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Abstract

The adaptive starvation response allows us to survive periods of starvation—a characteristic of the environment in which humans evolved. We
are now in an evolutionary transition from a global environment that was characterized by periods of famine to a world where obesity and caloric
excess have become a new reality, but the mechanisms of fasting physiology remain relevant. First, many parts of the world are still plagued by
famine with insufficient food resources and therefore the adaptive mechanisms required for survival during periods of decreased caloric intake
are not simply relevant to our evolutionary past. Second, the obesity epidemic provides strong rationale for understanding the biology of fasting,
as the same efficiencies that have evolved to allow us to survive periods of starvation also likely drive a genetic predisposition to obesity, and
therefore some of the adaptive mechanisms may be maladaptive in the setting of food excess. A third compelling reason to explore the
biology of fasting is that in model organisms, caloric restriction, without overt starvation, is an intervention that prolongs lifespan. The
purpose of this review is to provide an overview of the biology of fasting. We will highlight potential mechanisms of benefit from fasting as
well as examine data from model organisms and humans that indicate potential health risks of fasting, particularly related to bone fragility.
Finally, we will review clinical studies to date that have investigated the effects of fasting on metabolic outcomes and suggest signals of benefit.
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Relevance of Fasting Physiology
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metrics, but it remains unclear if signals of benefit or intervention that prolongs lifespan in model organisms (3-7).
harm are independent of weight loss The dietary restriction of calories can take different forms.

In this review, we will focus solely on total caloric intake
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rather than restriction of specific dietary components, as there
is a separate body of literature examining restriction of specif-
ic nutrients such as methionine (8). The term “caloric restric-
tion” usually describes a sustained reduction in caloric intake,
entailing an approximate 10% to 30% reduction in daily calo-
ries. Another approach involves intermittent periods of dra-
matically reduced calories or complete fasting, alternating
with periods of “normal” caloric intake, so-called intermittent
fasting. A hybrid of the 2 is time-restricted feeding, where food
intake is restricted to a narrow daily time window, thereby in-
corporating a partial-day fast into each day. The lines between
these 3 modes are often blurred and within each category there
is substantial variability in approach. Despite the general lack
of historical standardization and that the 3 categories share
a tendency to achieve net restriction of calories (9), in this
review, we will restrict the term caloric restriction to denote
protocols of sustained daily calorie reduction and the term
intermittent fasting to protocols involving a zero or near-zero
calorie fast. Although the primary subject of this article is fast-
ing, we will also include the concept of caloric restriction be-
cause there is undoubtedly shared biology between these 2
paths to negative energy balance.

The purpose of this review is to provide an overview of the
biology of fasting. The adaptive fasting response has been ex-
tensively studied for decades and therefore this review cannot
do justice to the complexity and nuance of the operative hor-
monal and molecular mechanisms. Instead, we focus on cen-
tral themes and mechanisms that are crucial to fasting and
that may be relevant to metabolic health. Indeed, intermittent
fasting is increasingly practiced in one form or another by pa-
tients, often without prescription or supervision by a medical
practitioner. Yet, the burgeoning interest in intermittent
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fasting is shared by many in the biomedical research commu-
nity because of theoretical intrinsic salutary properties of fast-
ing and signals of benefit from early translational human
studies. As a lead-in to the human clinical studies, we will first
provide an overview of the adaptive fasting response. We will
highlight potential mechanisms of benefit from fasting; how-
ever, we will also examine data from model organisms and hu-
mans that indicate potential health risks to fasting,
particularly related to bone fragility. Although the science
and clinical evidence base is not yet sufficient to widely recom-
mend fasting, the signals of benefit provide rationale for fur-
ther study, and we will conclude by articulating our view of
the key unanswered questions.

The Adaptive Fasting Response (Fig. 1)

Endogenous Glucose Production During Early
Fasting

Glycogenolysis

The onset of fasting can be defined as the point at which calo-
ries are no longer ingested. However, the physiological adap-
tation to fasting commences when absorption of digested food
is completed. A classical view of the adaptive fasting response
describes at least three adaptive post-absorptive phases: (1) re-
lease of glucose from glycogen stores; (2) synthesis of glucose
by gluconeogenesis; and (3) lipid catabolism and onset of ke-
togenesis. Progression to the third phase marks the shift from
glucose to lipid metabolism, enabling survival during pro-
longed periods of fasting by preventing preterminal catabolic
sacrifice of the crucial protein backbone. In humans, the third
phase, during which lipids serve as the principal fuel source,
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Figure 1. The metabolic adaptation to fasting. (A) The 3 classical phases of the postabsorptive response to fasting overlap in time and include (1)
glycogenolysis, which is the release of glucose from glycogen stores; (2) gluconeogenesis; and (3) ketogenesis, which marks the onset of lipid

catabolism. Note that time = 0 days marks the onset of fasting. A lag between time = 0 and the onset of glycogenolysis accounts for the absorption of the
last meal. The timing of these phases is approximate, as the temporal dynamics may be affected by factors such as basal metabolic rate, composition of
the last meal, and degree of glycogen stores. (B) Adaptation to fasting in critical tissues is shown to contrast prolonged from early fasting. Early: glucose
metabolism dominates. Glycogen stores in the liver and skeletal muscle supply glucose in the early postabsorptive period. Glucogenic amino acids, for
which skeletal muscle is an important source, are used as substrate for gluconeogenesis by the liver and kidney (not shown). Prolonged: lipid stores,

predominantly in adipose tissue, are mobilized by lipolysis, releasing fatty acids and glycerol. Glycerol serves as substrate for gluconeogenesis, which
must persist to supply minimal glucose needs, especially for glucose obligate red blood cells. Tissues with the machinery to directly oxidize fatty acids
(eg, skeletal muscle) do so, whereas the liver uses fatty acids as substrate for ketone production. Ketones serves as a critical lipid-derived fuel source for
the central nervous system.
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can last for months (10). Although rodent model organisms
also exhibit a similar adaptive fasting response, their faster
relative metabolic rate compresses the timescale, resulting in
death if fasting is extended beyond a few days (11).

The first phase, glycogenolysis, involves the release of glu-
cose molecules from glycogen chains, which accumulate in
the liver and skeletal muscle in the fed state (12, 13). The
breakdown of glycogen is enzymatically driven by glycogen
phosphorylase, yielding individual molecules of glucose-1
phosphate, which in turn are converted to glucose-6
phosphate by the action of phosphoglucomutase. In skeletal
muscle, where the glycogen stores provide a rapidly
accessible energy source during periods of intense muscle
contraction, glucose-6 phosphate is directly catabolized by
glycolysis. In the liver, by contrast, the phosphate moiety is
removed by glucose-6 phosphatase, yielding glucose, which
in turn can exit the cell via glucose transporters to maintain
systemic glucose levels and supply distant tissues with fuel
for glycolytic metabolism. As such, the liver glycogen stores
are of greater relevance to the systemic adaptive response
to fasting.

Gluconeogenesis

Induction of gluconeogenesis maintains glucose homeostasis
with depletion of glycogen stores. The liver and kidney are
the principal sites of gluconeogenesis (14). The small intestine
also expresses the requisite enzymatic machinery for gluconeo-
genesis and may also support glucose homeostasis with fasting
(15). Gluconeogenesis largely operates as the enzymatic steps
of glycolysis in reverse except for the actions of phosphoenol-
pyruvate carboxykinase, fructose-1,6-bisphosphatase, and
glucose-6-phosphatase, which, respectively, catalyze conver-
sion of oxaloacetate to phosphoenolpyruvate, conversion of
fructose-1,6-bisphosphate to fructose 6-phosphate, and the hy-
drolysis of glucose 6-phosphate to yield free glucose.

The activity of key enzymatic control nodes in glycogenolysis
and gluconeogenesis are regulated at multiple levels, including by
the action of canonical hormonal systems, and via transcription-
al control. The combination of hypoinsulinemia and glucagon
surge, for example, impairs glycolysis and drives glycogen catab-
olism and gluconeogenesis (16). Signal transduction pathways,
including canonical cyclic-AMP signaling, operate dynamically
to transmit hormonal signals to phosphorylate key enzymes driv-
ing both glycogenolysis and gluconeogenesis (17). Signal trans-
duction cascades may ultimately also end in the nucleus with
transcription factor dependent transcriptional programs, which
can reinforce transcription of genes encoding the core enzymatic
machinery that may already be expressed at some constitutive
level or facilitate de novo expression of fasting-specific regula-
tors. One canonical example is the cyclic AMP response-element
binding protein (CREB), a transcription factor translocated to
the nucleus in response to glucagon and cAMP signaling and
which in turn activates genes, including those coding key en-
zymes such as glycogen phosphorylase (PYGL, glycogenolysis)
and phosphoenolpyruvate carboxykinase (PCK1, gluconeogen-
esis) (18-21). Although genetic loss of function of CREB results
in a phenotype of severe hypoglycemia in mice, consistent with
its critical role in fasting glucose metabolism, coactivators such
as PGCla and TORC2 and multiple collaborating transcription
factors such as FOXO1, NR4A1, and peroxisome proliferator-
activated receptor o (PPARA), amongst others, also play regula-
tory roles with fasting (22-27).

Gluconeogenesis ultimately also depends on substrate avail-
ability. In the fasted state, glycerol released from adipose tis-
sue and glucogenic amino acids derived from skeletal muscle
serve as critical substrate for gluconeogenesis (28). Alanine
is a particularly important amino acid substrate for gluconeo-
genesis, the dynamics of which also illustrate the complexity
of systemic metabolism during fasting. Studies involving
arterial-venous sampling reveal a net release of amino acids,
including alanine from skeletal muscle, yet circulating alanine
levels drop with fasting because of the greater uptake of ala-
nine by the liver for utilization as gluconeogenic substrate
(14). Even though there is net release of amino acids from skel-
etal muscle in the early phases of fasting, the extent to which
this flux is attributable to export of free cytosolic amino acids
(29), decreased protein synthesis (30), and/or increased pro-
tein catabolism (31) is not definitively resolved. Nonetheless,
the high cost of producing gluconeogenic substrate from pro-
tein catabolism underscores the importance of the ensuing
shift away from glucose-centric metabolism as reflected by a
decline in the Respiratory Quotient (an indicator of macronu-
trient catabolism on indirect calorimetry), and accounting for
the relatively short duration of the phase in which glucose is a
dominant systemic fuel source (32).

The Shift to Lipids as Dominant Fuel Source

The shift to lipid utilization is the key adaptation that allow
humans to survive prolonged periods of fasting. To accom-
plish this shift, 3 key events must occur: (1) cells containing
the requisite mitochondrial machinery must transition to oxi-
dation of fatty acids as their principle energy source; (2) lipid
stores, largely contained in adipocytes, must be mobilized into
systemic circulation; and (3) the liver must use circulating
fatty acids to produce ketone bodies which can cross the
blood-brain barrier and supply the sizeable energy needs of
the brain and central nervous system (33). Apart from red
blood cells, which lack mitochondria, most tissues can transi-
tion to use of lipid-derived substrate as fuel, either through the
direct oxidation of fatty acids or by the utilization of lipid-
derived ketones.

Mobilization of adipocyte lipid stores (Fig. 2)

As the central energy reserve, adipose tissue plays a crucial role
during fasting. Energy is stored in adipocytes in the form of
neutral lipid droplets—ie, triglycerides. Mobilization of this
energy depot requires transfer from intracellular lipid droplets
out of the adipocyte and across the capillary endothelial
barrier. Triglycerides cannot directly cross the plasma mem-
brane and therefore the canonical model of adipocyte lipid
mobilization involves lipolytic release of 3 fatty acid chains
capable of crossing the plasma membrane by diffusion or
fatty acid transporters. Adipose triglyceride lipase (ATGL/
PNPLA2), hormone-sensitive lipase (HSL/LIPE), and monoa-
cylglycerol lipase (MGL/MGLL) catalyze the sequential re-
lease of 3 fatty acid chains from each triglyceride molecule
(34-38) (Fig. 2A). As such, genetic loss of function of ATGL/
Pnpla2 in mice results in triglyceride accumulation in adipose
tissue (39). The high specificity of HSL for diacylglycerols rela-
tive to triglycerides accounts for the accumulation of diacylgly-
cerols with targeted disruption of HSL/Lipe (35). In turn,
monoacylglycerols accumulate with genetic loss of function
of Mgll, the gene encoding MGL (40).



Lipolysis is generally attributed to hormonal signaling and
signal transduction pathways that drive activity of canonical
lipases (41). Activation of g-protein coupled B-adrenergic re-
ceptors by catecholamines activates adenylate cyclase, which
generates cyclic AMP. cAMP-dependent protein kinase A ac-
tivity phosphorylates—and thus activates—HSL and o/B
hydrolase domain-containing protein 5, a key regulator of
ATGL. Insulin signaling is also important. In the fed state, in-
sulin engagement of the insulin receptor results in its phos-
phorylation and activation of IRS1/2, the phosphoinositide
3-kinase (PI3K)/AKT signaling pathway, and effectors that
dampen cAMP and its stimulatory actions on ATGL and
HSL. In the hypoinsulinemic state of fasting, the potent inhibi-
tory effects of insulin on lipase activity are attenuated.
Although the exact intracellular signaling path to lipase acti-
vation may differ depending on the physiological and hormo-
nal inputs, these signaling pathways converge on lipolytic
release of fatty acids at the interface between lipid droplets
and the adipocyte cytosol.

Although murine genetic loss of function studies point to im-
portant roles for the 3 canonical lipases in adipocyte lipid me-
tabolism, the fasting mediated transcriptional induction of
canonical lipase genes is either undetectable or modest relative
to any observed changes in lipolytic activity, underscoring the
importance of posttranscriptional regulatory functions and/or
complementary roles for noncanonical lipases (42-44). Indeed,
the canonical view of adipocyte lipolysis has recently been com-
plicated by the identification of alternative paths to adipocyte
lipid release. In a recent longitudinal fat transcriptomics study
of fasting humans, we found induction of genes associated
with noncanonical lysosomal lipolysis (44). Moreover, in a mur-
ine model of inducible adipocyte-specific loss of function of lyso-
somal acid lipase (LAL/Lipa), the lipase operative in the low pH
state of the lysosome, we discovered that lysosome-mediated lip-
olysis becomes dominant as fasting is prolonged beyond a few
hours (Fig. 2B) (45). Another alternative mechanism of lipid
mobilization involves nonlipolytic release of adipocyte triglycer-
ides via exosomes (46). Triglyceride-rich exosomes may then be
engulfed by resident macrophages, capable of digesting lipid
and releasing the catabolic byproducts, including fatty acids
(Fig. 2C). Regardless of the relative contributions from canonic-
al and noncanonical mechanisms, however, the mobilization of
lipid stores with a prolonged fast are sufficiently effective that
they may even exceed the substrate requirements of the liver
and lead to acute steatosis (47).

Switch to fatty acid oxidation

Mitochondrial-rich skeletal muscle is 1 of the largest fuel-
consuming tissues in the body and therefore is a relevant case
study for the fuel switch that occurs with fasting. In the fed state,
insulin signaling drives vesicles containing type 4 glucose trans-
porters (GLUT4) to the plasma membrane and subsequent
transport of glucose into insulin responsive cells, such as adipo-
cytes and skeletal myocytes (48-51). Like the liver, skeletal
muscle stores excess glucose as glycogen (52), whereas adipo-
cytes convert excess glucose into triglycerides by supplying sub-
strate for the glycerol backbone and fatty acids by de novo
lipogenesis (53). Glucose is also used to fuel glycolysis, which
supplies substrate to the mitochondria for the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation. With fasting,
these processes are attenuated. Circulating glucose and
insulin levels drop, and with prolonged fasting, the effects of
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Figure 2. Mechanisms of triglyceride mobilization in adipocytes. (A)
Canonical lipolysis pathway operative in adipocytes. ATGL liberates a fatty
acid chain from triglycerides contained in adipocyte lipid droplets resulting in
adiacylglycerol (DAG). The action of HSL on DAG releases a second fatty acid
chain and results in monoacylglycerol. The final fatty acid chain is released by
the action of MGL. (B) Recently described mechanism of adipocyte lipolysis
with fasting in which lysosomal acid lipase (LAL), the only lipase known to
operate in the low pH environment of the lysosome, liberates free fatty acids
(45). (C) Recently described mechanism of lipolysis that depends on resident
adipose tissue macrophages (46). Triglycerides contained in
adipocyte-derived exosomes are released into the extracellular space where
they are taken up by macrophages, which have lipolytic capacity.

Abbreviations: ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; MGL,
monoacylglycerol lipase.

hypoinsulinemia may be enhanced further in peripheral tissues
by relative insulin resistance (54, 55). The fed-fasting dynamics
of GLUT#4 levels and activity present an extreme dichotomy in
adipocytes, where the insulin deficient state of fasting results
in dramatic declines in GLUT4 mRNA, protein, and vesicular
trafficking (48-51). Muscle is distinct from fat tissue in that there
are insulin-independent mechanisms of GLUT4 vesicular traf-
ficking to meet energy import requirements with exercise (56,
57), which likely accounts for the lack of consistent correlation
between insulin levels or activity and GLUT4 mRNA and pro-
tein levels (58). Nonetheless, the hypoinsulinemia of fasting re-
duces GLUT4 in myocyte plasma membranes of resting skeletal
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muscle (59), effectively driving a reduction in glucose uptake.
Fasting, particularly when prolonged also downregulates ex-
pression of the glycolytic gene program (54). Therefore, the col-
lective effects of fasting on resting skeletal muscle reduce glucose
uptake and utilization (60).

Concomitant to the reduction in glucose utilization is an in-
crease in fatty acid oxidation. The mechanisms by which fatty
acid uptake and utilization are achieved in the fasted state are
not as well elucidated relative to regulation of glucose metab-
olism during fasting. Lipids and fatty acids are a heteroge-
neous array of molecules. In addition, the immiscibility of
neutral lipids in water and the poor solubility of free fatty
acids necessitates a variety of specialized protein factors to fa-
cilitate trafficking and metabolism, both systemically and at
the individual cellular level (61). Indeed, although it was
once thought that fatty acids could freely diffuse across plas-
ma membranes—which is supported by flux analyses across
synthetic protein-free lipid bilayers—achievement of suffi-
ciently dynamic fatty acid flux to meet the oxidative fuel needs
during fasting requires the additional action of protein chap-
erones (62). Gain and loss of function studies targeting mem-
brane proteins, such as CD36 or members of the fatty
acid-binding protein (FABP) family, demonstrate the sensitiv-
ity of physiological fatty acid flux to modulation of these crit-
ical plasma membrane proteins (63-65). Once fatty acids gain
access to the cytosol, they are bound by fatty acid binding pro-
teins (62). Activation of fatty acids by acyl-coenzyme A
(CoA) enzymes precedes their transport into mitochondria
by the carnitine-palmitoyltransferase system, where fatty
acids are catabolized by B-oxidation, producing acetyl-CoA
molecules to supply the TCA cycle (66). Analogous to the
insulin-stimulated translocation of GLUT4 to the plasma
membrane in the fed state, similar mechanisms may be at
play in the regulation of CD36 and FABPs, as both have
been shown to be dynamically recruited by fasting (67, 68).
Mitochondrial fatty acid oxidation gene programs are also
induced by fasting (69). These collective actions during fast-
ing result in the augmentation of fatty acid importation and
oxidative utilization.

In the preceding 2 paragraphs, we have described the at-
tenuation of glucose utilization and the augmentation of fatty
acid utilization as distinct; however, these processes are not in-
dependent of one another. Randle first postulated that sub-
strate availability—ie, competition between glucose and
fatty acids—is a determinant of fuel utilization (70).
Although specific mechanistic details of Randle’s hypothesis
have been questioned, particularly with respect to the under-
lying role of lipids in the pathophysiology of insulin resistance
and type 2 diabetes (71), human and mouse genetic models
support the general concept that fatty acid metabolism can
regulate glucose utilization with fasting. For example, homo-
zygous loss of function of many of the genes involved in fatty
acid oxidation predisposes to hypoglycemia with fasting (66).
In mice, genetic knock out of long-chain acyl-CoA dehydro-
genase, a key enzymatic mediator of mitochondrial fatty
acid oxidation, phenocopies fasting mediated hypoglycemia
in part by augmenting glucose uptake and utilization (72).
These genetic models suggest that attenuation of inhibitory
mechanisms operative during fasting that are dependent on
fatty acid catabolism augments glucose utilization; converse-
ly, intact fatty acid oxidation during fasting reinforces the
switch from glucose to lipid metabolism by actively suppress-
ing key nodes in glucose uptake and/or catabolism.

Ketogenesis

Ketones are produced from ketogenic amino acids and from
the products of fatty acid catabolism. The production of ke-
tones by the liver requires many of the same steps of fatty
acid uptake and oxidation in mitochondria that have already
been discussed. The key branch point occurs after generation
of acetyl-CoA (73). Instead of supplying the TCA cycle as oc-
curs in skeletal muscle, 3 acetyl-CoA molecules are converted
to acetoacetate by the sequential actions of acetyl coenzyme A
acetyltransferase, 3-hydroxy-3-methylglutaryl (HMG)-CoA
synthase and HMG-CoA lyase. B-hydroxybutyrate is gener-
ated from acetoacetate by B-hydroxybutyrate dehydrogenase.
Acetoacetate and B-hydroxybutyrate are 2 ketones used by
extrahepatic tissues for energy.

The rate-limiting enzyme for ketogenesis is HMG-CoA synthe-
tase. Nutrient sensitive pathways regulate transcription of the
HMG-CoA synthetase gene (HMGCS2), including by the
fasting-mediated induction of the nuclear receptor, PPARa. (74).
There are PPAR binding motifs at HMGCS2 cis-regulatory do-
mains and HMGCS?2 is a PPARo-responsive gene (75); however,
there may be additional indirect PPARa-dependent mechanisms
that account for its fasting effects. For example, PPARa tran-
scriptionally regulates additional enzymes involved in fatty
acid oxidation and the PPARa-regulated secretion of fibroblast
growth factor (FGF)21 may in turn regulate lipid metabolism
and ketogenesis by indirect autocrine and paracrine mechanisms
(76). Therole of PPARa as a central node in the regulation of lip-
id metabolism with fasting is exemplified by the phenotype ex-
hibited by the global genetic loss of function murine model,
which has impaired fatty acid oxidation and ketogenesis with
fasting (77, 78).

FOXA2 is another transcription factor that binds the pro-
moter for HMGCS2 and activates its transcription. In the
fed state, insulin signaling leads to phosphorylation and nu-
clear export of FOXA2, thereby inhibiting HMGCS2 tran-
scription (79, 80). With the reduced insulin action during
fasting and the additional counterregulatory action of gluca-
gon signaling, which promotes FOXA2 acetylation and tran-
scriptional regulatory function, transcription of HMGCS2 is
augmented (81). Therefore, FOXA2 represents an important
node in the insulin/glucagon regulatory axis that is central
to cycles of feeding and fasting.

The result of these fasting-responsive regulatory networks in
the liver is that ketones are released into systemic circulation,
where they serve as a critical energetic substrate for the central
nervous system, which is insulated from circulating lipids be-
cause of the blood-brain barrier. In neuronal mitochondria, ke-
tones are converted back to acetyl-CoA to supply the TCA
cycle for ATP production. These mechanisms also underscore
the central role of the liver in the adaptation to fasting: the liver
maintains circulating glucose, first by mobilization of glycogen
and then by gluconeogenesis in early fasting; then in the later
phase where lipid metabolism is essential to survival, the liver
supplies energy in the form of ketones to fulfill the energy de-
mands that cannot be met directly by fatty acids.

Reduction in Energy Expenditure

Superimposed on the 3 classical phases of adaptive starvation
is a reduction in energy expenditure. The classic Minnesota
6-month semi-starvation experiments on conscientious objec-
tors during World War II demonstrated sustained reductions
in both physical activity and resting energy expenditure (82).
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resistance, hypogonadotropic hypogonadism, and a decrease in thyroid hormone (T3 and T4) levels that are likely in part due to decreased T4 and T3
secretion as well as decreased peripheral conversion of T4 to T3. In murine models, FGF21 is a mediator of GH resistance (101) and may be in humans as
well (102). In animal models, a decrease in leptin secretion may mediate decreased TRH secretion (115).

Abbreviations: FGF, fibroblast growth factor; TRH, thyrotropin-releasing hormone.

Reductions in energy expenditure can also be detected in indi-
viduals with anorexia nervosa, a primary psychiatric disorder
with inappropriately low caloric intake that serves as a repre-
sentative cohort for studying chronic caloric deprivation (83),
and with less severe forms of long-term caloric restriction or
with acute zero-calorie fasting (84, 85).

Neuroendocrine Adaptations to Negative Energy
Balance (Fig. 3)

Hypothalamic-pituitary-thyroid axis

The hormonal and adaptive effects of reduced energy intake
are well characterized in anorexia nervosa. In this disorder,
adaptive hormonal responses result in a reduction in energy
expenditure. A critical determinant of basal metabolic rate is
the hypothalamic-pituitary-thyroid axis, long recognized to
be sensitive to calorie deprivation. A characteristic finding in
anorexia nervosa is thyroid laboratory studies consistent
with a state of nonthyroidal illness syndrome—depressed T3
and T4 levels coupled with a low or normal TSH level and
an increased T4 to T3 ratio suggesting decreased peripheral
conversion of T4 to T3 (86-89). Resting energy expenditure
is decreased in individuals with anorexia nervosa (83) and
this decreased resting energy expenditure is associated with
low T3 levels (90). With weight gain, T3 levels rise (88, 89,
91, 92) and, importantly, this increase is associated with an in-
crease in resting energy expenditure (90), suggesting that the
low T3 levels in anorexia nervosa, a model of chronic starva-
tion, are an adaptive response that results in decreased energy
expenditure.

GH resistance and hypogonadotropic hypogonadism

Two additional neuroendocrine adaptations that help reduce
energy expenditure in anorexia nervosa include GH resistance

and hypogonadotropic hypogonadism (93). These hormonal
adaptations likely decrease overall energy expenditure in
states of chronic energy restriction by shunting calories
away from processes that are not critical for survival. GH re-
sistance, in states of starvation, allows for the exploitation of
the beneficial effects of GH while minimizing energy expend-
iture on growth. GH is a hormone secreted by the pituitary
gland and signals the liver to produce IGF-1. As its name im-
plies, GH is an essential hormone for growth, maintenance of
bone density, and muscle mass; these processes are predomin-
antly mediated by IGF-1. Yet GH also has IGF-1-independent
lipolytic actions and insulin resistance properties (94). These
counterregulatory actions are beneficial or advantageous dur-
ing periods of caloric deprivation (95). Therefore, a state in
which GH levels are normal or elevated but IGF-1 levels are
low, to minimize energy expenditure on growth, is adaptive
in the short term. This state of GH resistance has been demon-
strated with acute fasting (96) and in anorexia nervosa
(97-99). Notably, even supraphysiologic recombinant GH
supplementation cannot overcome GH resistance in states of
chronic starvation (100). What causes GH resistance and
therefore the block in GH’s ability to signal the liver to pro-
duce IGF-1 in states of undernutrition? The exact mechanisms
are not known but potential hormonal mediators include
FGF-21 (101, 102), low insulin levels (103), low leptin levels
(104), and ghrelin (105).

Hypogonadotropic hypogonadism is another key neuroen-
docrine adaptation to starvation. Hypogonadotropic hypo-
gonadism results in a decrease in expenditure of energy
on reproduction and the reproductive axis. Most women
with anorexia nervosa, for example, are amenorrheic, the
consequence of hypogonadotropic hypogonadism, and
males with anorexia nervosa have low testosterone levels
compared to normal-weight controls (106). Hypogonadotropic
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hypogonadism occurs due to disruption of GnRH pulsatility in
the hypothalamus, which results in decreased pulsatility and
amplitude of LH secretion from the pituitary (107-111). This
disruption is likely mediated by a reduction in leptin—a
hormone secreted by adipose tissue—the level of which drops
during fasting or when adipose tissue stores are reduced.
Indeed, treatment with recombinant human leptin normalizes
LH pulse frequency and restores ovulatory cycles in women
with hypogondotropic hypogonadism due to a state of negative
energy balance (112). Similarly, in men, short-term fasting
(72 hours) results in a decrease in LH pulsatility and a decrease
in testosterone levels; these changes are prevented with treatment
with recombinant human leptin during the fast (113). Therefore,
both GH resistance and hypogonadotropic hypogonadism
are hormonal responses to decreased caloric intake that
minimize energy expenditure on processes that are not acutely
critical for survival.

Additional hormonal mediators

Leptin. Soon after its discovery as an adipocyte-derived signal
of obesity, leptin was demonstrated to be dynamically re-
pressed during acute fasting and regulate neurohormonal
adaptations to fasting in mice (114, 115). Although leptin is
secreted by adipose tissue, levels of leptin drop by approxi-
mately 50% within 24 hours of a fast and before any signifi-
cant change in body weight (116). In mice, the drop in
leptin levels with fasting has been shown to mediate hypogo-
nadotropic hypogonadism and reduced thyroid hormone (T4)
levels (115), thereby reducing energy expenditure. By con-
trast, treatment of fasted mice with recombinant leptin attenu-
ates the fasting-mediated drop in testosterone in male mice,
prevents the estrus delay in female mice, and blunts the reduc-
tion in T4 levels (115).

In humans, hypoleptinemia has most clearly been implicated
as a mediator of hypogonadotropic hypogonadism. In women
in states of negative energy balance with hypogonadotropic
hypogonadism from disruption of normal LH pulsatility—
so-called functional hypothalamic amenorrhea—treatment
with recombinant human leptin improves LH pulsatility and
restores ovulatory cycles (112). The improvement in LH pulsa-
tility occurs despite concomitant weight loss, exemplifying that
itis not due to an improvement in energy balance (112). Leptin
has also been implicated as a mediator of GH resistance in hu-
mans, as treatment with recombinant human leptin for 3
months in women with functional hypothalamic amenorrhea
and low IGF-1 levels results in a significant rise in circulating
IGF-1 (104). Short-term (72 hours) fasting studies in men
show leptin to be a possible mediator of decreased TSH secre-
tion (113); therefore, leptin may help mediate the down-
regulation of the hypothalamic-pituitary-thyroid axis in hu-
mans during fasting as well (117).

In rodent models, the acute drop in leptin with fasting has
been implicated in the critical shift from carbohydrate to
lipid metabolism, mediated by activation of the hypothalamic-
pituitary-adrenal axis (118). We have shown that in normal
and overweight humans undergoing a 10-day zero-calorie fast,
there is also an inverse association between the drop in leptin lev-
els and the rise in cortisol levels during the early fasting response
(116). Therefore, the drop in leptin levels with starvation may be
an important hormonal mediator of both the acute response to
decreased caloric intake as well as an adaptation to chronic states
of starvation.

FGF21. FGF21 is a hormone secreted predominantly by the
liver with fasting (76, 85, 119). In mice, FGF21 increases with-
in hours of fasting onset and before ketogenesis (76, 119).
Experiments with genetic mouse models demonstrate that
FGF21 executes PPARa-dependent functions, including pro-
motion of ketone generation by the liver. FGF21 is also attrib-
uted roles in fasting-associated hypogonadism (120) and
fasting-mediated torpor (119), an extreme manifestation of
the drive to reduce energy expenditure. These findings led to
the view of FGF21 as the prototypical fasting hormone and
generated excitement in the use of FGF21 or FGF21 analogues
to pharmacologically drive beneficial metabolic responses. In
humans, however, the fasting-mediated FGF21 surge is not
seen until 7 to 10 days into a fast (85, 121)—and well beyond
the induction of ketogenesis—suggesting that circulating
FGF21 levels may play a role in the late adaptive response
to fasting, rather than the acute response. FGF21 may play
a role in mediating GH-resistance during starvation in both
humans (102) and murine models (101). Interspecies differ-
ences in FGF21 response and functionality may explain
why FGF21 pharmacological efforts have not replicated
the full breadth of beneficial metabolic properties observed
in mice, although FGF21 effects on lipid metabolism may
be sufficient to improve systemic triglyceride levels and met-
rics of metabolic dysfunction-associated steatotic liver dis-
ease (122-128).

Potential Mechanisms of Benefit From Fasting

Many theories have been proposed to explain why we age,
often attributing causality to specific processes known to be
deranged with aging. Examples include the mitochondrial the-
ory of aging (129), the DNA damage theory of aging (130),
and the inflamm-aging theory (131), which assign causal roles
in aging biology to mitochondrial dysfunction and reactive
oxygen species, cumulative DNA damage, and low-grade in-
flammation, respectively. A singular unifying theory of aging
may not be realistic, however, as there is substantial overlap
in pathophenotypes at the cellular, tissue, and organismal lev-
els between these putative processes. Many of the proposed
mechanisms of benefit of fasting involve the intersection be-
tween the adaptive mechanisms described in prior sections
of this manuscript and putative pathological pathways impli-
cated in aging biology. As such, our discussion of the potential
clinically measurable benefits of fasting reflects how the mo-
lecular and metabolic adaptations to fasting may plausibly
modulate aspects of aging and or diseases of aging.

Weight Reduction

Epidemiological data demonstrate a range of negative conse-
quences associated with overweight or obesity, including in-
creased risk of diabetes (132), heart disease (133), many
cancers (134), and dementia (135), among other diseases.
Sustained reduction of caloric intake results in reduced adi-
posity and weight, even though adaptive reduction in energy
expenditure partially attenuates the pace of weight loss
(136). In overweight or obese individuals who have already
developed impaired glucose homeostasis or frank type 2 dia-
betes, weight loss improves and, in some cases, reverses dia-
betes (137). Therefore, patients most likely to derive benefit
from fasting-mediated weight loss are those with unambigu-
ously elevated body mass index (BMI) (obese). It is important



to recognize, however, that the use of BMI to define over-
weight or obese thresholds is crude. Individuals with low
muscle mass may have relatively high degrees of adiposity
and still fall within the normal BMI range. In addition, genetic
differences in body frame influence the relationship between
BMI and adiposity. Individuals of Asian descent, for example,
may have unhealthy adiposity at the upper limit of “normal”
BMI because of a genetic predilection for smaller frame size
(138). A more nuanced view of body weight, incorporating
ethnicity and clinical observations of adiposity may identify
individuals who would benefit from fasting-mediated weight
loss even if their BMI measurement does not place them in a
high-risk category. Importantly, however, the weight loss as-
sociated with fasting and caloric restriction protocols may
represent a direct benefit, but also a confounder, as it is diffi-
cult to definitively determine the degree to which observed
benefits are mediated by changes in weight. Understanding
the positive as well as potential negative effects of fasting
independent of weight loss is currently an active area of
investigation (139, 140).

Insulin Resistance and Glucose Metabolism

Insulin signaling is a critical regulator not just in response to
the postprandial carbohydrate surge, but also in the fasted
state, where the absence of insulin signaling is a precondition
for aspects of the adaptive fasting response as described in this
manuscript. A prolonged fast can lead to acute peripheral in-
sulin resistance (55), which may be an adaptive response to
limit utilization of glucose by tissues capable of shifting to
fatty acid metabolism to support energetic needs. In contrast
to this acute response, however, studies in rodents and non-
human primates demonstrate long-term improvements in glu-
cose homeostasis with caloric restriction or intermittent
fasting (141-143). A range of possible cellular mechanisms
may account for improved glucose homeostasis with fasting
or caloric restriction, including improved B-cell survival or
function (144, 145), improved skeletal muscle GLUT4 cell
surface occupancy and responsiveness to insulin (55), and
augmented mammalian target of rapamycin (mTor) signaling
in adipocytes (146). However, improved insulin resistance
with caloric restriction or fasting is undoubtedly in part due
to reduction in weight, a potential mechanistic confounder
that is difficult to fully account for.

Reprogramming of Cellular Metabolism

Energy balance directly impacts cellular metabolism as the
requisite shift to lipid metabolism that accompanies caloric re-
striction or fasting involves activation of catabolic pathways
in mitochondria and peroxisomes. Mitochondria catabolize
fatty acids to produce acetyl CoA to supply the TCA cycle
and produce substrate for ketogenesis. Peroxisomes catabo-
lize long- and very-long-chain fatty acids. To accommodate
the shift to fatty acid oxidation, achievement of negative en-
ergy balance may promote mitochondrial fission, mitochon-
drial biogenesis, and improve overall mitochondrial function
in part through nutrient-sensitive PGCla dependent tran-
scriptional programs (147-149). Fasting may also improve co-
ordination of mitochondrial and peroxisome metabolic
processes (150). Importantly, augmentation of mitochondrial
biogenesis has not been uniformly observed across studies and
therefore the degree to which such adaptive mechanisms drive
protective effects of dietary restriction are not fully known.
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Cellular respiration results in the production of reactive
oxygen species (ROS) as an obligate byproduct. The overall
reduction in energy expenditure that occurs with fasting re-
duces energy production and therefore may also reduce cumu-
lative exposure to ROS. Fasting may also directly suppress
mitochondrial ROS via induction of transcriptional regulators
of the antioxidant response, including Nuclear factor eryth-
roid 2-related factor 2, and downstream antioxidant enzymes
including heme oxygenase and glutathione peroxidase 4 (151,
152). Such mechanisms converge to reduce ROS generation as
suggested by studies of caloric restriction in aging mice and the
demonstration of reduced oxidative damage in the heart of
rats subjected to intermittent fasting (153, 154).

One potential mechanism by which metabolic reprogram-
ming effects could be sustained is through remodeling of the
epigenome through chemical modifications to either DNA
or DNA-associated histones. Indeed, links between aging, ex-
posures that accelerate age-related pathobiology (eg, tobacco
use), and epigenomic remodeling provide the conceptual basis
for the development of so-called DNA methyl clocks as novel
readouts for biological age (155-158). Importantly, some of
the same metabolic pathways that provide substrate for epi-
genetic chemical modifications are also sensitive to energy bal-
ance and fasting, including methionine metabolism and the
supply of DNA methyl donors, catabolic production of
acetyl-CoA from glucose and lipids to supply substrate for his-
tone acetylation, and ketogenesis with ketones such as
B-hydroxybutyrate exhibiting direct inhibitory properties on
the action of histone deacetylases, while also providing sub-
strate for PB-hydroxybutyrylation of histone lysines (159,
160). There are multiple potential points of intersection be-
tween fasting-sensitive metabolic processes and epigenomic
remodeling that in theory could restore a more youthful epige-
nomic landscape, with the caveat that genome-scale changes
to transcriptional regulation may not be uniformly beneficial.
Although fasting mediated changes to the epigenomic land-
scape provide a potential mechanism for sustained metabolic
reprogramming, the exact nature and temporal dynamics of
epigenetic remodeling with fasting and refeeding—ie, the dur-
ability of any putative reprogramming effect, remains incom-
pletely defined.

Inflammation

Low-grade sterile inflammation is associated with aging and
in turn inflammation is a potential driver of aging biology
and diseases of aging, including diabetes and cardiovascular
disease (131, 161). Chronic caloric restriction in nonhuman
primates is associated with reduction in inflammatory bio-
markers and intermittent fasting or caloric restriction in ro-
dents reduces inflammatory biomarkers and inflammatory
transcriptional programs (153, 162, 163). Humans who en-
gage in religious fasting also demonstrate a reduction in in-
flammatory biomarkers (164).

Attenuation of leptin and leptin signaling as occurs with
acute fasting may directly regulate immunity. Although obes-
ity is generally a pro-inflammatory state, the obesity associ-
ated with genetic loss of leptin function is paradoxically
associated with immunosuppression and increased risk of se-
vere infection (165). At the other end of the weight spectrum,
the leptin deficiency associated with failure of fat development
or acquired loss of adipocytes in lipodystrophic syndromes is
also associated with increased risk of severe infection (166).
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The role of leptin as an immunomodulator is further sup-
ported by the expression of the leptin receptor on immune
cells and reductionist studies demonstrating that signaling
through the leptin receptor in many of these is functionally ac-
tive (167-169). Collectively, these examples point to a poten-
tial intrinsic anti-inflammatory or immunomodulatory effect
of caloric restriction or fasting and offer one plausible contrib-
uting mechanism of benefit for dietary restriction.

mTor signaling is another example of a nutrient-sensitive
pathway that regulates the immune system, including through
immune cell proliferation and differentiation, cytokine pro-
duction, antigen presentation, and immune cell trafficking,
which are attributes that form the basis for the use of the
mTor inhibitor rapamycin as an immunosuppressant medica-
tion (170). It is therefore tempting to speculate that the life-
prolonging effect of targeting mTor with rapamycin, as ob-
served in model organisms (171), is attributable at least in
part to a reduction in inflammation. Indeed, while targeting
mTor signaling may reduce some aspects of sterile inflamma-
tion and “inflammaging” in model organisms (172), contra-
dictory evidence suggests that benefits of mTor targeting are
uncoupled from the innate inflammatory response (173).
Moreover, rapamycin in low doses may paradoxically pro-
mote and rejuvenate immune responsiveness (174, 175). The
collective data on mTor signaling illustrates how signaling
pathways activated by fasting or caloric restriction play com-
plex regulatory roles in immunity and inflammatory re-
sponses, while also underscoring the reality of the
competing adaptive and maladaptive roles for the immune
system in survival. It is also critical to recognize that fasting
may have distinct effects on different immune cell types,
modulating the immune cell composition of circulating or tis-
sue reservoirs and modulating immune cell phenotypes.

Cancer

Intermittent fasting and caloric restriction attenuate cancer
development in preclinical models of diverse cancer types—
including melanoma, breast, bladder, colon, and pancreatic
cancer—and many of the metabolic and hormonal adaptions
involved in the fasting response are relevant to cancer biology
(176-180). Fasting mediated changes in hormonal signaling,
such as the insulin pathway and the GH/IGF1 axis, and/or
fasting-mediated shifts in the metabolic milieu may account
for attenuation of malignant transformation and/or cancer
progression.

A reduction in calories results in a cumulative decrease in in-
sulin release if carbohydrates are proportionally reduced.
Aside from regulating glucose homeostasis, insulin signaling
through the PI3K signaling pathway promotes growth
(181). The mitogenic effects of insulin-PI3K signaling are
well documented in cancer biology, providing the conceptual
basis for anticancer drugs targeting the pathway. Therefore,
lower cumulative exposure to insulin and in turn insulin
stimulated PI3K/AKT signaling over long periods may reduce
cancer initiation and/or progression.

IGF-1 can also bind to the insulin receptor, albeit with re-
duced affinity, and therefore may replicate some aspects of insu-
lin action; however, the more important pro-growth properties
are attributable to signaling through the IGF-specific receptor.
IGFR1 is a tyrosine kinase receptor that when engaged by
IGF-1—or insulin with lesser affinity—leads to signaling cas-
cades that are mitogenic (182, 183). The pro-growth effects of

GH are primarily mediated through the actions of IGF-1.
Therefore, the GH resistance that is characteristic of the fasting
response, which results in reduced circulating IGF-1, may in
turn reduce cumulative mitogenic exposure. The potential role
of decreased IGF-1 signaling as a mediator of benefit from fast-
ing or caloric restriction is conceptually supported by increased
longevity in mice in which the GH/IGF-1 axis is genetically tar-
geted via disruption of the GH receptor and the observation that
reduced IGF-1 expression is associated with longevity both
within and across diverse species (184, 185).

Last, fasting metabolites themselves may play a role in can-
cer biology. The most notable example may be ketones, which
may inhibit cancer cell growth (186). Such observations
underpin a current interest in dietary interventions that aug-
ment ketone production as an adjunct intervention for cancer
therapeutics (187). Even though fasting leads to ketogenesis
within approximately 1 day, diets that are ketogenic simply
through manipulation of macronutrient composition may be
a more efficacious approach to achieve sustained elevation
in ketone bodies.

Lipid Metabolism

Circulating bioactive lipids can drive an array of pathopheno-
types linked to diseases of aging including atherosclerosis and
insulin resistance and therefore any potential reprogramming
of lipid metabolism with fasting could be disease modifying.
Acute fasting does not have a consistent effect on traditional
components of a clinical lipid panel, but when granular
metabolomics methods are applied, dramatic changes in
triglyceride composition are evident. The evolution of trigly-
cerides with a 10-day fast in humans involves a shift in favor
of high carbon content, unsaturated triglycerides and a reduc-
tion in low carbon content, saturated triglycerides (116).
Importantly, this shift is already evident in the first day of fast-
ing, persists in the day after refeeding, and is a pattern that in
epidemiological studies predicts protection from diabetes and
age-related frailty (188-193). Transcriptomics data from fast-
ing and refed mouse liver also suggest the possibility that fast-
ing reprograms lipid metabolism, as the upregulation of some
genes involved in lipid metabolism persist after refeeding
(194). Such data raise the question of whether fasting can re-
program lipid metabolism such that the benefits persist be-
yond the period of actual fasting.

Catabolic Dissolution of Pathological Biomass

We introduce the term “pathological biomass” to describe the
cellular or extracellular molecules that promote disease or
aging pathology either because their accumulation in excess
drives tissue dysfunction or because the molecules themselves,
particularly when damaged, have pathological signaling prop-
erties. The term “biomass” is more commonly applied in can-
cer biology to describe how tumor material expands because
of anabolic growth and cellular proliferation (195). Outside
of cancer, in states where growth is not unrestrained to the
point of tissue invasion and metastasis, less extreme imbalan-
ces in the turnover of biomolecules can also lead to patho-
logical accumulation. Certain biomolecular classes turn over
at lower rates with aging, including, for example, neutral lipid
in adipocytes and specific proteins in the brain (196, 197). In
addition, subsets of proteins in a variety of tissues have been
shown to exhibit extremely long half-lives, which may there-
fore render them sensitive to cumulative damage even without
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an age-dependent change in turnover rates (198-201).
Similarly, exposure of lipids to oxidative stress drives forma-
tion of oxidized species including lipid peroxides, which
may accumulate in some tissues with aging and have been as-
sociated with diseases of aging, in part from damaging effects
to cells and proinflammatory properties (202-204). Several
diseases of aging are linked to accumulation of specific patho-
logical protein aggregates, such as Alzheimer’s disease, where
extracellular amyloid plaques and intracellular tau are disease
drivers, or senile amyloidosis, where polymerization of trans-
thyretin proteins causes tissue dysfunction in the heart and
nervous system among other tissues (197, 205, 206).

Because fasting is an inherently catabolic state, a theoretical
mechanism of benefit of fasting is through the catabolic dissol-
ution of pathological biomass. We have advanced the concept
that fasting drives a transition from glucose to lipid metabol-
ism and therefore fasting that is of sufficient duration to acti-
vate lipid catabolic programs will lead to increased lipid
turnover. Indeed, there is precedent for a prolonged acute
fast being sufficient to lower circulating biomarkers of lipid
peroxidation (207). We have also acknowledged that the shift
to lipid metabolism is a survival mechanism to prevent cata-
bolic consumption of the protein backbone of the body.
However, even with the reduction in glucose utilization coin-
cident with the adaptive transition to lipid metabolism, there
is ongoing gluconeogenesis to support minimal glucose re-
quirements, including those of the pool of red blood cells,
for which glucose is the obligate energy source. As such, cata-
bolic breakdown of macromolecules during fasting extends
beyond glycogen and lipids to include proteolytic release
and utilization of amino acids.

Catabolism of proteins and other biomolecules can proceed
via multiple mechanisms. Analogous to the canonical lipolysis
pathway, specialized enzymes contained in proteosomes can
catabolize intracellular proteins that have been targeted for
degradation by ubiquitination (208). Autophagy is a process
that can be activated by fasting in which cells consume intra-
cellular components up to entire organelles (209, 210). When
mitochondria are damaged, for example, the process of mi-
tophagy entails encompassing of entire mitochondrion by a
membrane formed from the endoplasmic reticulum into a ves-
icle called an autophagosome, which is in turn trafficked to ly-
sosomes, specialized organelles that are acidified and contain
degradative enzymes that operate at low pH and serve as the
ultimate catabolic effectors (211). Extracellular biomass can
be subject to enzymatic degradation, for example by the ac-
tion of metalloproteinases on extracellular matrix; however,
more complex and higher volume states of localized biomass
may require the action of professional phagocytic cells. In
the case of atherosclerotic vasculopathies, for example, which
can be viewed as states of pathological biomass because of the
obstruction of blood flow from cholesterol accumulation and
the cells and debris that comprise an advanced atherosclerotic
lesion, it is increasingly recognized that the failure of profes-
sional phagocytic cells to consume debris and dead/dying cells
in atherosclerotic plaques is a pathological driver (212) (213).
Fasting has been linked to many of the catabolic pathways
that could be operative in the dissolution of pathological bio-
mass including autophagy, proteosome activity, and activa-
tion of professional phagocytes (44, 214, 215). In mice, the
potential benefits of activating catabolic pathways, such as au-
tophagy, are demonstrated by enhanced lifespan when the
aging decline in autophagy is rescued by transgenic
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overexpression of an autophagy program (216). While aug-
mented turnover of biomolecules that are dysfunctional and/
or present in excess is a theoretical benefit of fasting, 1 caveat
is that catabolic mechanisms may not preferentially target bi-
omolecules that are dysfunctional or present in excess.

Potential Mechanisms of Harm From Fasting

A long-established evidence base suggests life-prolonging ben-
efits of caloric restriction in model organisms, which have been
extended to intermittent fasting and time-restricted feeding
protocols (217, 218). Yet, the narrow and controlled condi-
tions in which model organisms are studied undoubtedly do
not recapitulate the full breadth of stressors that impact human
health. Murine studies have historically been biased toward
studies in male mice and with much of the evidence base estab-
lished in a narrow set of inbred mouse strains. In 1 study in
which caloric restriction was evaluated across 41 mouse
strains, only 5% and 21% of strains in males and females, re-
spectively, exhibited increased lifespan in response to caloric
restriction (219). Even if salutary benefits of fasting are con-
served in humans, however, it is possible that negative conse-
quences of fasting may be more relevant to free-living human
populations (ie, individuals who are exposed to the external
stressors of daily life). Epidemiological studies demonstrate a
J-shaped curve with respect to the relationship between BMI
and mortality, as mortality increases when BMI is low (220,
221). It is also well known that patients with anorexia nervosa
have a high mortality rate, that is independent of associated
psychiatric disease and suicide (222). These data raise the ques-
tion of whether achievement of a low BMI by caloric restriction
or fasting would be harmful, providing added rationale to con-
sider possible mechanisms of harm.

Inflammation

We discussed improvement in low-grade systemic inflamma-
tion as a potential benefit of caloric restriction or intermittent
fasting. Surprisingly, when we performed longitudinal tran-
scriptomics analysis of human adipose tissue with prolonged
fasting, we discovered an increase in transcripts associated
with macrophages and inflammation (44). This translated
into a corresponding increase in histological evidence of mac-
rophages and an increase in the circulating inflammatory bio-
marker, C-reactive protein. The fasting-mediated C-reactive
protein surge with prolonged fasting has been confirmed in
another human study (223). When the contraction of fat
mass and weight loss is protracted over several weeks in a
model of chronic caloric restriction in obese mice, an influx
of macrophages is detectable (224). Similarly, intermittent
fasting in obese mice can drive accumulation of lipid-associ-
ated macrophages that may contribute to metabolic inflam-
mation and pathological adipose tissue phenotypes (2235).
However, even in instances when fasting stimulates inflamma-
tory pathways or inflammation, it may not result in improved
immune function. In mice, acute fasting for 24 hours followed
by refeeding increases trafficking of old monocytes from the
bone marrow to peripheral tissues, such as the lung, and aug-
ments pro-inflammatory cytokine responses, but also reduces
host defense to clinically relevant bacterial infections of the
lung (226). The extreme catabolic state associated with
more prolonged fasting periods may partially account for
the observed proinflammatory effects; however, these data
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suggest that fasting and/or caloric restriction may promote
potentially maladaptive inflammation in some contexts.

Loss of Bone Mineral Density

In individuals with anorexia nervosa, a model of chronic starva-
tion, the most common medical complication is low bone min-
eral density (227). Approximately 85% of women with
anorexia nervosa have a bone mineral density value at least 1
SD below the mean of women of similar age and nearly 35%
have a bone mineral density value that is at least 2.5 SDs below
the mean—the definition of osteoporosis in postmenopausal
women (227). Males with anorexia nervosa also have low
bone mineral density (228, 229) and, as is seen in other popula-
tions with low bone mineral density, individuals with anorexia
nervosa also experience a higher rate of fractures (230-234).
Similarly, in a randomized controlled trial of 24 months of cal-
orie restriction (CALERIE), significant decreases in bone min-
eral density at the spine and hip were observed in the calorie
restriction group (mean weight loss of 7.5 + 0.4 kg) compared
to the control (ad libitum feeding) group (mean weight change
of +0.1 + 0.5 kg) after both 12 and 24 months of calorie restric-
tion (235). In fasting individuals, bone formation markers de-
crease within the first 4 days of fasting initiation (236, 237).
With recent advances in bone imaging, even short-term fasts
result in changes in bone microarchitecture. Trabecular bone
parameters including trabecular number and bone volume frac-
tion in the radius were shown to decrease significantly after a
10-day zero-calorie fast (237). Potential mechanisms for this
loss of bone mineral density include changes in methionine
levels with fasting and hormonal adaptations to fasting includ-
ing increases in the counter-regulatory hormone cortisol and
decreases in IGF-1 levels due to GH resistance (see section
Growth Hormone Resistance and Hypogonadotropic
Hypogonadism), which have negative effects on bone mass (93).

Translational and Human Fasting Studies With
Clinical Endpoints

Data From Model Organisms

In model organisms, the lifespan prolonging effects associated
with sustained caloric restriction have also been observed with
dietary restriction protocols that enforce periods of zero-
calorie fasting (141,217,238, 239). In addition, periodic fast-
ing protocols in mice have also improved pathological metrics
in experimental models of diseases of aging, such as
Alzheimer’s disease (240, 241). The timescale of the adaptive
fasting response between rodent models and humans chal-
lenges easy translation of results from rodent studies to hu-
mans. This includes the different timescales of the adaptive
fasting response, such that the fasting period in murine “time-
restricted feeding” studies (eg, often 18-21 hours) is effective-
ly a much more profound fasting period than a similar fasting
duration in humans. The much longer human lifespan sets
practical limits on testing the effect of dietary restriction pro-
tocols on longevity. Chronic diseases of aging often also tran-
spire over much longer time periods and therefore require
long, large-scale studies to assess efficacy of dietary interven-
tions for disease prevention. Consequently, the evidence
base supporting fasting interventions to promote metabolic
health in humans is limited.

1"

Human Studies

Studies of human populations that engage in fasting for religious
or other reasons demonstrate intriguing signals of potential
benefit (242, 243). However, the potential benefits of fasting
have only recently begun to be explored in a prospective fashion
in humans. We undertook a survey of the existing literature and
evaluated studies identified via a PubMed search using the fol-
lowing criteria: randomized, clinical trials published in English
that included intermittent fasting, time-restricted feeding, time-
restricted eating, or alternate-day fasting in the title or abstract
through October 14, 2024. We included studies with a control
group and did not include studies that were focused on a specific
disease population other than metabolic syndrome, fatty liver
disease, or diabetes. Therefore, we excluded studies focused
on outcomes in patients with rheumatoid arthritis or chronic
kidney disease. We also only included studies that were greater
than 2 weeks in duration. Our list included 79 publications,
with the earliest study being published in 2011 (244).

The review of the literature demonstrates that the studies
are predominantly short term. All but 5 studies ranged in
length from 3 weeks to 6 months with the remaining studies
being 1-year studies. There was great variance and overlap
in definitions of time restricted eating and intermittent fasting.
With respect to time restricted eating manuscripts (n= 38),
hours of eating ranged from 4 to 12 hours daily with the ma-
jority (n=25) indicating 8-hour eating windows. Similarly,
intermittent fasting definitions varied greatly with respect to
number of calories that could be consumed during a fasting
day and few studies prescribed zero calories during fasting pe-
riods. Additionally, 1 study looked at the combination of
intermittent fasting with time-restricted eating on metabolic
outcomes in individuals at risk for type 2 diabetes mellitus
(245), whereas others combined intermittent or alternate-day
fasting with exercise, with the majority of these short-term
studies showing no added benefit of exercise with respect to
cardiometabolic endpoints (246-248).

As changes in dietary composition can also have potential
cardiometabolic effects, we looked at whether dietary compos-
ition was altered or controlled in any of the reported studies.
Nearly half of the 79 studies did not require participants to fol-
low a specific macronutrient composition, although 9 of these
studies did provide participants with dietary or nutritional
counseling. Eleven additional studies made specific recommen-
dations regarding macronutrient content, with the majority
recommending balanced macronutrient intake by either fol-
lowing a Mediterranean diet or a diet of similar macronutrient
composition (~25%-30% fat, ~50%-55% carbohydrates, and
~15%-20% protein). An additional 22 studies provided meals
to the participants for at least some portion of the study, with
the majority providing meals with a balanced macronutrient
breakdown. Therefore, while some studies prescribed changes
to dietary macronutrient content as an additional and potential
confounding factor to any fasting effect on cardiometabolic
outcomes, nearly half of the studies did not have participants
alter their dietary composition.

In the majority of manuscripts (n = 69), mean or median
BMI of the participants randomized to time restricted feeding
or intermittent fasting was >25 kg/m®. Overall, studies of
intermittent fasting demonstrated metabolic benefits associ-
ated with weight loss (Fig. 4). Whether fasting has metabolic
benefit independent of weight loss has not been well studied.
A 3-week study of lean (BMI<24.9 kg/m?) individuals
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Figure 4. \Weight loss and cardiometabolic metrics in human trials of intermittent fasting or time-restricted eating. (A) Time-restricted eating (TRE) and
intermittent fasting (IF) studies are plotted as a function of the number of participants in the intervention arm (Study “N"), the mean age, and the mean body mass
index (BMI). Dotted lines indicate overweight (BMI of 25 kg/m?) and obese (BMI of 30 kg/m?) thresholds, underscoring that the majority of studies have been
conducted in participants with excess body weight. Studies conducted in normal weight participants were generally in young, healthy populations, often with
sports physiology outcomes rather than cardiometabolic health outcomes. (B) Decrease in absolute weight (kg) is associated with positive changes in insulin
resistance (homeostatic model assessment of insulin resistance [HOMA-IRY), triglycerides (mg/dL), and LDL (mg/dL) across studies; change in HDL (mg/dL) was
not significantly associated with change in absolute weight (kg) across studies. Mean changes are plotted on both axes. (C) Decrease in weight (% change from
baseline) is associated with positive changes in insulin resistance (HOMA-IR), triglycerides (mg/dL), and LDL (mg/dL) across studies; change in HDL (mg/dL) was
not significantly associated with percent change in weight across studies. Mean changes are plotted on both axes.

Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein.

investigated the effects of alternate day fasting with compen-
satory increases in caloric intake on nonfasting days as com-
pared to 2 other groups: (1) daily caloric restriction and (2)
alternate-day fasting with energy intake matched to the calor-
ic restriction group (139). The calorically neutral alternate
day fasting group lost significantly less body mass than the cal-
orically decreased alternate-day fasting group (—0.52 kg vs
—1.60 kg; P =.04). Despite these differences in weight loss,
there were no significant differences in homeostatic model as-
sessment of insulin resistance, total cholesterol, low-density
lipoprotein (LDL), or high-density lipoprotein (HDL) be-
tween the groups and levels did not significantly change com-
pared to baseline in either of these alternate-day fasting
groups (139). Importantly though, this study was of short dur-
ation (3 weeks in length), which may in part explain these find-
ings. Collectively, prospective studies of fasting interventions
in humans demonstrate signals of metabolic benefit; however,
associated weight loss may be an important mediator.
Understanding the potential effects of fasting independent of
weight loss remains an active area of investigation (140).

Conclusions, Unanswered Questions, and
Future Directions

In this manuscript, we have focused on adaptive mechanisms
to fasting and their potential relevance to health and disease
(Fig. 5). We conclude that there are clear signals of potential
health benefits to fasting that are strongest in the context of
overweight and obesity, where fasting protocols may promote
weight loss and mitigate associated risks of cardiometabolic
disease, reproductive dysfunction, and cancer. There may be
other patient populations that also derive more pronounced
health benefits from fasting interventions, for example, those
with autoimmune diseases such as rheumatoid arthritis where
fasting has been shown to have at least short-term benefits

because of a putative anti-inflammatory effect (249).
However, we also acknowledge that there are potential harms
from fasting, most notably through effects on bone metabol-
ism. Therefore, it is likely that there are at least some contexts
in which the potential harm from fasting exceeds the benefits,
for example individuals who are prone to osteoporosis includ-
ing low-weight women. Despite more than a century of in-
tense scientific study of the biology of fasting, however,
much remains unknown. In the ensuing final paragraphs, we
contextualize what we view as key unanswered questions.

Can Unbiased Multi-omics Analyses Redefine the
Stages of Starvation?

It is impossible in such a review to ignore the centrality of canon-
ical hormonal systems—eg, insulin and glucagon signaling—
which have a large evidence base to support their involvement
across multiple cell types and tissues. However, when
unbiased-omics methods are applied to fasting humans or model
organisms, the sheer number of bioactive molecules that are dy-
namically modulated in circulation or at the tissue level with fast-
ing is substantial. In fasting rats, greater than one third of
measured serum metabolites and approximately 5% to 10% of
transcripts were statistically modulated in metabolically relevant
tissues (liver, muscle, intestine) with fasting (250). We conducted
a longitudinal analysis of humans subjected to a 10-day zero cal-
orie fast, with repeated sampling of blood and subcutaneous fat
for metabolomics and transcriptomics. Of 544 measured plasma
metabolites, 65% changed in a statistically meaningful way
(116), whereas 20% of the nearly 25 000 detectable adipose tis-
sue transcripts were significantly modulated (44). The dramatic
transcriptional response to fasting is also reflected by the circulat-
ing proteome, with a recent study demonstrating significant
modulation of approximately one third of ~3000 measured plas-
ma proteins over a 7-day fast (251). Prolonged fasting may also
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Figure 5. Molecular reprogramming and candidate mechanisms mediating benefits and potential harms of fasting. (A) There are clear signals of potential
health benefits from fasting including weight loss, improvement in cardiometabolic metrics, and prevention of malignancy amongst others. The degree to
which such benefits of fasting are potentially offset by harm to bone is not known. (B) Multi-omics readouts demonstrate large-scale changes to the
microbiome, epigenome, transcriptome, proteome, and metabolome, with functional implications at the cellular, tissue, and systemic levels, including
key parameters listed at the perimeter of this wheel and discussed in this manuscript.

remodel the microbiome, changing the composition of microbial
populations to which immune cells are exposed. Beyond local ef-
fects attributable to the direct interfacing of the microbiome with
immune cells, increased microbial diversity is generally viewed as
healthy and accounts for some of the observed improvements in
systemic metabolic function with fasting protocols (252-256).
Additional operative mechanisms of benefit may include modu-
lation of immune cell trafficking and levels of bioactive microbial
metabolites in systemic circulation, including short-chained fatty
acids (253). These examples demonstrate that there remains
much yet to be learned about the bioactivity of many of these
molecules in fasting, not to mention how these responses are
modulated by disease states. Indeed, other studies involving dif-
ferent -omics time-series analyses challenge the concept of dis-
crete and sequential phases of adaptive fasting, with evidence
of transcriptional responses associated with putative late adap-
tive stages (eg, lipid catabolism) already evident at early time-
points (257, 258), also in line with evidence in mice that
nervous system control of adipocyte lipolysis is triggered at an
early fasting stage by depletion of liver glycogen (259). This
underscores that the current view of adaptive fasting is undoubt-
edly oversimplified. It is likely that increasingly granular
multi-omics time-series analyses integrating all aspects of the
regulatory hierarchy including epigenomic, transcriptomic,
proteomic, with metabolite fluxes will not only reveal important
new regulatory nodes, but also demonstrate that adaptive re-
sponses operate at multiple different time scales. The application
of single cell methods in human studies will also be critical, in par-
ticular to define the nuanced effects of fasting on the immune sys-
tem, as it is clear from studies in model organisms that fasting not
only affects the cellular phenotypes of immune cells in distinct
ways (eg, promoting M1 to M2 phenotypic switching of macro-
phages), but may also modulate cell trafficking and in turn the
cellular composition of both circulating and tissue immune cell
reservoirs (226,260, 261). Multi-omics analyses may also reveal
the temporal dynamics and durability of putative molecular re-
programming effects after completion of fasting.

How Does Aging Modify the Fasting Response?

Intermittent fasting and caloric restriction are considered poten-
tial antidotes to aging, but advancing age may itself modulate
the response to these interventions. Epidemiological studies
demonstrate that weight loss in the elderly often precedes a func-
tional decline and death. Such associations likely implicate some
degree of reverse causation— that the weight loss is a biomarker
of illness rather than a causal mediator. Yet, this signal may not
be fully accounted for by occult illness. Indeed, recent murine
studies in which caloric restriction or intermittent fasting are in-
itiated in older animals in some instances appears to accelerate
death (262). It will be important to definitively determine if the
weight loss that often accompanies initiation of caloric restric-
tion or intermittent fasting is harmful in the elderly, and if so,
what are the underlying mechanisms.

Is There an Optimal Fasting Protocol With Respect to
Duration and Frequency?

As described at the outset of this review, intermittent fasting is
not well-defined and encompasses protocols with varying du-
rations, frequencies, and degrees of fasting. The duration of
each fasting dose may be critical because the adaptive phases
to fasting occur at different time scales. If the transition to lip-
id metabolism is beneficial, for example, then a day or longer
of fasting may be required to maximize benefit. It will also be
important to determine the optimal frequency of fasting to
achieve and maintain any beneficial reprogramming effect.
Although it is not unusual for studies to include at least 1 ana-
lytical time-point after some period of refeeding, the duration
of any putative molecular or metabolic reprogramming effects
due to fasting have not been defined to the granular degree ap-
plied to the response to fasting itself. Last, it is conceivable
that individual factors such as age, sex, and the degree of base-
line adiposity may influence the temporal dynamics of both
the fasting response and durability of any reprogramming
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effect, an understanding of which could inform “precision”
fasting prescriptions.

Are There Benefits of Fasting Independent

of Weight Loss?

Intermittent fasting (and caloric restriction) are both associ-
ated with weight loss, particularly in human studies con-
ducted to date, which have largely been in overweight and
obese individuals (see section Human Studies). The potential
confounding effects of alleviation of excess adiposity may
also be relevant to studies in model organisms. For example,
fasting or caloric restriction studies are often conducted in
obesogenic mouse strains that may exhibit pathological adi-
posity even on a standard laboratory “control” diet. It will
be important to determine the degree to which benefits of fast-
ing can be extended to normal weight individuals and the de-
gree to which any observed benefits are independent of weight
loss.

Are Benefits of Caloric Restriction or Fasting Fully
Conserved in Humans?

Definitively testing whether caloric restriction or intermittent
fasting extends life in humans is challenging due to the length
of the human lifespan relative to model organisms, not to
mention the notorious difficulty achieving long-term compli-
ance with any experimental dietary intervention. This reality
underscores a more general unmet need in the aging field for
more sophisticated aging biomarkers. Major efforts to define
and map senescent cells with more sophisticated methods and
additional discovery and validation of novel circulating bio-
markers such as epigenetic DNA “clocks” could greatly acceler-
ate the testing of dietary—or pharmacological—interventions to
promote lifespan.

Are There Sex Differences in the Fasting Response?
Given the differences in body composition and hormonal
composition between males and females, it is not surprising
that there are differences observed in metabolic responses to
various processes including fasting (263). Differences between
males and females have been studied predominantly and most
rigorously in response to fasting for 72 hours or less.
Consistently, glucose levels are significantly lower in females
compared to males and plasma free fatty acid levels are higher
in response to these shorter term, prolonged fasts (263, 264).
These differences in the fasting response may be due in part to
estradiol, given estradiol’s effects on insulin action. For ex-
ample, when postmenopausal women with baseline serum es-
tradiol levels of <15 pg/mL are administered intravenous
conjugated estrogens, there appears to be improved insulin ac-
tion in in the setting of a hyperinsulinemic-euglycemic clamp
(265). Given differences in response to short-term fasting
and hormonal differences, it will be important for future stud-
ies investigating the fasting response to adequately delineate
outcomes in males vs females and also to differentiate between
premenopausal and postmenopausal females.

Can the Beneficial Effects of Fasting be
Recapitulated by Pharmacologically Targeting Key
Regulatory Nodes?

Even if some version of the dietary interventions described in
this article are proven to have robust health benefits in humans,

Endocrine Reviews, 2025, Vol. 00, No. 0

broad implementation may not be practical. In model organ-
isms, caloric restriction or intermittent fasting protocols asso-
ciated with extension of lifespan are typically implemented
early in life. In humans, there is generally poor long-term com-
pliance with dietary prescriptions, even those with proven
benefit. Investigation of the cellular and molecular mechanisms
underpinning the salutary benefits of fasting could in theory
provide a pharmacological target. Canonical signaling path-
ways that are modulated by fasting are also the targets of drugs
that are already in clinical practice. AMP kinase is induced by
fasting, is 1 of the pathways targeted by the diabetes drug met-
formin, and therefore metformin is being repurposed as a po-
tential antiaging therapy (266). mTor is another nutrient
sensing regulatory node. Rapamycin increases life and health
span in model organisms, which explains ongoing interest in
developing the drug for treatment of aging and related diseases
(171). The ideal fasting mimetic would activate beneficial fast-
ing pathways in key tissues without recapitulating negative
consequences of fasting or producing off target effects, under-
scoring the importance of incorporating careful consideration
of drug toxicity into implementation of mimetic strategies. In
the case of rapamycin, for example, potentially harmful meta-
bolic (insulin resistance) and immunological effects may be at
least partially mitigated by using lower doses than commonly
used for immunosuppression of transplant patients (267).
Ultimately, it may be through such repurposing of existing
drugs or development of new fasting mimetics that the promise
of the health benefits of fasting are realized beyond the rare in-
dividuals who have the ability to implement challenging, life-
long dietary prescriptions.

How Can the Potential Life- and Health-span
Benefits of Fasting or Fasting Mimetics be Assessed
in Human Trials?

The collective clinical trials of fasting interventions to date
have generally been modest in size, of duration ranging from
weeks to months, and focused on easily quantified cardiome-
tabolic endpoints that tend to be sensitive to weight loss.
Because longevity is not a practical endpoint for human trials,
short-term randomized studies have looked at potential bio-
markers associated with aging (268). An important question,
however, is what endpoints would be relevant to assess effi-
cacy of interventions to improve healthspan or augment life-
span in normal weight populations or populations with low
cardiometabolic risk? Recognizing that a single biomarker
may not capture the aging process, an expert group advanced
a multimarker panel inclusive of inflammatory, metabolic,
and tissue specific markers of aging phenotypes (269). There
is also great interest in validating epigenetic clocks, which
quantify patterns of epigenetic modifications purported to in-
dicate biological age, thereby identifying individuals that are
aging faster or slower than predicted by chronological age
(155). Such ongoing efforts to validate a consensus biomarker
predictive of healthspan or lifespan is a critical barrier to ad-
vancing antiaging interventions, including fasting or fasting
mimetics (270-272).

Funding

This work is supported by the National Institutes of Health
(NIH)/NIDDK grant numbers R01 DK133578 and RO1
DK137913.



Endocrine Reviews, 2025, Vol. 00, No. 0

Disclosures

P.K.F. is a consultant for Regeneron. She has also served on
advisory boards for Camurus, Crintetics, and Chiesi. She re-
ceives research support from Quest, Corcept, and Crinetics.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Stewart WK, Fleming LW. Features of a successful therapeutic fast
of 382 days’ duration. Postgrad Med J. 1973;49(569):203-209.
Neel JV. Diabetes mellitus: a “thrifty” genotype rendered detri-
mental by “progress”? Am | Hum Genet. 1962;14:353-362.
Fontana L, Partridge L, Longo VD. Extending healthy life span—
from yeast to humans. Science. 2010;328(5976):321-326.

Finkel T. The metabolic regulation of aging. Nat Med. 2015;21(12):
1416-1423.

Lépez-Otin C, Galluzzi L, Freije JMP, Madeo F, Kroemer G.
Metabolic control of longevity. Cell. 2016;166(4):802-821.
Bordone L, Guarente L. Calorie restriction, SIRT1 and metabol-
ism: understanding longevity. Nat Rev Mol Cell Biol. 2005;6(4):
298-305.

Weindruch R, Walford RL. Dietary restriction in mice beginning
at 1 year of age: effect on life-span and spontaneous cancer inci-
dence. Science. 1982;215(4538):1415-1418.

Lee BC, Kaya A, Gladyshev VN. Methionine restriction and life-
span control. Ann N 'Y Acad Sci. 2016;1363(1):116-124.
Koppold DA, Breinlinger C, Hanslian E, ef al. International con-
sensus on fasting terminology. Cell Metab. 2024;36(8):
1779-1794.€4.

Leiter LA, Marliss EB. Survival during fasting may depend on fat
as well as protein stores. JAMA. 1982;248(18):2306-2307.
Kutscher CL. Incidence of food-deprivation polydipsia in the
white Swiss mouse. Physiol Behav. 1971;7(3):395-399.

Han HS, Kang G, Kim ]S, Choi BH, Koo SH. Regulation of glu-
cose metabolism from a liver-centric perspective. Exp Mol Med.
2016;48(3):e218.

Sutherland EW, Cori CF. Effect of hyperglycemic-glycogenolytic
factor and epinephrine on liver phosphorylase. | Biol Chem.
1951;188(2):531-543.

Owen OE, Felig P, Morgan AP, Wahren ], Cahill GF. Liver and
kidney metabolism during prolonged starvation. | Clin Invest.
1969;48(3):574-583.

Penhoat A, Fayard L, Stefanutti A, Mithieux G, Rajas F. Intestinal
gluconeogenesis is crucial to maintain a physiological fasting gly-
cemia in the absence of hepatic glucose production in mice.
Metabolism. 2014;63(1):104-111.

Exton JH, Lewis SB, Ho RJ, Robison GA, Park CR. The role of
cyclic AMP in the interaction of glucagon and insulin in the con-
trol of liver metabolism. Ann N'Y Acad Sci. 1971;185(1):85-100.
Sutherland EW, Robison GA. The role of cyclic AMP in the control
of carbohydrate metabolism. Diabetes. 1969;18(12):797-819.
Zhang L, Rubins NE, Ahima RS, Greenbaum LE, Kaestner KH.
Foxa2 integrates the transcriptional response of the hepatocyte
to fasting. Cell Metab. 2005;2(2):141-148.

Kim H, Zheng Z, Walker PD, Kapatos G, Zhang K. CREBH main-
tains circadian glucose homeostasis by regulating hepatic glycogenol-
ysis and gluconeogenesis. Mol Cell Biol. 2017;37(14):e00048-17.
Liu JS, Park EA, Gurney AL, Roesler WJ, Hanson RW. Cyclic
AMP induction of phosphoenolpyruvate carboxykinase (GTP)
gene transcription is mediated by multiple promoter elements.
] Biol Chem. 1991;266(28):19095-19102.

Quinn PG, Granner DK. Cyclic AMP-dependent protein kinase
regulates transcription of the phosphoenolpyruvate carboxyki-
nase gene but not binding of nuclear factors to the cyclic AMP
regulatory element. Mol Cell Biol. 1990;10(7):3357-3364.
Herzig S, Long F, Jhala US, et al. CREB regulates hepatic gluconeo-
genesis through the coactivator PGC-1. Nature. 2001;413(6852):
179-183.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

15

Bideyan L, Nagari R, Tontonoz P. Hepatic transcriptional responses
to fasting and feeding. Genes Dev. 2021;35(9-10):635-657.
Zhang X, Odom DT, Koo SH, et al. Genome-wide analysis of
cAMP-response element binding protein occupancy, phosphoryl-
ation, and target gene activation in human tissues. Proc Natl Acad
Sci U S A. 2005;102(12):4459-4464.

Pei L, Waki H, Vaitheesvaran B, Wilpitz DC, Kurland IJ, Tontonoz
P. NR4A orphan nuclear receptors are transcriptional regulators of
hepatic glucose metabolism. Nat Med. 2006;12(9):1048-1055.
Liu Y, Dentin R, Chen D, et al. A fasting inducible switch modu-
lates gluconeogenesis via activator/coactivator exchange. Nature.
2008;456(7219):269-273.

Koo SH, Flechner L, Qi L, et al. The CREB coactivator TORC2 is
a key regulator of fasting glucose metabolism. Nature. 2005;
437(7062):1109-1114.

Pozefsky T, Tancredi RG, Moxley RT, Dupre J, Tobin JD. Effects
of brief starvation on muscle amino acid metabolism in nonobese
man. | Clin Invest. 1976;57(2):444-449.

Giesecke K, Magnusson I, Ahlberg M, Hagenfeldt L, Wahren J.
Protein and amino acid metabolism during early starvation as re-
flected by excretion of urea and methylhistidines. Metabolism.
1989;38(12):1196-1200.

Rennie MJ, Edwards RH, Halliday D, Matthews DE, Wolman SL,
Millward DJ. Muscle protein synthesis measured by stable isotope
techniques in man: the effects of feeding and fasting. Clin Sci
(Lond). 1982;63(6):519-523.

Fryburg DA, Barrett EJ, Louard RJ, Gelfand RA. Effect of starva-
tion on human muscle protein metabolism and its response to in-
sulin. Am | Physiol. 1990;259(4 Pt 1):E477-E482.

Zauner C, Schneeweiss B, Kranz A, et al. Resting energy expend-
iture in short-term starvation is increased as a result of an increase
in serum norepinephrine. Am | Clin Nutr. 2000;71(6):1511-1515.
Fine MB, Williams RH. Effect of fasting, epinephrine and glucose
and insulin on hepatic uptake of nonesterified fatty acids. Am J
Physiol. 1960;199(3):403-406.

Zimmermann R, Strauss JG, Haemmerle G, et al. Fat mobilization
in adipose tissue is promoted by adipose triglyceride lipase.
Science. 2004;306(5700):1383-1386.

Haemmerle G, Zimmermann R, Hayn M, ez al. Hormone-sensitive
lipase deficiency in mice causes diglyceride accumulation in adipose
tissue, muscle, and testis. | Biol Chem. 2002;277(7):4806-4815.
Villena JA, Roy S, Sarkadi-Nagy E, Kim KH, Sul HS. Desnutrin,
an adipocyte gene encoding a novel patatin domain-containing
protein, is induced by fasting and glucocorticoids: ectopic expres-
sion of desnutrin increases triglyceride hydrolysis. | Biol Chem.
2004;279(45):47066-47075.

Jenkins CM, Mancuso DJ, Yan W, Sims HF, Gibson B, Gross RW.
Identification, cloning, expression, and purification of three novel
human calcium-independent phospholipase A2 family members
possessing triacylglycerol lipase and acylglycerol transacylase ac-
tivities. | Biol Chem. 2004;279(47):48968-48975.

Tornqvist H, Nilsson-Ehle P, Belfrage P. Enzymes catalyzing the
hydrolysis of long-chain monoacyglycerols in rat adipose tissue.
Biochim Biophys Acta. 1978;530(3):474-486.

Haemmerle G, Lass A, Zimmermann R, et al. Defective lipolysis
and altered energy metabolism in mice lacking adipose triglyceride
lipase. Science. 2006;312(5774):734-737.

Taschler U, Radner FP, Heier C, et al. Monoglyceride lipase defi-
ciency in mice impairs lipolysis and attenuates diet-induced insulin
resistance. | Biol Chem. 2011;286(20):17467-17477.

Yang A, Mottillo EP. Adipocyte lipolysis: from molecular mecha-
nisms of regulation to disease and therapeutics. Biochem J.
2020;477(5):985-1008.

Sztalryd C, Kraemer FB. Regulation of hormone-sensitive lipase
during fasting. Am | Physiol. 1994;266(2 Pt 1):E179-E185.
Nielsen TS, Vendelbo MH, Jessen N, ez al. Fasting, but not exercise,
increases adipose triglyceride lipase (ATGL) protein and reduces
G(0)/G(1) switch gene 2 (GOS2) protein and mRNA content in human
adipose tissue. | Clin Endocrinol Metab. 2011;96(8):E1293-E1297.



16

44,

4S.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

6.

57.

58.

59.

60.

61.

62.

63.

64.

Fazeli PK, Zhang Y, O’Keefe ], et al. Prolonged fasting drives a
program of metabolic inflammation in human adipose tissue.
Mol Metab. 2020;42:101082.

Kumar GVN, Wang RS, Sharma AX, et al. Non-canonical lyso-
somal lipolysis drives mobilization of adipose tissue energy stores
with fasting. Nat Commun. 2025;16(1):1330.

Flaherty SE, Grijalva A, Xu X, Ables E, Nomani A, Ferrante AW.
A lipase-independent pathway of lipid release and immune modu-
lation by adipocytes. Science. 2019;363(6430):989-993.
Hashimoto T, Cook WS, Qi C, Yeldandi AV, Reddy JK, Rao MS.
Defect in peroxisome proliferator-activated receptor alpha-
inducible fatty acid oxidation determines the severity of hepatic
steatosis in response to fasting. | Biol Chem. 2000;275(37):
28918-28928.

Berger J, Biswas C, Vicario PP, Strout HV, Saperstein R, Pilch PF.
Decreased expression of the insulin-responsive glucose transport-
er in diabetes and fasting. Nature. 1989;340(6228):70-72.

Sivitz W1, DeSautel SL, Kayano T, Bell GI, Pessin JE. Regulation of
glucose transporter messenger RNA in insulin-deficient states.
Nature. 1989;340(6228):72-74.

James DE, Brown R, Navarro J, Pilch PF. Insulin-regulatable tis-
sues express a unique insulin-sensitive glucose transport protein.
Nature. 1988;333(6169):183-185.

Leto D, Saltiel AR. Regulation of glucose transport by insulin: traf-
fic control of GLUT4. Nat Rev Mol Cell Biol. 2012;13(6):383-396.
Sovik O, Walaas O. Insulin stimulation of glycogen synthesis in the
isolated rat diaphragm in the absence and in the presence of puro-
mycin and actinomycin D. Nature. 1964;202(4930):396-397.
Tozzo E, Shepherd PR, Gnudi L, Kahn BB. Transgenic GLUT-4
overexpression in fat enhances glucose metabolism: preferential
effect on fatty acid synthesis. Am | Physiol. 1995;268(5\ Pt\ 1):
E956-E964.

Tsintzas K, Jewell K, Kamran M, et al. Differential regulation of
metabolic genes in skeletal muscle during starvation and refeeding
in humans. | Physiol. 2006;575(1):291-303.

Bjorkman O, Eriksson LS. Influence of a 60-hour fast on insulin-
mediated splanchnic and peripheral glucose metabolism in hu-
mans. | Clin Invest. 1985;76(1):87-92.

Douen AG, Ramlal T, Rastogi S, et al. Exercise induces recruit-
ment of the “insulin-responsive glucose transporter”. Evidence
for distinct intracellular insulin- and exercise-recruitable trans-
porter pools in skeletal muscle. J Biol Chem. 1990;265(23):
13427-13430.

Ploug T, van Deurs B, Ai H, Cushman SW, Ralston E. Analysis of
GLUT4 distribution in whole skeletal muscle fibers: identification
of distinct storage compartments that are recruited by insulin and
muscle contractions. | Cell Biol. 1998;142(6):1429-1446.
Bourey RE, Koranyi L, James DE, Mueckler M, Permutt MA.
Effects of altered glucose homeostasis on glucose transporter ex-
pression in skeletal muscle of the rat. | Clin Invest. 1990;86(2):
542-547.

Goodyear L], Hirshman MF, Napoli R, et al. Glucose ingestion
causes GLUT4 translocation in human skeletal
Diabetes. 1996;45(8):1051-1056.

Issad T, Pénicaud L, Ferré P, Kandé J, Baudon MA, Girard J.
Effects of fasting on tissue glucose utilization in conscious resting
rats. Major glucose-sparing effect in working muscles. Biochem J.
1987;246(1):241-244.

Glatz JF, Luiken JJ, Bonen A. Membrane fatty acid transporters as
regulators of lipid metabolism: implications for metabolic disease.
Physiol Rev. 2010;90(1):367-417.

Abumrad N, Harmon C, Ibrahimi A. Membrane transport of
long-chain fatty acids: evidence for a facilitated process. | Lipid
Res. 1998;39(12):2309-2318.

Turcotte LP, Swenberger JR, Tucker MZ, et al. Muscle palmitate
uptake and binding are saturable and inhibited by antibodies to
FABP(PM). Mol Cell Biochem. 2000;210(1-2):53-63.

Coburn CT, Knapp FF, Febbraio M, Beets AL, Silverstein RL,
Abumrad NA. Defective uptake and utilization of long chain fatty

muscle.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

83.

84.

Endocrine Reviews, 2025, Vol. 00, No. 0

acids in muscle and adipose tissues of CD36 knockout mice. | Biol
Chem. 2000;275(42):32523-32529.

Nickerson JG, Alkhateeb H, Benton CR, et al. Greater transport
efficiencies of the membrane fatty acid transporters FAT/CD36
and FATP4 compared with FABPpm and FATP1 and differential
effects on fatty acid esterification and oxidation in rat skeletal
muscle. | Biol Chem. 2009;284(24):16522-16530.

Houten SM, Violante S, Ventura FV, Wanders R]. The biochem-
istry and physiology of mitochondrial fatty acid p-oxidation and
its genetic disorders. Annu Rev Physiol. 2016;78(1):23-44.
Nahlé Z, Hsieh M, Pietka T, et al. CD36-dependent regulation of
muscle FoxO1 and PDK4 in the PPAR delta/beta-mediated adapta-
tion to metabolic stress. | Biol Chem. 2008;283(21):14317-14326.
Turcotte LP, Srivastava AK, Chiasson JL. Fasting increases plasma
membrane fatty acid-binding protein (FABP(PM)) in red skeletal
muscle. Mol Cell Biochem. 1997;166(1-2):153-158.

Long YC, Barnes BR, Mahlapuu M, et al. Role of AMP-activated
protein kinase in the coordinated expression of genes controlling
glucose and lipid metabolism in mouse white skeletal muscle.
Diabetologia. 2005;48(11):2354-2364.

Randle PJ, Garland PB, Hales CN, Newsholme EA. The glucose
fatty-acid cycle. Its role in insulin sensitivity and the metabolic
disturbances of diabetes mellitus. Lancet. 1963;281(7285):
785-789.

Samuel VT, Petersen KF, Shulman GI. Lipid-induced insulin resist-
ance: unravelling the mechanism. Lancet. 2010;375(9733):
2267-2277.

Houten SM, Herrema H, Brinke T, et al. Impaired amino acid me-
tabolism contributes to fasting-induced hypoglycemia in fatty acid
oxidation defects. Hum Mol Genet. 2013;22(25):5249-5261.
Newman JC, Verdin E. Ketone bodies as signaling metabolites.
Trends Endocrinol Metab. 2014;25(1):42-52.

May L, Pineau C, Bigot T, et al. Reduced hepatic fatty acid oxida-
tion in fasting PPARalpha null mice is due to impaired mitochon-
drial hydroxymethylglutaryl-CoA synthase gene expression.
FEBS Lett. 2000;475(3):163-166.

McMullen PD, Bhattacharya S, Woods CG, et al. A map of the
PPARGa transcription regulatory network for primary human hep-
atocytes. Chem Biol Interact. 2014;209:14-24.

Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS,
Maratos-Flier E. Hepatic fibroblast growth factor 21 is regulated
by PPARalpha and is a key mediator of hepatic lipid metabolism in
ketotic states. Cell Metab. 2007;5(6):426-437.

Kersten S, Seydoux J, Peters JM, Gonzalez FJ, Desvergne B, Wahli W.
Peroxisome proliferator-activated receptor alpha mediates the adap-
tive response to fasting. | Clin Invest. 1999;103(11):1489-1498.
Leone TC, Weinheimer CJ, Kelly DP. A critical role for the peroxi-
some proliferator-activated receptor alpha (PPARalpha) in the cel-
lular fasting response: the PPARalpha-null mouse as a model of
fatty acid oxidation disorders. Proc Natl Acad Sci U S A.
1999;96(13):7473-7478.

Wolfrum C, Asilmaz E, Luca E, Friedman JM, Stoffel M. Foxa2
regulates lipid metabolism and ketogenesis in the liver during fast-
ing and in diabetes. Nature. 2004;432(7020):1027-1032.
Wolfrum C, Besser D, Luca E, Stoffel M. Insulin regulates the ac-
tivity of forkhead transcription factor Hnf-3beta/Foxa-2 by
Akt-mediated phosphorylation and nuclear/cytosolic localization.
Proc Natl Acad Sci U S A. 2003;100(20):11624-11629.

von Meyenn F, Porstmann T, Gasser E, et al. Glucagon-induced
acetylation of Foxa2 regulates hepatic lipid metabolism. Cell
Metab. 2013;17(3):436-447.

Taylor HL, Keys A. Adaptation to caloric restriction. Science.
19505112(2904):215-218.

Vaisman N, Rossi MF, Goldberg E, Dibden LJ, Wykes L],
Pencharz PB. Energy expenditure and body composition in pa-
tients with anorexia nervosa. | Pediatr. 1988;113(5):919-924.
Weyer C, Walford RL, Harper IT, et al. Energy metabolism after 2
y of energy restriction: the biosphere 2 experiment. Am | Clin
Nutr. 2000;72(4):946-953.



Endocrine Reviews, 2025, Vol. 00, No. 0

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10S.

106.

Fazeli PK, Lun M, Kim SM, ef al. FGF21 and the late adaptive re-
sponse to starvation in humans. | Clin Invest. 2015;125(12):
4601-4611.

Moshang T, Parks JS, Baker L, et al. Low serum triiodothyronine
in patients with anorexia nervosa. | Clin Endocrinol Metab.
1975;40(3):470-473.

Miyai K, Yamamoto T, Azukizawa M, Ishibashi K, Kumahara Y.
Serum thyroid hormones and thyrotropin in anorexia nervosa. |
Clin Endocrinol Metab. 1975;40(2):334-338.

Croxson MS, Ibbertson HK. Low serum triiodothyronine (T3)
and hypothyroidism in anorexia nervosa. | Clin Endocrinol
Metab. 1977;44(1):167-174.

Leslie RD, Isaacs AJ, Gomez J, Raggatt PR, Bayliss R.
Hypothalamo-pituitary-thyroid function in anorexia nervosa: in-
fluence of weight gain. BMJ. 1978;2(6136):526-528.

Onur S, Haas V, Bosy-Westphal A, et al. L-tri-iodothyronine is a
major determinant of resting energy expenditure in underweight
patients with anorexia nervosa and during weight gain. Eur |
Endocrinol. 2005;152(2):179-184.

Casper RC, Frohman LA. Delayed TSH release in anorexia ner-
vosa following injection of thyrotropin-releasing hormone
(TRH). Psychoneuroendocrinology. 1982;7(1):59-68.

Moore R, Mills IH. Serum T3 and T4 levels in patients with ano-
rexia nervosa showing transient hyperthyroidism during weight
gain. Clin Endocrinol (Oxf). 1979;10(5):443-449.

Fazeli PK, Klibanski A. Effects of anorexia nervosa on bone me-
tabolism. Endocr Rev. 2018;39(6):895-910.

Kopchick JJ, Berryman DE, Puri V, Lee KY, Jorgensen JOL. The
effects of growth hormone on adipose tissue: old observations,
new mechanisms. Nat Rev Endocrinol. 2020;16(3):135-146.
Fazeli PK, Klibanski A. Determinants of GH resistance in malnu-
trition. | Endocrinol. 2014;220(3):R57-R65.

Clemmons DR, Klibanski A, Underwood LE, et al. Reduction of
plasma immunoreactive somatomedin C during fasting in hu-
mans. | Clin Endocrinol Metab. 1981;53(6):1247-1250.
Garfinkel PE, Brown GM, Stancer HC, Moldofsky H.
Hypothalamic-pituitary function in anorexia nervosa. Arch Gen
Psychiatry. 1975;32(6):739-744.

Misra M, Miller KK, Bjornson J, et al. Alterations in growth hor-
mone secretory dynamics in adolescent girls with anorexia ner-
vosa and effects on bone metabolism. | Clin Endocrinol Metab.
2003;88(12):5615-5623.

Scacchi M, Pincelli AI, Caumo A, et al. Spontaneous nocturnal
growth hormone secretion in anorexia nervosa. | Clin
Endocrinol Metab. 1997;82(10):3225-3229.

Fazeli PK, Lawson EA, Prabhakaran R, et al. Effects of recombin-
ant human growth hormone in anorexia nervosa: a randomized,
placebo-controlled  study. ] Clin  Endocrinol — Metab.
2010;95(11):4889-4897.

Inagaki T, Lin VY, Goetz R, Mohammadi M, Mangelsdorf D],
Kliewer SA. Inhibition of growth hormone signaling by the
fasting-induced hormone FGF21. Cell Metab. 2008;8(1):77-83.
Fazeli PK, Misra M, Goldstein M, Miller KK, Klibanski A.
Fibroblast growth factor-21 may mediate growth hormone resist-
ance in anorexia nervosa. | Clin Endocrinol Metab. 2010;95(1):
369-374.

Leung KC, Doyle N, Ballesteros M, Waters M], Ho KK. Insulin
regulation of human hepatic growth hormone receptors: divergent
effects on biosynthesis and surface translocation. J Clin
Endocrinol Metab. 2000;85(12):4712-4720.

Chan JL, Williams CJ, Raciti P, ez al. Leptin does not mediate
short-term fasting-induced changes in growth hormone pulsatility
but increases IGF-I in leptin deficiency states. | Clin Endocrinol
Metab. 2008;93(7):2819-2827.

Muller AF, Lamberts SW, Janssen JA, et al. Ghrelin drives GH se-
cretion during fasting in man. Eur | Endocrinol. 2002;146(2):
203-207.

Silla KE]J, Brigham KS, Goldstein M, Misra M, Singhal V. Clinical,
biochemical, and hematological characteristics of community-

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

17

dwelling adolescent and young adult males with anorexia nervosa.
Int | Eat Disord. 2021;54(12):2213-2217.

Wiegelmann W, Solbach HG. Effects of LH-RH on plasma levels
of LH and FSH in anorexia nervosa. Horm Metab Res. 1972;
4(05):404.

Mecklenburg RS, Loriaux DL, Thompson RH, Andersen AE,
Lipsett MB. Hypothalamic dysfunction in patients with anorexia
nervosa. Medicine (Baltimore). 1974;53(2):147-159.

Travaglini P, Beck-Peccoz P, Ferrari C, et al. Some aspects of
hypothalamic-pituitary function in patients with anorexia ner-
vosa. Acta Endocrinol (Copenh). 1976;81(2):252-262.

Nillius SJ, Fries H, Wide L. Successful induction of follicular matur-
ation and ovulation by prolonged treatment with LH-releasing hor-
mone in women with anorexia nervosa. Am | Obstet Gynecol.
1975;122(8):921-928.

Boyar RM, Katz ], Finkelstein JW, et al. Anorexia nervosa.
Immaturity of the 24-hour luteinizing hormone secretory pattern.
N Engl | Med. 1974;291(17):861-865.

Welt CK, Chan JL, Bullen J, et al. Recombinant human leptin in
women with hypothalamic amenorrhea. N Engl | Med. 2004;
351(10):987-997.

Chan JL, Heist K, DePaoli AM, Veldhuis JD, Mantzoros CS. The
role of falling leptin levels in the neuroendocrine and metabolic
adaptation to short-term starvation in healthy men. | Clin
Invest. 2003;111(9):1409-1421.

Frederich RC, Lollmann B, Hamann A, et al. Expression of ob
mRNA and its encoded protein in rodents. Impact of nutrition
and obesity. | Clin Invest. 1995;96(3):1658-1663.

Ahima RS, Prabakaran D, Mantzoros C, et al. Role of leptin in the
neuroendocrine response to fasting. Nature. 1996;382(6588):
250-252.

Steinhauser ML, Olenchock BA, O’Keefe J, et al. The circulating
metabolome of human starvation. JCI Insight. 2018;3(16):
el121434.

Boelen A, Wiersinga WM, Fliers E. Fasting-induced changes in the
hypothalamus-pituitary-thyroid —axis. Thyroid. 2008;18(2):
123-129.

Perry R], Wang Y, Cline GW, et al. Leptin mediates a glucose-fatty
acid cycle to maintain glucose homeostasis in starvation. Cell.
2018;172(1-2):234-248.¢17.

Inagaki T, Dutchak P, Zhao G, et al. Endocrine regulation of the
fasting response by PPARalpha-mediated induction of fibroblast
growth factor 21. Cell Metab. 2007;5(6):415-425.

Owen BM, Bookout AL, Ding X, et al. FGF21 contributes to neuro-
endocrine control of female reproduction. Nat Med. 2013;19(9):
1153-1156.

Galman C, Lundasen T, Kharitonenkov A, et al. The circulating
metabolic regulator FGF21 is induced by prolonged fasting and
PPARalpha activation in man. Cell Metab. 2008;8(2):169-174.
Charles ED, Neuschwander-Tetri BA, Pablo Frias J, et al.
Pegbelfermin (BMS-986036), PEGylated FGF21, in patients
with obesity and type 2 diabetes: results from a randomized phase
2 study. Obesity (Silver Spring). 2019;27(1):41-49.

Gaich G, Chien JY, Fu H, et al. The effects of LY2405319, an
FGF21 analog, in obese human subjects with type 2 diabetes.
Cell Metab. 2013;18(3):333-340.

Loomba R, Sanyal AJ, Kowdley KV, et al. Randomized, controlled
trial of the FGF21 analogue pegozafermin in NASH. N Engl |
Med. 2023;389(11):998-1008.

Harrison SA, Frias JP, Neff G, et al. Safety and efficacy of once-
weekly efruxifermin versus placebo in non-alcoholic steatohepatitis
(HARMONY): a multicentre, randomised, double-blind, placebo-
controlled, phase 2b trial. Lancet Gastroenterol Hepatol. 2023;
8(12):1080-1093.

Bhatt DL, Bays HE, Miller M, et al. The FGF21 analog pegozafer-
min in severe hypertriglyceridemia: a randomized phase 2 trial.
Nat Med. 2023;29(7):1782-1792.

Kim AM, Somayaji VR, Dong JQ, et al. Once-weekly administra-
tion of a long-acting fibroblast growth factor 21 analogue



18

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

modulates lipids, bone turnover markers, blood pressure and body
weight differently in obese people with hypertriglyceridaemia and
in non-human primates. Diabetes Obes Metab. 2017;19(12):
1762-1772.

Harrison SA, Ruane PJ, Freilich BL, et al. Efruxifermin in non-
alcoholic steatohepatitis: a randomized, double-blind, placebo-
controlled, phase 2a trial. Nat Med. 2021;27(7):1262-1271.

Sun N, Youle R], Finkel T. The mitochondrial basis of aging. Mol
Cell. 2016;61(5):654-666.

Schumacher B, Pothof ], Vijg J, Hoeijmakers JH]. The central role of
DNA damage in the ageing process. Nature. 2021;592(7856):
695-703.

Franceschi C, Bonafé M, Valensin S, et al. Inflamm-aging. An evo-
lutionary perspective on immunosenescence. Ann N 'Y Acad Sci.
2000;908(1):244-254.

Fazeli PK, Lee H, Steinhauser ML. Aging is a powerful risk factor
for type 2 diabetes mellitus independent of body mass index.
Gerontology. 2020;66(2):209-210.

Aune D, Sen A, Norat T, et al. Body mass index, abdominal fat-
ness, and heart failure incidence and mortality: a systematic review
and dose-response meta-analysis of prospective studies.
Circulation. 2016;133(7):639-649.

Keum N, Greenwood DC, Lee DH, ef al. Adult weight gain and
adiposity-related cancers: a dose-response meta-analysis of pro-
spective observational studies. | Natl Cancer Inst. 2015;107(2):
djv08s.

Profenno LA, Porsteinsson AP, Faraone SV. Meta-analysis of
Alzheimer’s disease risk with obesity, diabetes, and related disor-
ders. Biol Psychiatry. 2010;67(6):505-512.

Leibel RL, Rosenbaum M, Hirsch J. Changes in energy expend-
iture resulting from altered body weight. N Engl | Med. 1995;
332(10):621-628.

Lean ME, Leslie WS, Barnes AC, et al. Primary care-led weight man-
agement for remission of type 2 diabetes (DiRECT): an open-label,
cluster-randomised trial. Lancet. 2018;391(10120):541-551.
Caleyachetty R, Barber TM, Mohammed NI, et al. Ethnicity-spe-
cific BMI cutoffs for obesity based on type 2 diabetes risk in
England: a population-based cohort study. Lancet Diabetes
Endocrinol. 2021;9(7):419-426.

Templeman I, Smith HA, Chowdhury E, et al. A randomized con-
trolled trial to isolate the effects of fasting and energy restriction
on weight loss and metabolic health in lean adults. Sci Transl
Med. 2021;13(598):cabd8034.

Quaytman JA, David NL, Venugopal S, et al. Intermittent fasting
for systemic triglyceride metabolic reprogramming (IFAST): de-
sign and methods of a prospective, randomized, controlled trial.
Contemp Clin Trials. 2024;146:107698.

Mitchell SJ, Bernier M, Mattison JA, et al. Daily fasting improves
health and survival in male mice independent of diet composition
and calories. Cell Metab. 2019;29(1):221-228.e3.

Anson RM, Guo Z, de Cabo R, et al. Intermittent fasting dissoci-
ates beneficial effects of dietary restriction on glucose metabolism
and neuronal resistance to injury from calorie intake. Proc Natl
Acad Sci U § A. 2003;100(10):6216-6220.

Mattison JA, Colman RJ, Beasley TM, et al. Caloric restriction im-
proves health and survival of rhesus monkeys. Nat Commun.
2017;8(1):14063.

Corezola do Amaral ME, Kravets V, Dwulet JM, et al. Caloric
restriction recovers impaired B-cell-B-cell gap junction coupling,
calcium oscillation coordination, and insulin secretion in pre-
diabetic mice. Am | Physiol Endocrinol Metab. 2020;319(4):
E709-E720.

Kanda Y, Hashiramoto M, Shimoda M, et al. Dietary restriction
preserves the mass and function of pancreatic B cells via cell kinetic
regulation and suppression of oxidative/ER stress in diabetic mice.
J Nutr Biochem. 2015;26(3):219-226.

Yu D, Tomasiewicz JL, Yang SE, et al. Calorie-restriction-induced
insulin sensitivity is mediated by adipose mTORC2 and not re-
quired for lifespan extension. Cell Rep. 2019;29(1):236-248.€3.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Endocrine Reviews, 2025, Vol. 00, No. 0

Nisoli E, Tonello C, Cardile A, ez al. Calorie restriction promotes
mitochondrial biogenesis by inducing the expression of eNOS.
Science. 2005;310(5746):314-317.

Loépez-Lluch G, Hunt N, Jones B, et al. Calorie restriction induces
mitochondrial biogenesis and bioenergetic efficiency. Proc Natl
Acad Sci U S A. 2006;103(6):1768-1773.

Martinez-Lopez N, Mattar P, Toledo M, et al. mTORC2-
NDRG1-CDC42 axis couples fasting to mitochondrial fission.
Nat Cell Biol. 2023;25(7):989-1003.

Weir HJ, Yao P, Huynh FK, et al. Dietary restriction and AMPK
increase lifespan via mitochondrial network and peroxisome re-
modeling. Cell Metab. 2017;26(6):884-896.¢5.

Kulkarni SR, Donepudi AC, Xu ], et al. Fasting induces nuclear
factor E2-related factor 2 and ATP-binding Cassette transporters
via protein kinase A and Sirtuin-1 in mouse and human. Antioxid
Redox Signal. 2014;20(1):15-30.

Lettieri-Barbato D, Minopoli G, Caggiano R, et al. Fasting drives
Nrf2-related antioxidant response in skeletal muscle. Inz¢ | Mol Sci.
2020;21(20):7780.

Castello L, Froio T, Maina M, et al. Alternate-day fasting protects
the rat heart against age-induced inflammation and fibrosis by in-
hibiting oxidative damage and NF-kB activation. Free Radic Biol
Med. 2010;48(1):47-54.

Sohal RS, Ku HH, Agarwal S, Forster MJ, Lal H. Oxidative dam-
age, mitochondrial oxidant generation and antioxidant defenses
during aging and in response to food restriction in the mouse.
Mech Ageing Dev. 1994;74(1-2):121-133.

Horvath S. DNA methylation age of human tissues and cell types.
Genome Biol. 2013;14(10):R115.

Bjornsson HT, Sigurdsson MI, Fallin MD, et al. Intra-individual
change over time in DNA methylation with familial clustering.
JAMA. 2008;299(24):2877-2883.

Joehanes R, Just AC, Marioni RE, et al. Epigenetic signatures of
cigarette smoking. Circ Cardiovasc Genet. 2016;9(5):436-447.
Maegawa S, Lu Y, Tahara T, et al. Caloric restriction delays
age-related methylation drift. Nat Commun. 2017;8(1):539.

Xie Z, Zhang D, Chung D, et al. Metabolic regulation of gene ex-
pression by histone lysine B-hydroxybutyrylation. Mol Cell.
2016562(2):194-206.

Shimazu T, Hirschey MD, Newman J, et al. Suppression of oxida-
tive stress by B-hydroxybutyrate, an endogenous histone deacety-
lase inhibitor. Science. 2013;339(6116):211-214.

Fougere B, Boulanger E, Nourhashémi F, Guyonnet S, Cesari M.
Chronic inflammation: accelerator of biological aging. |
Gerontol A Biol Sci Med Sci. 2017;72(9):1218-1225.

Ma S, Sun S, Geng L, et al. Caloric restriction reprograms the
single-cell transcriptional landscape of rattus norvegicus aging.
Cell. 2020;180(5):984-1001.€22.

Willette AA, Bendlin BB, McLaren DG, et al. Age-related changes
in neural volume and microstructure associated with interleukin-6
are ameliorated by a calorie-restricted diet in old rhesus monkeys.
Neuroimage. 2010;51(3):987-994.

Faris MA, Kacimi S, Al-Kurd RA, et al. Intermittent fasting during
Ramadan attenuates proinflammatory cytokines and immune cells
in healthy subjects. Nu#r Res. 2012;32(12):947-955.

Ozata M, Ozdemir IC, Licinio J. Human leptin deficiency caused
by a missense mutation: multiple endocrine defects, decreased
sympathetic tone, and immune system dysfunction indicate new
targets for leptin action, greater central than peripheral resistance
to the effects of leptin, and spontaneous correction of leptin-
mediated defects. | Clin Endocrinol Metab. 1999;84(10):
3686-3695.

Gupta N, Asi N, Farah W, et al. Clinical features and management
of non-HIV-related lipodystrophy in children: a systematic re-
view. | Clin Endocrinol Metab. 2017;102(2):363-374.

Lord GM, Matarese G, Howard JK, Baker R], Bloom SR, Lechler
RI. Leptin modulates the T-cell immune response and reverses
starvation-induced immunosuppression. Nature. 1998;394(6696):
897-901.



Endocrine Reviews, 2025, Vol. 00, No. 0

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Gainsford T, Willson TA, Metcalf D, et al. Leptin can induce pro-
liferation, differentiation, and functional activation of hemopoi-
etic cells. Proc Natl Acad Sci U S A. 1996;93(25):14564-14568.
Loffreda S, Yang SQ, Lin HZ, et al. Leptin regulates proinflamma-
tory immune responses. FASEB J. 1998;12(1):57-65.

Weichhart T, Hengstschldger M, Linke M. Regulation of innate im-
mune cell function by mTOR. Nat Rev Immunol. 2015;15(10):
599-614.

Harrison DE, Strong R, Sharp ZD, et al. Rapamycin fed late in life
extends lifespan in genetically heterogeneous mice. Nature.
2009;460(7253):392-395.

Zhang P, Catterson JH, Gronke S, Partridge L. Inhibition of S6K
lowers age-related inflammation and increases lifespan through
the endolysosomal system. Nat Aging. 2024;4(4):491-509.
Correia-Melo C, Birch J, Fielder E, et al. Rapamycin improves
healthspan but not inflammaging in nfkb1-/- mice. Aging Cell.
2019;18(1):e12882.

Mannick JB, Del Giudice G, Lattanzi M, et al. mTOR inhibition
improves immune function in the elderly. Sci Transl Med.
2014;6(268):268ra179.

Mannick JB, Teo G, Bernardo P, et al. Targeting the biology of
ageing with mTOR inhibitors to improve immune function in old-
er adults: phase 2b and phase 3 randomised trials. Lancet Healthy
Longev. 2021;2(5):e250-e262.

Caffa I, Spagnolo V, Vernieri C, et al. Fasting-mimicking diet and
hormone therapy induce breast cancer regression. Nature.
2020;583(7817):620-624.

Dunn SE, Kari FW, French ], et al. Dietary restriction reduces
insulin-like growth factor I levels, which modulates apoptosis,
cell proliferation, and tumor progression in p353-deficient mice.
Cancer Res. 1997;57(21):4667-4672.

Lee C, Raffaghello L, Brandhorst S, et al. Fasting cycles retard
growth of tumors and sensitize a range of cancer cell types to
chemotherapy. Sci Transl Med. 2012;4(124):124ra127.
D’Aronzo M, Vinciguerra M, Mazza T, et al. Fasting cycles
potentiate the efficacy of gemcitabine treatment in in vitro and
in vivo pancreatic cancer models. Oncotarget. 2015;6(21):
18545-18557.

Bianchi G, Martella R, Ravera S, et al. Fasting induces
anti-Warburg effect that increases respiration but reduces
ATP-synthesis to promote apoptosis in colon cancer models.
Oncotarget. 2015;6(14):11806-11819.

Hopkins BD, Goncalves MD, Cantley LC. Insulin-PI3K signalling:
an evolutionarily insulated metabolic driver of cancer. Nat Rev
Endocrinol. 2020;16(5):276-283.

Nagao H, Cai W, Wewer Albrechtsen NJ, ez al. Distinct signaling
by insulin and IGF-1 receptors and their extra- and intracellular
domains. Proc Natl Acad Sci U S A.2021;118(17):e2019474118.
Cai W, Sakaguchi M, Kleinridders A, et al. Domain-dependent ef-
fects of insulin and IGF-1 receptors on signalling and gene expres-
sion. Nat Commun. 2017;8(1):14892.

Coschigano KT, Clemmons D, Bellush LL, Kopchick JJ.
Assessment of growth parameters and life span of GHR/BP gene-
disrupted mice. Endocrinology. 2000;141(7):2608-2613.
Tyshkovskiy A, Ma S, Shindyapina AV, et al. Distinct longevity
mechanisms across and within species and their association with
aging. Cell. 2023;186(13):2929-2949.¢2920.

Fine EJ, Miller A, Quadros EV, Sequeira JM, Feinman RD.
Acetoacetate reduces growth and ATP concentration in cancer
cell lines which over-express uncoupling protein 2. Cancer Cell
Int. 2009;9(1):14.

Weber DD, Aminzadeh-Gohari S, Tulipan J, Catalano L,
Feichtinger RG, Kofler B. Ketogenic diet in the treatment of can-
cer—Where do we stand? Mol Metab. 2020;33:102-121.

Rhee EP, Cheng S, Larson MG, et al. Lipid profiling identifies a tri-
acylglycerol signature of insulin resistance and improves diabetes
prediction in humans. | Clin Invest. 2011;121(4):1402-1411.
Marron MM, Wendell SG, Boudreau RM, et al. Metabolites asso-
ciated with walking ability among the oldest old from the CHS all

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

19

stars study. | Gerontol A Biol Sci Med Sci. 2020;75(12):
2371-2378.

Bernath MM, Bhattacharyya S, Nho K, et al. Serum triglycerides
in Alzheimer disease: relation to neuroimaging and CSF bio-
markers. Neurology. 2020;94(20):e2088-¢2098.

Kotronen A, Velagapudi VR, Yetukuri L, et al. Serum saturated
fatty acids containing triacylglycerols are better markers of insulin
resistance than total serum triacylglycerol concentrations.
Diabetologia. 2009;52(4):684-690.

Valsesia A, Saris WH, Astrup A, Hager J, Masoodi M. Distinct lip-
id profiles predict improved glycemic control in obese, nondiabetic
patients after a low-caloric diet intervention: the Diet, Obesity and
Genes randomized trial. Am | Clin Nutr. 2016;104(3):566-575.
Westerbacka J, Kotronen A, Fielding BA, et al. Splanchnic balance
of free fatty acids, endocannabinoids, and lipids in subjects with
nonalcoholic fatty liver disease. Gastroenterology. 2010;139(6):
1961-1971.el.

Zhang F, Xu X, Zhou B, He Z, Zhai Q. Gene expression profile
change and associated physiological and pathological effects in
mouse liver induced by fasting and refeeding. PLoS One. 2011;
6(11):¢27553.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding
the Warburg effect: the metabolic requirements of cell prolifer-
ation. Science. 2009;324(5930):1029-1033.

Guillermier C, Fazeli PK, Kim S, et al. Imaging mass spectrometry
demonstrates age-related decline in human adipose plasticity. JCI
Insight. 2017;2(5):¢90349.

Kluever V, Russo B, Mandad S, et al. Protein lifetimes in aged
brains reveal a proteostatic adaptation linking physiological aging
to neurodegeneration. Sci Adv. 2022;8(20):eabn4437.

Savas JN, Toyama BH, Xu T, Yates JR, Hetzer MW. Extremely
long-lived nuclear pore proteins in the rat brain. Science.
2012;335(6071):942.

Bomba-Warczak E, Edassery SL, Hark TJ, Savas JN. Long-lived
mitochondrial cristae proteins in mouse heart and brain. J Cell
Biol. 2021;220(9):e202005193.

Drigo RAE, Lev-Ram V, Tyagi S, ef al. Age mosaicism across mul-
tiple scales in adult tissues. Cell Metab. 2019;30(2):343-351.¢3.
Bomba-Warczak EK, Velez KM, Zhou LT, et al. Exceptional
Longevity of Mammalian Ovarian and Oocyte Macromolecules
Throughout the Reproductive Lifespan. eLife Sciences
Publications, Ltd; 2024.

Yavuzer H, Yavuzer S, Cengiz M, et al. Biomarkers of lipid perox-
idation related to hypertension in aging. Hypertens Res.
2016;39(5):342-348.

Polidori MC, Frei B, Cherubini A, ez al. Increased plasma levels of
lipid hydroperoxides in patients with ischemic stroke. Free Radic
Biol Med. 1998;25(4-5):561-567.

Rikans LE, Hornbrook KR. Lipid peroxidation, antioxidant pro-
tection and aging. Biochim Biophys Acta. 1997;1362(2-3):
116-127.

Aguzzi A, O’Connor T. Protein aggregation diseases: pathogen-
icity and therapeutic perspectives. Nat Rev Drug Discov.
2010;9(3):237-248.

Hark TJ, Rao NR, Castillon C, et al. Pulse-chase proteomics of the
App Knockin mouse models of Alzheimer’s disease reveals that
synaptic dysfunction originates in presynaptic terminals. Cell
Syst. 2021512(2):141-158.¢9.

Wilhelmi de Toledo F, Grundler F, Goutzourelas N, et al
Influence of long-term fasting on blood redox status in humans.
Antioxidants (Basel). 2020;9(6):496.

Hipp MS, Kasturi P, Hartl FU. The proteostasis network and its
decline in ageing. Nat Rev Mol Cell Biol. 2019;20(7):421-435.
Mizushima N, Levine B. Autophagy in human diseases. N Engl |
Med. 2020;383(16):1564-1576.

Mizushima N, Yamamoto A, Matsui M, Yoshimori T, Ohsumi Y.
In vivo analysis of autophagy in response to nutrient starvation us-
ing transgenic mice expressing a fluorescent autophagosome
marker. Mol Biol Cell. 2004;15(3):1101-1111.



20

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Sica V, Galluzzi L, Bravo-San Pedro JM, Izzo V, Maiuri MC,
Kroemer G. Organelle-specific initiation of autophagy. Mol Cell.
2015;59(4):522-539.

Steinhauser ML, Maron BA. Viewing pulmonary arterial hyper-
tension pathogenesis and opportunities for disease-modifying
therapy through the lens of biomass. JACC Basic Transl Sci.
2024;9(10):1252-1263.

Gerlach BD, Ampomah PB, Yurdagul A, et al. Efferocytosis indu-
ces macrophage proliferation to help resolve tissue injury. Cell
Metab. 2021;33(12):2445-2463.€8.

Milan G, Romanello V, Pescatore F, ef al. Regulation of autoph-
agy and the ubiquitin-proteasome system by the FoxO transcrip-
tional network during muscle atrophy. Nat Commun.
2015;6(1):6670.

VerPlank JJS, Lokireddy S, Zhao J, Goldberg AL. 26S
Proteasomes are rapidly activated by diverse hormones and
physiological states that raise cAMP and cause Rpné phosphoryl-
ation. Proc Natl Acad Sci U S A. 2019;116(10):4228-4237.

Pyo JO, Yoo SM, Ahn HH, et al. Overexpression of Atg$5 in mice
activates autophagy and extends lifespan. Nat Commun.
2013;4(1):2300.

Di Francesco A, Deighan AG, Litichevskiy L, ez al. Dietary restric-
tion impacts health and lifespan of genetically diverse mice.
Nature. 2024;634(8034):684-692.

Goodrick CL, Ingram DK, Reynolds MA, Freeman JR, Cider N.
Effects of intermittent feeding upon body weight and lifespan in
inbred mice: interaction of genotype and age. Mech Ageing Dev.
1990;55(1):69-87.

Liao CY, Rikke BA, Johnson TE, Diaz V, Nelson JF. Genetic vari-
ation in the murine lifespan response to dietary restriction: from
life extension to life shortening. Aging Cell. 2010;9(1):92-95.
Bhaskaran K, Dos-Santos-Silva I, Leon DA, Douglas IJ, Smeeth L.
Association of BMI with overall and cause-specific mortality: a
population-based cohort study of 3:6 million adults in the UK.
Lancet Diabetes Endocrinol. 2018;6(12):944-953.

Global BMI Mortality Collaboration, Di Angelantonio E,
Bhupathiraju SN, et al. Body-mass index and all-cause mortality:
individual-participant-data meta-analysis of 239 prospective stud-
ies in four continents. Lancet. 2016;388(10046):776-786.
Harbottle EJ, Birmingham CL, Sayani F. Anorexia nervosa: a sur-
vival analysis. Eat Weight Disord. 2008;13(2):e32-e34.

Fazeli PK, Bredella MA, Pachon-Pefia G, et al. The dynamics of
human bone marrow adipose tissue in response to feeding and
fasting. JCI Insight. 2021;6(12):e138636.

Kosteli A, Sugaru E, Haemmerle G, et al. Weight loss and lipolysis
promote a dynamic immune response in murine adipose tissue. |
Clin Invest. 2010;120(10):3466-3479.

Reinisch I, Michenthaler H, Sulaj A, ez al. Adipocyte p53 coordi-
nates the response to intermittent fasting by regulating adipose tis-
sue immune cell landscape. Nat Commun. 2024;15(1):1391.
Janssen H, Kahles F, Liu D, e al. Monocytes re-enter the bone
marrow during fasting and alter the host response to infection.
Immunity. 2023;56(4):783-796.¢7.

Miller KK, Grinspoon SK, Ciampa J, Hier J, Herzog D, Klibanski
A. Medical findings in outpatients with anorexia nervosa. Arch
Intern Med. 2005;165(5):561-566.

Misra M, Katzman DK, Cord ], et al. Bone metabolism in adoles-
cent boys with anorexia nervosa. | Clin Endocrinol Metab.
2008;93(8):3029-3036.

Mehler PS, Sabel AL, Watson T, Andersen AE. High risk of osteo-
porosis in male patients with eating disorders. Int | Eat Disord.
2008;41(7):666-672.

Vestergaard P, Emborg C, Steving RK, Hagen C, Mosekilde L,
Brixen K. Fractures in patients with anorexia nervosa, bulimia
nervosa, and other eating disorders—a nationwide register study.
Int | Eat Disord. 2002;32(3):301-308.

Faje AT, Fazeli PK, Miller KK, et al. Fracture risk and areal bone
mineral density in adolescent females with anorexia nervosa. Int |
Eat Disord. 2014;47(5):458-466.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

Endocrine Reviews, 2025, Vol. 00, No. 0

Nagata JM, Golden NH, Leonard MB, Copelovitch L, Denburg
MR. Assessment of sex differences in fracture risk among patients
with anorexia nervosa: a population-based cohort study using the
health improvement network. | Bone Miner Res. 2017;32(5):
1082-1089.

Frolich J, Winkler LA, Abrahamsen B, Bilenberg N, Hermann AP,
Steving RK. Fractures in women with eating disorders-incidence,
predictive factors, and the impact of disease remission: Cohort
study with background population controls. Int | Eat Disord.
2020;53(7):1080-1087.

Rigotti NA, Neer RM, Skates S], Herzog DB, Nussbaum SR. The
clinical course of osteoporosis in anorexia nervosa. A longitudinal
study of cortical bone mass. JAMA. 1991;265(9):1133-1138.
Villareal DT, Fontana L, Das SK, et al. Effect of two-year caloric
restriction on bone metabolism and bone mineral density in non-
obese younger adults: a randomized clinical trial. ] Bone Miner
Res. 2016;31(1):40-51.

Grinspoon SK, Baum HB, Kim V, Coggins C, Klibanski A.
Decreased bone formation and increased mineral dissolution dur-
ing acute fasting in young women. | Clin Endocrinol Metab.
1995;80(12):3628-3633.

Amorim T, Kumar NG, David NL, ez al. Methionine as a regulator
of bone remodeling with fasting. JCI Insight. 2024;9(12):
el77997.

Acosta-Rodriguez V, Rijo-Ferreira F, Izumo M, et al. Circadian
alignment of early onset caloric restriction promotes longevity in
male C57BL/6] mice. Science. 2022;376(6598):1192-1202.
Duregon E, Fernandez ME, Martinez Romero ], et al. Prolonged
fasting times reap greater geroprotective effects when combined
with caloric restriction in adult female mice. Cell Metab.
2023;35(7):1179-1194.¢5.

Whittaker DS, Akhmetova L, Carlin D, et al. Circadian modula-
tion by time-restricted feeding rescues brain pathology and im-
proves memory in mouse models of Alzheimer’s disease. Cell
Metab. 2023;35(10):1704-1721.e6.

Pan RY, Zhang J, Wang J, et al. Intermittent fasting protects
against Alzheimer’s disease in mice by altering metabolism
through remodeling of the gut microbiota. Nat Aging.
2022;2(11):1024-1039.

Al-Jafar R, Wahyuni NS, Belhaj K, ez al. The impact of Ramadan
intermittent fasting on anthropometric measurements and body
composition: evidence from LORANS study and a meta-analysis.
Front Nutr. 2023;10:1082217.

Horne BD, Mubhlestein JB, May HT, et al. Relation of routine,
periodic fasting to risk of diabetes mellitus, and coronary artery
disease in patients undergoing coronary angiography. Am |
Cardiol. 2012;109(11):1558-1562.

Varady KA, Bhutani S, Klempel MC, Kroeger CM. Comparison of
effects of diet versus exercise weight loss regimens on LDL and
HDL particle size in obese adults. Lipids Health Dis. 2011;
10(1):119.

Teong XT, Liu K, Vincent AD, Bensalem J, Liu B, Hattersley KJ ez
al. Intermittent fasting plus early time-restricted eating versus cal-
orie restriction and standard care in adults at risk of type 2 dia-
betes: a randomized controlled trial. Nature medicine. 2023;
29(4):963-1935.

Ezpeleta M, Gabel K, Cienfuegos S, et al. Effect of alternate day
fasting combined with aerobic exercise on non-alcoholic fatty liver
disease: a randomized controlled trial. Cell Metab. 2023;35(1):
56-70.e3.

Cooke MB, Deasy W, Ritenis EJ, Wilson RA, Stathis CG. Effects
of intermittent energy restriction alone and in combination with
sprint interval training on body composition and cardiometabolic
biomarkers in individuals with overweight and obesity. Int |
Environ Res Public Health. 2022;19(13):7969.

Bhutani S, Klempel MC, Kroeger CM, Trepanowski JF, Varady
KA. Alternate day fasting and endurance exercise combine to re-
duce body weight and favorably alter plasma lipids in obese hu-
mans. Obesity (Silver Spring). 2013;21(7):1370-1379.



Endocrine Reviews, 2025, Vol. 00, No. 0

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Kjeldsen-Kragh J, Haugen M, Borchgrevink CF, et al. Controlled
trial of fasting and one-year vegetarian diet in rheumatoid arth-
ritis. Lancet. 1991;338(8772):899-902.

Robertson DG, Ruepp SU, Stryker SA, et al. Metabolomic and
transcriptomic changes induced by overnight (16 h) fasting in
male and female Sprague-Dawley rats. Chem Res Toxicol.
2011;24(4):481-487.

Pietzner M, Uluvar B, Kolnes KJ, ez al. Systemic proteome adap-
tions to 7-day complete caloric restriction in humans. Nat
Metab. 2024:6(4):764-777.

Maifeld A, Bartolomaeus H, Lober U, et al. Fasting alters
the gut microbiome reducing blood pressure and body weight
in metabolic syndrome patients. Nat Commun. 2021;12(1):
1970.

Guo Y, Luo S, Ye Y, Yin S, Fan J, Xia M. Intermittent fasting im-
proves cardiometabolic risk factors and alters gut microbiota in
metabolic syndrome patients. | Clin Endocrinol Metab. 2021;
106(1):64-79.

Hu X, Xia K, Dai M, et al. Intermittent fasting modulates the in-
testinal microbiota and improves obesity and host energy metab-
olism. NPJ Biofilms Microbiomes. 2023;9(1):19.

Mohr AE, Sweazea KL, Bowes DA, et al. Gut microbiome remod-
eling and metabolomic profile improves in response to protein
pacing with intermittent fasting versus continuous caloric restric-
tion. Nat Commun. 2024;15(1):4155.

Paukkonen I, Torronen EN, Lok J, Schwab U, El-Nezami H. The
impact of intermittent fasting on gut microbiota: a systematic re-
view of human studies. Front Nutr. 2024;11:1342787.
Hakvoort TB, Moerland PD, Frijters R, et al. Interorgan coordin-
ation of the murine adaptive response to fasting. | Biol Chem.
2011;286(18):16332-16343.

Schupp M, Chen F, Briggs ER, et al. Metabolite and transcrip-
tome analysis during fasting suggest a role for the p53-Ddit4
axis in major metabolic tissues. BMC Genomics. 2013;14(1):
758.

Izumida Y, Yahagi N, Takeuchi Y, et al. Glycogen shortage during
fasting triggers liver-brain-adipose neurocircuitry to facilitate fat
utilization. Nat Commun. 2013;4(1):2316.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

21

Nagai M, Noguchi R, Takahashi D, et al. Fasting-refeeding im-
pacts immune cell dynamics and mucosal immune responses.
Cell. 2019;178(5):1072-1087.¢14.

Asterholm IW, McDonald J, Blanchard PG, et al. Lack of “im-
munological fitness” during fasting in metabolically challenged
animals. | Lipid Res. 2012;53(7):1254-1267.

Forster MJ, Morris P, Sohal RS. Genotype and age influence the ef-
fect of caloric intake on mortality in mice. FASEB J. 2003;17(6):
690-692.

Soeters MR, Sauerwein HP, Groener JE, et al. Gender-related dif-
ferences in the metabolic response to fasting. | Clin Endocrinol
Metab. 2007;92(9):3646-3652.

Merimee TJ, Fineberg SE. Homeostasis during fasting. IL
Hormone substrate differences between men and women. J Clin
Endocrinol Metab. 1973;37(5):698-702.

Van Pelt RE, Gozansky WS, Schwartz RS, Kohrt WM. Intravenous
estrogens increase insulin clearance and action in postmenopausal
women. Am | Physiol Endocrinol Metab.2003;285(2):E311-E317.
Barzilai N, Crandall JP, Kritchevsky SB, Espeland MA. Metformin
as a tool to target aging. Cell Metab. 2016523(6):1060-1065.
Lee DJW, Hodzic Kuerec A, Maier AB. Targeting ageing with ra-
pamycin and its derivatives in humans: a systematic review.
Lancet Healthy Longev. 2024;5(2):e152-e162.

Stekovic S, Hofer SJ, Tripolt N, et al. Alternate day fasting im-
proves physiological and molecular markers of aging in healthy,
non-obese humans. Cell Metab. 2019;30(3):462-476.¢6.

Justice JN, Ferrucci L, Newman AB, et al. A framework for selec-
tion of blood-based biomarkers for geroscience-guided clinical tri-
als: report from the TAME Biomarkers Workgroup. Geroscience.
2018;40(5-6):419-436.

Herzog CMS, Goeminne LJE, Poganik JR, et al. Challenges and
recommendations for the translation of biomarkers of aging.
Nat Aging. 2024;4(10):1372-1383.

Mogqri M, Herzog C, Poganik JR, et al. Validation of biomarkers
of aging. Nat Med. 2024;30(2):360-372.

Mogri M, Herzog C, Poganik JR, et al. Biomarkers of aging for the
identification and evaluation of longevity interventions. Cell.
2023;186(18):3758-3775.



	A Critical Assessment of Fasting to Promote Metabolic Health and Longevity
	Relevance of Fasting Physiology
	The Adaptive Fasting Response (Fig. 1)
	Endogenous Glucose Production During Early Fasting
	Glycogenolysis
	Gluconeogenesis

	The Shift to Lipids as Dominant Fuel Source
	Mobilization of adipocyte lipid stores (Fig. 2)
	Switch to fatty acid oxidation
	Ketogenesis

	Reduction in Energy Expenditure
	Neuroendocrine Adaptations to Negative Energy Balance (Fig. 3)
	Hypothalamic-pituitary-thyroid axis
	GH resistance and hypogonadotropic hypogonadism
	Additional hormonal mediators
	Leptin
	FGF21



	Potential Mechanisms of Benefit From Fasting
	Weight Reduction
	Insulin Resistance and Glucose Metabolism
	Reprogramming of Cellular Metabolism
	Inflammation
	Cancer
	Lipid Metabolism
	Catabolic Dissolution of Pathological Biomass

	Potential Mechanisms of Harm From Fasting
	Inflammation
	Loss of Bone Mineral Density

	Translational and Human Fasting Studies With Clinical Endpoints
	Data From Model Organisms
	Human Studies

	Conclusions, Unanswered Questions, and Future Directions
	Can Unbiased Multi-omics Analyses Redefine the Stages of Starvation?
	How Does Aging Modify the Fasting Response?
	Is There an Optimal Fasting Protocol With Respect to Duration and Frequency?
	Are There Benefits of Fasting Independent of Weight Loss?
	Are Benefits of Caloric Restriction or Fasting Fully Conserved in Humans?
	Are There Sex Differences in the Fasting Response?
	Can the Beneficial Effects of Fasting be Recapitulated by Pharmacologically Targeting Key Regulatory Nodes?
	How Can the Potential Life- and Health-span Benefits of Fasting or Fasting Mimetics be Assessed in Human Trials?

	Funding
	Disclosures
	References




