential signaling pathways
involved in the transduction of MAMP signals from the GM are
also involved in the activation of immunity in response to path-
ogen invasion and include c-Fos, TLRs, nuclear factor kB (NF-
kB), Jun N-terminal protein kinase (JNK), CyclinD, and
mitogen-activated protein kinase (MAPK) (Schaefer et al.,
2018). Beneficial members of the GM community may utilize
multiple established signaling pathways to influence host ho-
meostasis, including the rhythmicity of peripheral CCGs and
host gene expression. Using a model of antibiotic-induced
depletion of the GM, Mukherji et al. reported that the dialog
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between commensal bacteria and intestinal epithelial cells re-
quires both MAMPs from the GM and a functional circadian
clock to open a critical time window in which MAMP signals
can be transduced by pattern recognition receptors (e.g., TLRs
and NODs). RORa and RevErba convert an arrhythmic signal
into the rhythmic activation of TLRs, resulting in the circadian
activation of IKKB and JNK signaling pathways in intestinal
epithelial cells (Mukherji et al., 2013). Activation of IKKB and
JNK subsequently facilitates control of the temporal expression
of RORE and E-box-containing genes that encode for intestinal
epithelial cell homeostatic functions during the active phase of
the LD cycle, as well as D-box-containing genes during the inac-
tive phase of the LD cycle, creating a circadian pattern of gene
expression (Mukherji et al., 2013). Our current understanding of
innate rhythmicity of the GM composition (Thaiss et al., 2014,
2016; Weger et al., 2019) and the evidence of rhythmicity of
enteric bacterial gene expression (Paulose et al., 2016, 2019;
Sartor et al., 2019) suggest that timing and the circadian system
itself appear to be critical factors in establishing time-dependent
communication between the host and its GM.

The circadian clock system generates rhythms in gene
expression, in part, by altering the regulation of chromatin modi-
fication, and the GM may take advantage of this mechanism to
control host functions. Recently, Kuang et al. demonstrated
that the GM regulates the rhythmic expression of genes related
to nutrient uptake and metabolism in ileal intestinal epithelial
cells (IECs) by driving diurnal oscillations of histone acetylation
by histone deacetylase 3 (HDAC3) (Kuang et al., 2019). RNA-
seq and ChIP-seq analysis of histone acetylation marks repre-
senting active promoters and enhancers showed that histone
H3 lysine 9 acetylation (H3K9ac) and H3K27ac had synchronous
diurnal oscillating expression patterns in conventionally raised
animals, while acetylation marks in germ-free mice were consti-
tuitively high with decreased circadian amplitudes. Interestingly,
these effects were not observed in intestinal colonocytes (Kuang
et al., 2019). These experiments suggest chromatin modification
as a potential underlying mechanism between the GM and circa-
dian regulation of gut function.

GUT MICROBIOTA AND CIRCADIAN RHYTHMS IN
DISEASE

Alterations to the host-GM interactions during dysbiosis are hy-
pothesized to be important drivers of diet and inflammation-
related conditions, such as obesity, IBS, cancer, and CVD
(Avgerinos et al., 2019; McKenzie et al., 2017; Schaefer et al.,
2018; Shi et al., 2017). The multiple mechanisms described
above linking circadian rhythmicity to GM abundance and func-
tion provide a novel framework to understand the development
of pathological states associated with both circadian and GM
disruption.

Alterations in sleep-wake cycles

Sleep timing and structure are defined by both circadian and
sleep-homeostatic processes. The circadian clock system pro-
motes the time-gating of sleep to specific phases of the LD cycle.
The homeostatic process tracks sleep need and the propensity to
initiate sleep, which increase during the wake phase and
decrease during sleep (Franken and Dijk, 2009). Sleep-wake
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and activity rhythms in humans can be affected by circadian
gene variants (Hsu et al., 2015), which affect expression and
timing of circadian clock genes as well as their downstream tar-
gets. Environmental factors, such as an imposed working
schedule, jet lag, and seasonal changes in the timing of sunrise
and sunset, can disrupt the synchrony of clock-regulated sys-
tems regulating feeding and sleep behaviors, with negative ef-
fects on health. Shift work and other forms of sleep disruption
(e.g., sleep deprivation) are associated with increased snack
consumption (Heath et al., 2012), increased hunger (Schmid
et al., 2008), and alterations in the quality and timing of macronu-
trient consumption (Spaeth et al., 2013). Shift workers have been
reported to have higher rates of elevated blood pressure or hy-
pertension and a higher prevalence of type 2 diabetes compared
to day workers (Vetter et al., 2018). Further detail regarding the in-
terdependencies between sleep, circadian rhythms, and meta-
bolic cycles in the host has been previously discussed by Ray
and Reddy and can provide greater context to the discussion
below (Ray and Reddy, 2016). Altogether, evidence from humans
and animal models of circadian disruption have helped confirm a
link between circadian clock disruption, feeding behavior, and al-
terations in metabolic function.

In addition to circadian control of sleep, several examples
exist of the interaction between GM-derived MAMPs and sleep
behavior. Muramyl dipeptide, a major product of bacterial cell
wall breakdown, stimulates an inflammatory response via NOD
proteins (Zhou et al., 2019), mimicking serotonin and causing
drowsiness (Masek and Kadlec, 1983). Flagellin, another bacte-
rial product, has been shown to cause drowsiness via the activa-
tion of TLR5 (Hajam et al., 2017). Both NOD expression and TLR
response to MAMPs in IECs are under clock regulation (Froy and
Chapnik, 2007; Silver et al., 2012). These examples suggest a
more intricate control of sleep behavior than previously under-
stood, where both the circadian system and the GM play impor-
tant roles.

Comprehensive gene mapping studies of behavioral, physio-
logical, circadian, and molecular phenotypes, as well as microbi-
al abundance, conducted in a genetically diverse Collaborative
Cross (CC; see Table 1 for a detailed description) mouse colony
(Bubier et al., 2020), reported 41 disease-related behavioral and
physiological phenotypes associated with microbial abundance
and with sleep phenotypes. Over half of them (22) included differ-
ential abundance of Odoribacter spp. (order Bacteroidales, fam-
ily Porphyromonadaceae) (Bubier et al., 2020). Previous studies
have reported elevated abundance of Odoribacter, Prevotella,
and Rikenella in diabetic db/db mice, which are also prone to
sleep disturbances (Geurts et al., 2011). Reduction of Odori-
bacter abundance via antibiotic treatment in db/db mice was
subsequently shown to alter sleep phenotypes in a genotype-
dependent manner, increasing nighttime sleep in db/db mice,
comparied to WT and heterozygote animals (Bubier et al,
2020). These studies suggest that variation in microbial abun-
dance may be involved in the regulation of sleep architecture
and contribute to sleep- and metabolism-related pathologies.

The rhythmic oscillations in the composition of the gut micro-
biome appear to depend on light stimulation of the SCN, demon-
strating the interdependence of sleep/wake cycles and robust
GM rhythmicity. Mice fed ad libitum and housed under constant
dark for 2 weeks lost oscillations in the GM throughout the
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intestinal tract, while increasing abundance of Clostridia in the
small intestine, suggesting that light exposure is an upstream
factor necessary for normal circadian rhythmicity of the GM
(Wu et al., 2018). Consistent with these findings, experimental
evidence supports the GM as a mediator of the effects of sleep
disruption. For example, chronic circadian disruption induced
through a sleep fragmentation (SF) protocol (i.e., intermittent
sleep disruption without modifying total sleep duration) (Ramesh
and Gozal, 2009) in mice resulted in increased food intake, insu-
lin resistance, and white adipose mass and inflammation, as well
as microbial abundance changes specific to Clostridiales (with
80% belonging to the family of Lachnospiraceae), which re-
turned to normal when the SF protocol was discontinued (Po-
royko et al., 2016). Similarly, germ-free mice conventionalized
with microbiota from SF mice exhibited similar increases in hun-
ger and adipose tissue inflammatory response compared to con-
trol mice, suggesting that the physiological effects of SF were
mediated by the GM (Poroyko et al., 2016), and highlighting
feeding behavior as a potential connection between sleep and
the GM.

Feeding behavior and energy balance

Diet-derived signals (i.e., energy-related hormone release and
signaling pathways) can affect both feeding behavior patterns
and the rhythmicity of clock gene expression and their down-
stream targets, including metabolic genes. Mice fed a high-fat
diet (HFD) ad libitum not only gained body weight, but also
shifted food intake by consuming a larger proportion of total
calories during the normal rest period (Kohsaka et al., 2007).
In experimental settings, the desynchronization of feeding and
light signals (i.e., consumption of food during inactive phases
of the LD cycle) and/or genetic manipulation of clock core
genes have been shown to negatively affect both body compo-
sition and metabolism (Bray et al., 2013; Turek et al., 2005; Zar-
rinpar et al., 2016). Clock mutant mice display attenuated
diurnal rhythms of feeding behavior, altered glucose meta-
bolism, hyperphagia, obesity, and insulin insensitivity (Oishi
et al., 2006). Human studies of circadian clock genetic variants,
including CLOCK, BMAL1, PER2, and CRY2, have been linked
to metabolic syndrome, abdominal obesity, and altered glucose
homeostasis (Chavan et al., 2017). These reports provide evi-
dence that systemic and local perturbations to the circadian
clock system associated with food consumption could also un-
derlie the development of chronic metabolic disease (Minihane
et al., 2015).

Recent studies have shown that the GM may play a role in
host hunger and feeding behavior. Neurohormones, neuro-
transmitters, and their receptors (e.g., somatostatin, cortico-
tropin, and GABA) found in the enteric nervous system are
homologous to metabolites derived from bacteria in the gut
(Lyte, 2010). For example, colonic infusion of caseinolytic
peptidase B protein (ClpB), a bacterial protein homolog of
the satiety-inducing hormone a-melanocyte-stimulating hor-
mone (a«-MSH), acutely increased plasma PYY levels, sup-
pressed food intake, and chronically reduced meal size in
rats (Breton et al., 2016b). Patients with a variety of eating dis-
orders (i.e., anorexia nervosa, bulimia nervosa, and binge
eating disorders) were shown to have elevated plasma ClpB
levels, supporting a link between bacterial products and eating
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behavior in humans (Breton et al., 2016a; 2020). A recent study
by Yang et al. reported a negative association between levels
of SCFAs and lactic acid-producing bacteria (e.g., Ruminococ-
caceae and Lactobacillus) and average daily feed intake in a
porcine model, suggesting that bacterial species from the Pre-
votella taxon may be key players in the increase of host food
intake (Yang et al., 2018). In addition, the GM plays a role in
the regulation of tryptophan, an amino acid precursor of sero-
tonin, an important neurotransmitter in the host enteric and
central nervous systems associated with feeding behavior
(Yano et al., 2015). These studies suggest that products of mi-
crobial metabolism may contribute to the regulation of feeding
behavior and indirectly mediate circadian clock entrainment
(Kuang et al., 2019).

In humans, changes in microbial phylogenetic abundance can
be induced experimentally by increasing caloric intake (Jump-
ertz et al., 2011; Ley et al., 2006b; Turnbaugh et al., 2009). At
the same time, feeding behavior has been shown to modify the
oscillations of GM composition. Thaiss et al. reported that re-
stricting feeding to the active (dark) phase of the LD cycle in an-
imals eating normal chow mimics the microbial oscillations of ad
libitum-fed animals. Alternatively, imposing feeding time to the
inactive phase shifted the phase of normally cycling bacterial
groups by approximately 12 h in Bacteroides acidifaciens and
Lactobacillus reuteri (Thaiss et al., 2014). In a similar series of ex-
periments, Zarrinpar et al. compared normal chow ad libitum-fed
animals (NA) to HFD ad libitum-fed animals (FA) and time-
restricted high-fat-fed animals (FT) who had 8 h access to an
HFD between ZT13 and ZT21 (Zarrinpar et al., 2014). Lactoba-
cillus spp., previously associated with obesity and metabolic dis-
orders (Joyce et al., 2014), were cyclical in both NA and FT mice,
but not in FA mice. The FA group had a higher body fat percent-
age compared to the FT and NA groups. Ruminococcaceae
species, previously shown to protect against obesity and non-
alcoholic fatty liver disease (Raman et al., 2013), were signifi-
cantly more abundant in the FT compared to the FA group.
Thus, the timing of food intake influences daily fluctuations in mi-
crobial composition, a flexible process that can be lost or gained
in response to feeding behavior and may affect host gene
expression and energy balance.

The correlation between changes in microbial communities
and alterations in metabolic health markers (e.g., percent body
fat) in response to controlled timing of food intake suggests
that signals from both microbial metabolic products and the
host circadian system may be required for homeostatic mainte-
nance of metabolic health. Wang et al. recently delineated a
circuit linking the mechanisms of intestinal immune system
microbial recognition and cytokine signaling to the epithelial
circadian clock and lipid metabolism (Wang et al., 2017). Micro-
biota-derived molecules, flagellin, and LPS stimulate a pathway
that results in the repression of Nfil3 transcription (Wang et al.,
2017). NFIL3, a circadian transcription factor in IECs, appears
to control lipid absorption and export in IECs by regulating a suite
of genes associated with lipid uptake and metabolism (e.g.,
Cd36 and Scd1), promoting body fat accumulation and modi-
fying body composition of the host. This link between micro-
biota-modulated epithelial clock activity and lipid metabolism
could help explain the connection between circadian disruption
and metabolic disease.
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Disease diagnosis and therapeutic treatment

In humans, a number of Gl diseases, including gastric
dyspepsia, inflammatory bowel disease, irritable bowel syn-
drome, and gastresophageal reflux disease, are associated
with both the disruption of circadian rhythms and alterations in
the composition of the GM (Corning et al., 2018; Kennedy
et al., 2014; Zhu et al., 2013). Recently, Reitmeier et al. reported
that loss of rhythmicity in the abundance of specific taxa in the
GM could robustly predict type 2 diabetes in multiple adult co-
horts, most effectively in combination with BMI and independent
of dietary intake (Reitmeier et al., 2020). They identified time of
defecation as one of the most important factors explaining in-
ter-individual variation in the microbiota structure, providing ev-
idence in humans of the link between circadian rhythms, the GM,
and disease. Reitmeier et al. utilized time-stamped stool data
from a large well-phenotyped cohort (i.e., Kooperative Gesund-
heitsforschung in der Region Augsburg [KORA]) to predict the
host health status, by identifying disruption of the “reas-
sembled” microbial rhythmicity. They trained a machine learning
model to identify 14 rhythmic bacterial OTUs that could predict
type 2 diabetes status of the host. The model was used to vali-
date risk profiles in multiple prospective cohorts, predicting
type 2 diabetes successfully but failing to predict host obesity,
providing evidence that obesity and type 2 diabetes possess
distinct microbial and time-dependent signatures. Given the
strong links between diurnal variations of GM composition and
disease etiology, the GM may be a plausible diagnostic tool for
tracking disease progression in humans.

The GM has also been shown to mediate the positive effects of
pharmaceutical therapies on host metabolism. A recent study in
type 2 diabetes mellitus patients found that the glucose-lowering
effect of the antidiabetic drug metformin results, at least in part,
from its capacity to modulate the GM (Sun et al., 2018). Through
metagenomic and metabolomic analysis of fecal samples, met-
formin treatment was shown to downregulate bile salt hydrolase
activity by decreasing Bacteroides fragilis in the GM, resulting in
an increase of glycoursodeoxycholic acid. Metformin treatment
in mice replicated changes in bile acids seen in humans accom-
panied by inhibition of farsenoid X receptor (FXR) signaling (a
molecular bridge between the liver and small intestine), indepen-
dent of AMPK. In humans, the abundance of Bacteroides fragilis
was correlated with serum FXR-fibroblast growth factor 19, indi-
cating that the changes observed in FXR signaling may be a
result of changes in bile acid composition in the gut induced
by changes in the GM. The study further demonstrates the
importance of the GM in the treatment of obesity-induced
glucose intolerance and insulin resistance. In both humans and
animals, the GM appears to play a critical role in clock-diet inter-
play regulating metabolic health. As our understanding of the
GM, circadian rhythms, and their separate and combined impact
on human health continues to evolve, the potential for the devel-
opment of therapeutic treatments based on the GM grows expo-
nentially.

Developing efficacious therapeutic interventions that modify a
complex environment like that of the Gl poses a significant chal-
lenge. However, our increasing molecular understanding of the
circadian clock and its effects on the metabolic function of the
host is opening new frontiers in drug/therapy development with
the circadian system as a key player. In the near future, the
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key to attenuating the epidemic of metabolic disease may be
found in pharmaceutical therapies or dietary interventions de-
signed to strategically modulate the GM to minimize the effects
of chronic circadian disruption. Scientists have already identified
potential therapies that include bacterial components and/or
bacterial-derived small molecules to improve health outcomes
in metabolic disease (Cani and Delzenne, 2011; Cavalcanti
Neto et al., 2018; Gokhale and Bhaduri, 2020; Wallace and Red-
inbo, 2013). The use of Hafnia alvei HA4597 in the regulation of
satiety through the activation of «-MSH and PYY pathways via
the secretion of ClpB is one example of a successful probiotic
therapy (Fetissov, 2017; Lucas et al.,, 2019). A placebo-
controlled clinical trial demonstrated efficacy of HA4597 in addi-
tion to a hypocaloric diet (—20% kcal) in inducing up to 5%
weight loss and a significant reduction in hip circumference in
humans, as well as increasing feelings of fullness after 3 months
of use. The moderate weight loss after treatment was accompa-
nied by improved markers of metabolic health including
improved glycemic control (measured by insulin tolerance test)
and lower total and LDL cholesterol in plasma, compared to pla-
cebo controls (Fetissov et al., 2019, 2020; Veiga et al., 2020).
HA4597 exemplifies the use of microbial adjuvants in the
improvement of the efficacy of behavioral therapy for the treat-
ment of metabolic disease.

A new generation of therapeutics referred to as postbiotics
(i.e., SCFAs, microbial cell fractions, functional proteins, extra-
cellular polysaccharides [EPS], cell lysates, and whole fermenta-
tion broth) are an increasing focus of research and development
efforts toward effective microbial-derived treatments (Piqué
etal., 2019). Postbiotics may overcome the challenges of coloni-
zation, dosing, and interindividual GM community structure
variation that have limited the effectiveness of pro-, pre-, and
symbiotic therapies. These challenges have been extensively re-
viewed previously by Segal and Elinav (Suez et al., 2019).

A promising example of the therapeutic potential of postbiotic
products on host metabolism is the use of Akkermansia mucini-
phila-derived postbiotics to improve health outcomes in obesity
and type 2 diabetes (Anhé and Marette, 2017; Anhé et al., 2019).
In animal models, administration of the purified membrane pro-
tein of A. muciniphila improved gut barrier function and reduced
fat mass development, insulin resistance, and dyslipidemia, with
pasteurization of the bacterium enhancing its effectiveness
(Anhé and Marette, 2017). In a preliminary randomized, dou-
ble-blind, placebo-controlled study of overweight and obese in-
sulin-resistant individuals (n = 40), supplementation of either live
or pasteurized A. muciniphila improved insulin sensitivity and
reduced insulinemia and total plasma cholesterol after 3 months
of supplementation, without altering GM community structure
(Depommier et al., 2019). The mechanism of action of postbiotic
treatment occurs via the interaction of Amuc_1100, a protein iso-
lated from the outer membrane of A. muciniphila with TLR2,
whose expression is controlled by the circadian clock (de Kivit
et al., 2014). The underlying mechanism highlights the impor-
tance of understanding the connection between the circadian
system and GM in the development of efficacious GM-derived
therapeutics, with timing of therapy administration potentially
playing a role in treatment efficacy.

In addition to molecular therapies, daily behavior patterns may
affect the interaction between the gut microbiome and host
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metabolism. The timing of food intake and sleep are two simple
mechanisms through which we could potentially modify the ef-
fects of microbial byproducts on health. For example, restricting
access to food to the active phase of the LD cycle in animal
models promotes robust circadian and metabolic cycles (Satoh
et al., 2006; Vollmers et al., 2009) (i.e., liver transcriptome, oxy-
gen consumption rate, and respiratory exchange ratio [RER]),
and such restriction has also been shown to restore fluctuations
in the proportions of bacterial families in the GM associated with
host metabolism (Zarrinpar et al., 2014). We have previously re-
ported that animals presented with time-of-day restricted
“meals” of different macronutrient composition (high or low fat)
during the first and last 4 h of their waking period for 12 weeks
demonstrated dramatically different metabolic outcomes, de-
pending on the composition of the meals. A high-fat meal
(45% calories from fat) given at the beginning of the waking
period, combined with a low-fat meal at the last 4 h of the waking
period, was associated with greater metabolic flexibility
compared to mice eating the opposite regimen (Bray et al.,
2010). In humans, we have shown that the consumption of a
high-fat breakfast over 4 weeks increases 24-h fat oxidation
(based on RER), without affecting serum total cholesterol and
LDL cholesterol (Bush et al., 2018). Participants consuming a
high-carbohydrate breakfast had a higher RER, higher fasting in-
sulin and glucose, and lower insulin sensitivity, supporting our
observations that a high-carbohydrate waking meal may impair
metabolic flexibility (Bush et al., 2018). Our findings support
the hypothesis that poor host metabolic outcomes are the result
of asynchronous feeding signals, out of coordination with the
light entrained circadian clock-driven anticipatory mechanisms
regulating nutrient absorption and utilization, which may indi-
rectly affect GM composition throughout the day. Small, achiev-
able changes in behavior (e.g., changing timing of macronutrient
consumption and improved sleep hygene) that modulate GM
signaling may harness innate biology to overcome the obeso-
genic environment that imposes a potential detriment to human
health.

FUTURE DIRECTIONS

We have begun to understand the influence that meal timing and
macronutrient load have on the synchronization of behavioral
and physiological processes including the interactions among
the host, GM, and downstream metabolic effects. The interac-
tion between diet, the circadian system, and the GM highlights
the importance of a time-related framework in GM study designs
and data collection in order to draw causal conclusions of the
health effects of nutritional or pharmaceutical interventions. Cur-
rent research has focused on the characterization of a “healthy”
microbiome and on the impact of probiotic and prebiotic thera-
pies on the GM community. Nevertheless, many available GM
human studies may be deficient in terms of study design and
execution, given that the timing of host-microbiome interactions
is not considered. To develop effective therapeutic interventions
and conduct a precise assessment of their effects, the timing of
food intake, nutritional quality and quantity, and the time of sam-
ple collection should be taken into consideration.

Detailed dietary intake data should be collected from observa-
tional studies where diet is a confounder, going beyond diet
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quality and quantity, including other aspects of the food environ-
ment like meal timing, duration, and even location (Johnson
et al., 2020). In terms of GM sampling, timing is highly relevant
since Gl transit time varies greatly from person to person, and
timing of defecation has been shown to be a significant factor ex-
plaining interindividual variations in microbiota structure (Reit-
meier et al., 2020). Data related to bowel movement frequency
and habits and timing of collection should be included in future
study designs (Johnson et al., 2020). The demands of the work
required are justified by the opportunity to develop behavioral in-
terventions or novel therapies that target the GM to treat a
diverse array of conditions, including cancer, CVD, obesity,
and diabetes (Albenberg and Wu, 2014). The research described
in this review not only opens the door to the development of
behavioral therapies and drug designs based on microbial me-
tabolites or modifications of the microbial environments in our
gut, but more importantly, provides the framework to synchro-
nize therapeutic and behavioral interventions to the endogenous
circadian system and, thereby, maximize host health outcomes
in obesity and metabolic disease.
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