
glucagon synthesis/secretion

G6Pase       glucose release

GPK              glycogen phosphorylase             glycogenolysis

GSK3               glycogen synthase (GS)              glycogenesis

SREBP2       HMGCR       cholesterol

TG       lipolysis       FAs       FAO       ATP

LIVER - Fasting LIVER - Feeding

Insulin inhibition
of FOXO

Circadian
dissonance

skeletal muscle
differentiation

Mitochondrial
biogenesis

Redox induced
insulin secretion

Hepatic steatosis
Anotomical hallmark of

insulin resistance

 circulating TGs      VLDL - TG
Lipocentric criteria of

insulin resistance

P13K/Akt

ACC, FAs       de novo lipogenesis       TGs       VLDL particle synthesis

GSK          GS           glycogenesis

GPK          GP           glycogenolysis

PEPCK/G6Pase       inhibits gluconeogenesis
+ glucose release

ChREBP
SREBP1c

CYP7A1, CYP27A1, CYP8B1
bile acids

PANCREAS - Fasting PANCREAS - Feeding BROWN ADIPOSE TISSUE - Fasting

insulin synthesis/secretion

insulin biosynthesis

glucagon secretion GSIS

FABP1(GPR40) FA induced insulin secretion

Exocrine release of digestive enzymes

FAO       ATP (energy production)

UCP-1          energy expenditure / thermogenesis

SKELETAL MUSCLE - Fasting SKELETAL MUSCLE - Feeding

WHITE ADIPOSE TISSUE - Fasting

INTESTINAL MICROBIOTA - Fasting

BRAIN - Fasting BRAIN - Feeding

WHITE ADIPOSE TISSUE - Feeding

GLUT4 translocation           ISGU

FAs fuel source       FAO       ATP

HSL       lipolysis       glycerol

TGs       FAs       FAO       ATP

muscle mass
exercise tolerance(   VO2max + insulin sensitivity)
physiological fitness

Mitochondrial oxidative phosphorylation
GLUT4 translocation
ISGU protein synthesis
Lipogenesis
Glycogenesis
Anti-apoptosis / cell cycle replication

   IRS1/2 activation

ADRENALINE - Fasting

epinephrine

ENTEROCYTE - Feeding

FABP1 , GPR40

Promotes release of bile

GLP1
CCK

Adipocyte differentiation

The average lifespan of a bacterial microbe in the gut is about 12 hours, the time it takes
for cell replication. Intermittent fasting of 12-16 hours per day promotes a favorable
microbial composition and diversity that is temporally aligned to be synchronized and
optimal for metabolism and physiology. 

Satiety
The greater the adiposity mass, the greater
the leptin secretion from adipose stores
correlating with the robustness of the satiety
response. Once the threshold of the adiposity
that results in leptin resistance is surpassed,
typically following insulin resistance, the
relationship between leptin secretion and
satiety becomes inverted.

Hunger
The similar time scales but opposite effects
may be an evolutionary design such that 
orexigenic effect of ghrelin is offset by the 
satiety effect of leptin to prevent disruption of
the sleep state by awakening hungry.

Enteric clocks receive input from circulating
and neural signals originating from the SCN 
master clock, nutrients, and microbiotas.
There are diurnal patterns of both microbiota
and their associated microbiome
mediated functions.ChREBP

SREBP1c

Peak 1:00 am
POMC anorexic neuron
NPY/AgRP orexigenic neurons

Peak 1:00 am
POMC anorexic neuron
NPY/AgRP orexigenic neurons

postprandial
POMC anorexic neuron
NPY/AgRP orexigenic neurons

c/EBPα,β        PPARγ        adipogenesis

de novo FAs       TG lipogenesis

The microbiota as a virtual organ with circadian
rythms intricately integrated with the enterocyte
and whole body metabolic physiology.

Satiety
The greater the addiposity mass, the greater
the insulin secretion from the pancreatic beta
cells, correlating with robustness of the 
satiety response. However, this correlation 
becomes inversely related once the adiposity
mass is sufficiently excessing to cause insulin
resistance. 

FO
XO

Energy humoral signals

Adiposity satiety signals

Insulin

Leptin

Enteroendocrine 
satiety signals

GLP-1

PYY, other

Hunger signal

Ghrelin

Levels rise through day and night.
8am + peak later due to accumulated
energy stores throughout the day.

Post-prandial rise

ANS regulation

Hormones

Insulin

Glucagon

Leptin

Energy Nutrients

Glucose

Fatty Acids

Amino Acids

Oxysterols

Cholesterol

Ketone bodies

Bile Acids

Enzymes

GS

GSK

GPK

Cyp7A1

UCP-1

AMPK

REV-ERBα

RORs

PPARγ
Adipogenesis, insulin sensitivity
Lipid storage

RXR Heterodimer
to

FA uptake, transport, oxidation,
ketone bodies

AT

liver
muscle

liver
muscle

liver
muscle

liver
intestine 

FA and glucose oxidation
mitochondrial function

Mitochondrial function

BA metabolism, lipid and 
glucose homeostasis

Cholesterol transport

Gluconeogenesis
Inflammation

PPARα

FXR

LXR

GR

ERRα

PPARβ/δ

FASTING / FEEDING CYCLE

Select Nuclear Hormone Receptors
(NHRS)

Shape food anticipatory behavior towards time
restricted patterns optimally synchronized for
total body circadian physiology

Most potent zeitgeber for the peripheral clocks.
See enterocyte entry for more information.

Core circadian clock components

Crosstalk between circadian clocks 
metabolism, s muscle and adipocyte
differentiation and thermogenesis

AMPK
SIRT1

The loss of synchronized
cyclicity, as occurs with aging
and under pathological stress
conditions, is illustrated by the
cycle (bold green arrow)
not returning to its initial
starting point. There are many
studies showing that several
NHR, such as the PPARs, 
decrease in expression and 
activity with aging.

Temporally
synchronized
circadian and
metabolic
pathways

Coordinated 
environmental cues

(Light/Food)

Misaligned
environmental cues

Entrainment of internal clocks
with environment

(Light/Dark and Temperature)

Oscillating molecular 
circadian clocks autonomously 
obey an intrinsically driven 
temporal rhythm.  Rest/activity 
patterns are entrained to 
light/dark and temperature 
cycles, and in turn, mediate 
patterns of fasting/feeding. 
Together, these behavioral
patterns with direct and 
inderect cues from the master 
clock coordinate tissue-specific
rhythms. Thus, the circadian 
system has both self-sustained 
oscillators and incorporated 
environmental inputs that act in
concert to impose rest/activity
and feeding/fasting cycles.

Temporally
desynchronized
circadian and 
metabolic
pathways 

Redox
disturbance 

Sleep-wake cycle

Cognition cycle

Orexins & Neuropeptides
are released from PVN to:

VTA brainstem
pons

Brainstem
medulla

Raphe nuclei
(Serotonin - releasing
neurons)

IML horn spinal cord

Arousal
Attention
Vigilance

Sympathetic 
nervous system

Vaso-constricted
bloodflow

Heat retention
(enhanced energy
of thermogenesis)

Thermogenic
heat generation

BAT

PFC
(cognition)

Amygdala
(emotion)

“emotion
over
cognition”

“cognition
over
emotion”

calibrate
against
energy
expenseive
reproduction

Conserve
heat loss to
     ATP
production

Fear
panic
anxiety LHA PVN

Area
Postrema
(medulla)

Origin of Parasympathetic
(rest & digest) nervous
system

Origin of sympathetic
(fight or flight) nervous
system

Sympathetic nervous
system

Parasympatheric nervous
system (Vagus afferent
carries signals of energy 
state)

Autonomic peripheral
nervous system

LC/NS VLM

Pre-autonomic

Energy Imbalance

Core Molecular Clock

BMAL 1 /
CLOCK

BMAL 1

PERs 1,2,3

PER / CRY

CRY 1,2

Clock Controlled Gene

=   BMAL1/ CLOCK bind to E-Box to promote
      transcription. They are then translated
      into proteins

REV-ERBα

RORα

Cellular molecular clock:
Circadian transcriptional-
translation feedback loop.

Too little Too much

Pro-inflammatory
proteins

Stress
response

Pre-autonomic/
autonomic &
hormonal

Chronic
perceived
stress

Acute
perceived
stress

Emotional
limbic system

Metabolic circuits 
go awry

Central cycles of sleep/wake
cognitive, and hormone
desynchronize and uncouple
from circadian rhythms 
disturbing the fasting/feeding
cycle and becoming 
dissonant from light/dark

Neuroendocrine axes

Hypothalamus

HPA

HPG

HPT

SIRT - 1

Cortisol DHEA

Nutrition
depletion
stress

Pituitary

GH

Liver

IGF

Overnutrition stress
promotes IGF-1
resistance to GH

Insulin secretion 
and insuline signaling

Insulin Resistance

LC/NE
(Norepinephrine
releasing neurons)

VTA (dopamine-
releasing neurons)
predominately
release neurons
into nucleus
accumbens and 
PFC, driving 
reward and 
motivating
behavior

Pleasure experience (reward)
in excess

Increase calorie
density, poor quality

Addictive behavior
(food, drugs, alcohol,
money, sex, etc.)

Major Extrinsic Time-Givers (Zeitgebers) Most potent Zeitgeber for Master Clock: Light / Dark Cycle Most potent Zeitgeber for Peripheral Clocks: Fasting / Feeding Cycle

Free
energy

Inflammation 

Increased adiposity

Insulin resistance,
hyperinsulinemia,
     HPA activity,
hypercortisolemia

Relative
hyperinsulinemia
(redundant)

Impaired fasting
glucose + 
glucose intolerance

Absolute 
Insulinopenia

Type 2 diabetes

HTN, dyslipidemia, CAD,
cancers, cognitive decline,
dementia

Redox and 
energy
homeostasis

Alternating shifts of
exposure to artificial light 
at night desynchronizes 
SCN from natural L/D 
cues via the eyes and
retinohypothalamic tract

Consistent patterns
of light/dark allow
for the SCN to
coordinate with 
the environment.

Predisposing extrinsic
control parameters
to metabolic disease
states (e.g. obesity, 
MS, T2D, CVD, and
cancers)

Master Clock = SCN of hypothalamus

Hypothalamic and other brain oscillators Peripheral oscillators (all tissues and virtually all cells)

Disrupted temporal
regulation of feeding
signals exaggerates the
stress response and
maladaptive behaviors, 
reciprocally self-amplifying

Coordinated, robust
rhythms throughout
the body optimizes
metabolism, sleep,
the immune system,
and overall health.

Properly timed (eating during active phase) 
and consistent feeding/fasting patterns 
coordinate central and peripheral clocks
to increase the amplitude of metabolic
rhythms.

Night-time eating desynchronizes
SCN master clock from 2º central
and peripheral clocks. Additionally,
excess calories, HDF, and other
inflammatory dietary components
e.g. non food processing
desynchronizes SCN clock from 2º
central and peripheral clocks. This
may promote obesity exponentially
related to the calorie intake.

Inadequate quantity or quality of
sleep desynchronizes SCN clock
from 2º central and peripheral
clocks and promotes emotional
eating patterns which potentiate
this desynchronizing effect

Coordination of internal
rhythms with the 
environment optimizes
health, reproduction,
and survival

Calibrated energy balance to
appetite regulations, total body
homeostasis,  and allostasis 
(stress response)

DMV    NTS
(medulla/brainstem) 

Hypothalamus

Arcuate nucleus = 
central metabolic
integration center

Median eminence =
link to pituitary

autonomosly cycled

entrains
entrains

entrains

Pre-autonomic
adrenergic fibers

Direct and inderect(     sympathetic,      parasympathetic activation) insulin  inhibition.

Follows a similar diurnal circadian timecourse as leptin
with the exception of interprandial rises and preprandial
peaks in the case of ghrelin (perhaps anticipatory in nature)

= time / clock regulation

= nervous system regulation

= (susceptibility to) disease

= health / homeostasis

= fasting state

= feeding state

= inhibitory pathway
= primary pathway
= secondary pathway
= RXR heterodimer connections
= energy nutrients connections
= fasting / feeding cycle
   

ACC = acetyl-CoA carboxylase
AMPK = AMP-activated protein kinase
ANS = autonomic nervous system
AT = adipose tissue
ATP = adenosine triphosphate
BA = bile acid
BAT = brown adipose tissue
BMAL1 = brain and muscle Arnt-like protein-1
CAD = coronary artery disease
CCK = cholecystokinin
C/EBPα/ß = CCAAT/enhancer-binding protein α/ß
CRY1/2= cryptochrome circadian regulator 1/2
CVD = cardiovascular disease
CYP7A1 = cholesterol 7α hydroxylase
CYP27A1 = cytochrome P450 Family 27 Subfamily A
Member 1
CYP8B1 = cytochrome P450 Family 8 Subfamily B
Member 1
DHEA = dehydroepiandrosterone
DMV = dorsal motor nucleus
ERRα = estrogen related receptor α
FA = fatty acid
FAB1 = fatty acid oxidation
FAO = fatty acid oxidation
FOXO = Forkhead Box O
FXR = farnesoid X receptor
GLP-1 = glucagon-like peptide-1
GH = growth hormone
GLUT4 = glucose transporter 4
GPK = glycogen phosphorylase kinase
GR = glucocorticoid receptor
GS = glycogen synthase
GSIS = glucose-stimulated insulin secretion
GSK(3) = glycogen synthase kinase (3)
G6Pase = glucose-6-phosphate enzyme
HDF = high-fat diet
HPA = hypothalamic-pituitary-adrenal axis
HPG = hypothalamic-pituitary-gonadal axis
HPT = hypothalamic-pituitary-thryoid axis
HMGCER = hydroxy-methyl-glutaryl-CoA reductase
HSL = hormone-sensitive lipase
HTN = hypertension
IGF1 = insulin-like growth factor 1
IRS1/2 = insulin receptor substrates 1/2
LC/NS = locus coeruleus/nervous system 
L/D = light/dark
LHA = lateral hypothalamus
LXR = liver X receptor
MS = metabolic syndrome
NHRs = nuclear hormone receptors
NPY/AgRP = neuropeptide Y/ agouti-related protein
NTS = nucleus tractus solitarius
PER1/2/3 = period circadian regulator 1/2/3
PFC = prefrontal cortex
PPAR(α/β/γ/δ) = peroxisome proliferator-activated
receptor α/β/γ/δ 
PVN = paraventricular nucleus
ROR = retinoid-related orphan receptor
RXR = retinoid X receptor
s muscle = skeletal muscle
SCN = suprachiasmatic nucleus
SIRT1 = sirtuin 1
SREBP1c/2 = sterol regulatory-element binding
protein 1c/2
TG = triglycerides
T2D = type 2 diabetes
UCP-1 = uncoupling protein-1
VLDL = very low-density lipoprotein
VLM = ventrolateral medulla
VTA = ventral tegmental area
VO2 max = maximal volume of oxygen consumption  
   

Interaction to promote
mitochondrial biogenesis

PEPCK      G6Pase     HMGCER

Circadian clock regulation

Fasting / feeding regulation

GR possible mediator of SCN 
regulation of peripheral clocks

The Organizing Framework for Synchronizing Circadian Metabolic Rhythms ABBREVIATIONS

LEGEND

The coupling and decoupling of circadian metabolic rhythms are critical for human health and the pace of development of chronic diseases of aging, respectively. 
Left: The central role of circadian regulation in the brain at the crossroads of hormonal and autonomic branches of the stress response and emotion-driven behaviors. 
Middle: The role of nuclear hormone receptors and the influence of both circadian and autonomic nervous system regulation.
Right: The critical role of fasting-feeding cycle and fasting-fed states on the synchronized coupling of metabolic to circadian rhythms.


