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ABSTRACT: A temporal framework linking circadian rhythms and clocks to aging rates identifies a specific
window of target of rapamycin (TOR) signaling associated with growth hormone (GH) and insulin-like growth
factor (IGF-1) (largely exclusive of insulin) in early sleep. IGF-1 signaling is released by growth hormone
secretory peaks and downregulation of IGF-1 binding protein-1 resulting in activation of the mitogen activated
protein kinase/extracellular signal response kinase (MAPK/ERK) and phosphoinositide 3-kinase-protein kinase
B (PI3K-PKB/Akt) signaling pathways. Phosphorylation of Akt activates TOR which mediates the protein
synthesis and growth functions of the GH axis. TOR activity is also associated with downregulated stress
resistance, faster aging and reduced lifespan. IGF-1 signaling is terminated by falling GH and upregulation of
IGF-1 binding proteins mediated by somatostatin and rising corticosteroids in later sleep. This suppresses PI3K-
Akt signaling, thus activating the forkhead transcription factors (FOXOs) and stress-resistance pathways
involved in promoting longevity. Thus, sleep appears to encompass both pathways currently identified as most
relevant to aging and they toggle successively on the phosphorylation status of Akt. I propose a modified
version of Pearl’s rate of living theory emphasizing the hard-wired antagonism of growth (TOR) and stress
resistance (FOXO). The sleep association of TOR and FOXO in temporally separated windows and their
sequential temporal deployment may change much of the way we think about aging and how to manipulate it.

Key words: Forkhead transcription factors; target of rapamycin; clocks; energy metabolism; rate of
living; stress resistance; growth; sleep

“One Ring to rule them all, One Ring to find them,
One Ring to bring them all and in the darkness
bind them”J.R.R. Tolkien [1]

A highly conserved regulatory structure that critically
modulates aging centers on insulin and IGF-1
signaling via the phosphoinositide 3-kinase pathway
(PI3K). This pathway, and another IGF-1/growth-
factor pathway, MAPK/ERK, also regulates anabolic
processes such as protein synthesis and growth [2].
Among mammals, body size is strongly associated
with longevity. Intra-specifically, those growing
fastest to larger size generally live shorter lives,
whereas inter-specifically, long-lived larger animals
are associated with slower but prolonged growth [3-
5]. Key models of extended longevity include mice
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with defective growth hormone or IGF-1 signaling
such as the Ames and Snell dwarfs, GH receptor
knockout mice, IGF-1 heterozygous receptor
knockout mice, mice with deletion of the growth
factor adaptor protein, p66°™, or deletion of either
insulin receptor substrate-1 or 2 [6-11]. Alternatively,
mice with upregulated growth, such as GH transgenic
mice (TGM) express a progeroid aging syndrome [12-
14]. Our research program with TGM found that their
rapid growth was associated with highly elevated free
radical processes and accelerated aging. This
suggested that enforced allocation of resources to
growth may compromise ‘“longevity assurance”
investments [4, 14, 15]. These ideas were strongly
supported by more recent recognition that the
antagonism between growth (largely mediated by
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Table 1. The Target of Rapamycin (TOR) and Forkhead
transcription factors (FOXO) are strongly antagonistic in
their regulation of numerous processes relevant to health
and disease.

Process or mechanism Impact of the
target of
rapamycin

Impact of
forkhead
transcription
factors

Organismal growth
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target of rapamycin [TOR] pathways) and stress
resistance relevant to aging (mediated by forkhead
transcription factors [FOXOs]) is not simply a
resource tradeoff, it reflects a hard-wired regulatory
dichotomy conserved across eukaryote phylogenies
spanning yeast to vertebrates [16-20]. TOR and
FOXO occupy opposite and antagonistic arms of the
PI3K pathway.

Fibroblasts from long-lived Ames, Snell and GH
receptor knockout mice were exceptionally resistant to
reactive oxygen species
(ROS), cadmium, ultraviolet light, heat) but treatment
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of Ames dwarf mice with GH abolished such
resistance [2, 21]. Alternatively transgenic GH mice
have increased sensitivity to paraquat [2]. Cells
obtained from Snell dwarf mice within one week of
birth had similar stress responses as cells from normal

mice. Young adult donors, however, had cells
exceptionally  resistant to  multiple  stressors,
suggesting a hormonal/developmental mechanism.

Reduced levels of IGF-1 may contribute to stress
resistance in mammalian cells [21].

We found that TGM had dramatically increased
sleep that was modulated by energy supply. A
predominant role of the GH axis in sleep regulation is
now well established and we developed a framework
suggesting that regulation of the genome and
metabolome involved relegation of anabolic processes
(e.g., synthesis, growth, repair and recharging) to
sleep under control of the GH axis. This would then
facilitate maximization of performance of niche-
interfacing functions crucial to competitive fitness
during waking [4, 15, 22-24]. These ideas further
evolved into a synthesis recognizing “electroplasmic
cycles” as a fundamental and highly conserved
temporal regulatory framework encompassing the
regulation of living systems across organismal to
genomic levels [4, 20, 25].

Recently, a suite of elegant studies in yeast
demonstrated ~ that  their  genomic-metabolic
organization reflects cycles of linked energy
metabolism and redox as predicted [19, 26-33]. An
unexpected feature, however, was that rather than a
simple catabolic-anabolic dichotomy, yeast express
three distinct temporal phases. Oxidative metabolism
and generation of ATP constitute one aspect, a
window dedicated to synthesis and growth constitutes
another and a third phase is associated with functions
requiring reducing conditions such as heme synthesis
and antioxidant recharging. A literature synthesis
confirmed that the circadian organization of
vertebrates is also associated with three distinct
functional phases [20]. Remarkably, an anabolic
window dominated by GH-IGF-1-TOR signaling
occurs in early sleep, whereas late sleep emerges as
the realm of fasting-associated FOXO. Thus, both key
pathways currently considered most critical to aging
may occur in sleep despite the fact that they are
strongly antagonistic and temporally, mutually
exclusive. The range of critical functions linked to
these pathways is extensive, and suggests that chronic
downregulation of either may have undesirable
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impacts (Table 1). This must fundamentally alter our
understanding and management of aging.

THE CIRCADIAN CLOCK

Recognition that the organization of redox and energy
metabolism constitutes temporal cycles highlights the
value of clocks. Accurate timekeeping is essential to
synchronize crucial activities and life history aspects
with external circadian and seasonal variation.
Internally, clocks allow coordination among diverse
organs and tissues, and integration across hierarchical
levels of organization spanning populations to genes
[20, 34-37].

The mammalian master clock resides in paired
suprachiasmatic nuclei (SCN) located in the
hypothalamus — a structure constituting a central
microprocessor that senses and determines resource
allocation and that coordinates global functioning
across circadian and seasonal cycles. The basic
structure of circadian clocks is phylogenetically

conserved and involves recursive cycles of
transcription, translation, nuclear-cytoplasmic
transport and protein degradation. The core

mechanism involves stimulation of transcription of the
Cryptochrome (Cry) and Period (Per) genes by
heterodimers formed of CLOCK (circadian locomotor
output cycles kaput) and BMAL-1 (Brain and muscle
aryl hydrocarbon receptor nuclear translocator
(ARNT-like)). Translated CRY and PER proteins
themselves form heterodimers that translocate to the
nucleus where they inhibit their own transcription.
This yields a fundamental timing loop. Input from
light via the retinohypothalamic tract provides
extrinsic entrainment. The clock has diverse outputs
including direct and indirect linkages to hypothalamic
circuits regulating stress, hunger, metabolism, growth,
thermoregulation and reproduction. Crucial linkage to
the pineal gland controls nocturnal release of
melatonin, a hormone and antioxidant that enters the
circulation and that can signal circadian time and
daylength (seasons).

Besides the central SCN clock, peripheral tissues
maintain their own clocks that are variously linked to
the central timekeeper. Surprisingly, despite the clock
elements themselves being largely similar among
tissues, gene arrays find remarkably little
commonality of other genes expressing circadian
expression across tissues [38, 39]. This likely reflects
a critical role of clocks in cell differentiation itself. As
our understanding of clocks increases, what might be
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considered to be part of the clock or important indirect
targets progressively expands. Feedback from energy
sensors  such as NAMPT (nicotinamide
phosphoribosyltransferase) AMPK (AMP activated
protein kinase), and linkage of the clock to couples
reflecting both redox and energy (e.g., NAD(P)/
NAD(P)H, ADP/ATP) are highlighted (NADPH =
nicotinamide adenine dinucleotide phosphate). Of
profound importance, a critical component of the
clock linked to NAD(P)/NAD(P)H is the deacetylase,
Sirtuin-1 (SIRT1 = silent mating type information
regulation 2 homolog). SIRT1 has been highlighted as
the target of the red wine flavinoid, resveratrol that
proves to have pervasive benefits for health and aging
rates (perhaps as a dietary restriction mimetic).
AMPK is indirectly linked to both the target of
rapamycin (TOR) and forkhead (FOXO) functions
(see below) and SIRT1 links AMPK, PPARs
(peroxisome  proliferator-activated  receptors) and
FOXOs to the clock.

A role of clocks in tissue differentiation and
tissue-specific control of redox/metabolic processes
involves intimate interfacing and regulation of clock
elements to nuclear receptors. At least 49 nuclear
receptors are pervasively linked to energy metabolism,
steroidogenesis, development, mitochondrial function
and xenobiotic responses. Their complex regulation
and interactions may represent a combinatorial code
relevant to tissue-specific functions and even
organismal-level integration [40-42]. Clocks regulate
numerous nuclear receptors, but these receptors also
feed back to the clock. Direct interactions and
feedback between clock elements and nuclear
receptors provides seamless integration of clocks to
redox and metabolic states [42].

Aspects of metabolism including gluconeogenesis,
insulin sensitivity, lipid metabolism, heme synthesis,
mitochondrial activity and ATP production show
pronounced circadian rhythmicity. Alterations in the
clock elements Clock or Bmall result in significant
metabolic disturbance [38, 43-45]. The charging-
reductive phase of yeast involves numerous enzymes
involved in carbohydrate and ethanol metabolism that
anticipate the impending oxidative phase. This phase
is associated with accumulation of acetyl-CoA units,
the key substrate for respiration [33]. Although
elements contributing to gluconeogenesis, glycolysis
and fatty acid metabolism peak during early waking
associated with feeding, the circadian rise in such
processes begins in the late sleep-associated phase
[38]. Clock function is altered by diet (e.g., dietary
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restriction (DR), high fat diets, glucose intake and
meal timing) as well as feeding regulatory signals like
insulin, glucocorticoids, cyclic AMP, leptin and
ghrelin. Thus, clocks are tightly linked to energy
metabolism [37, 46-48].

PER2 (but not PER1) physically interacts with
multiple nuclear receptors including REV-ERBa
(reverse erba), TRa (thyroid hormone receptor o),
PPARa, and HNF4a (hepatocyte nuclear factor 4a) to
co-regulate transcriptional targets (e.g., Bmall, Hnfla
and Glucose-6-phosphatase) [49]. Loss of function in
Per2 or Rev-Erbo disrupts rhythmicity in nuclear
receptor targets such as PCK-1 (phosphoenolpyruvate
carboxykinase), glucose-6-phosphatase and glycogen
as well as other energy regulating genes such as
Glut2(glucose transporter type 2) [49]. Rev-erba is
particularly highlighted in linking the clock to
metabolic processes, including both glucose and lipid
metabolism [50]. Such mechanisms demonstrate that
core clock genes can influence transcription of nuclear
receptor targets. Heme itself did not significantly alter
the interaction of PER2 with REV-ERBa. Bmall and
Rev-erba expression are stimulated by binding of the
retinoic acid orphan nuclear receptors RORa and
RORYy to promoter RORE response elements. PGC-1a
(peroxisome  proliferator-activated  receptor vy
coactivator 1 o) is a cofactor for RORs [37]. Clock-
nuclear receptor integration dissolves the boundary
between metabolic and clock functions and suggests
that clocks regulate robust homeorhesis in tissue-
specific nutritional and metabolic processes [42].

Nuclear receptors include those for aldosterone,
thyroid hormone, estrogens, androgens, progesterone,
glucocorticoids, fatty acids (PPARs), cholesterol,
vitamin D3, retinoic acids (RAR, ROR), xenobiotics
(CAR = constitutive androstane receptor), bile acids
and linoleic acid. Despite their importance, ligands for
many nuclear receptors remain unknown. Nearly all
show strong circadian rhythmicity that varies among
tissues [40. 51] and many are already recognized
components or close associates of the clock. The
nuclear Rev-erb receptor, an established clock
component, was recently shown to bind heme [52].
This undoubtedly provides redox-sensing capacity to
the clock. Stimulation of Ucp-1 (uncoupling protein 1)
transcription by adrenergic [ receptors (associated
with increased c-AMP) involves binding of the orphan
nuclear receptor NOR-1 (neuron derived orphan
receptor 1) to the promoter region of Ucp-1[53].
Adrenergic receptor B2 signaling in skeletal muscle
activated genes promoting fatty acid and pyruvate
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utilization including PGC-1, lipin-1, FOXO1 and
PDK4 (pyruvate dehydrogenase kinase isozyme 4).
NOR-1 was also induced. NOR-1 binds lipin-1 and
PDK-4 promoters and is instrumental in regulating
muscle metabolism [54]. NOR-1 siRNA also
disrupted expression of UCP-2 and UCP-3 in skeletal
muscle  suggesting a capacity to regulate
mitochondrial coupling.

NOR-1 showed strong peaks of expression in the
early resting/photophase for muscle and brown
adipose tissue and secondary peaks in the early
waking phase for brown adipose tissue and during the
mid-activity period in skeletal muscle [40]. Binding of
the essential fatty acid linoleic acid by the HNF4a
receptor is drastically reduced by fasting. HNF4a
expression rises across the activity cycle and declines
across the resting photophase in mouse liver.
Although arhythmic in muscle, some of its actions
may involve non-transcriptional mechanisms [40, 51].

The hypothalamic-adrenal axis (HPA) is activated
in late sleep and is associated with increasing levels of
rapid eye movement sleep and the transition to
waking. The HPA then dominates waking functions
and appears to be a primary endocrine mediator of
clock signaling. Wake-associated functions important
to niche-related fitness have priority over sleep.
Rhythmic  production of catecholamines and
corticosteroid under control of the adrenal clock likely
represent an extended hand or even an important
adjunct to the SCN clock. The primary HPA effector,
corticosteroid, is synthesized by adrenal genes
expressing circadian rhythmicity (notably
steroidogenic acute regulatory protein (StAR)) and
knockout of Bmall in the adrenal abolishes rhythmic
glucocorticoid production and disrupts mouse
behavior [42, 55, 56].

Mice lacking Per2 lack corticosterone rhythms
but responses to feeding, ACTH (adrenocorticotropic
hormone) and stress remain intact [57]. Rhythmic
expression of synthetic genes in the mouse adrenal
peaked at the day-night/rest-wake transition [55].
Catecholamine metabolism and steroid synthesis both
showed strong circadian rhythmicity. Interestingly, the
peak in catecholamine metabolism was associated
with late sleep and the beginnings of arousal (~ZT:10)
(ZT = zeitgeber time where lights on is ZT 0). The
nuclear glucocorticoid receptor has pervasive impacts
on tissues throughout the body. Many clock genes
(e.g., Per) have glucocorticoid response elements in
their promoters indicating bi-directional integration of
clocks and glucocorticoids [42].
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Figure 1. Insulin-like growth factor (IGF-1) signaling relevant to the target of rapamycin (TOR) and forkhead
transcription factors (FOXO). Growth hormone (GH) upregulates IGF-1 in early sleep both directly and by
downregulating IGF-1 binding protein 1 (IGFBP-1). IGF-1 activates two pathways (PI3K-AKT and MAPK/ERK) that
both regulate protein synthesis and growth processes. IGF-1 activity generates free radicals via membrane-bound
NAD(P)H oxidases. Oxidation of phosphatases disinhibits kinase signaling and both IGF-1 signaling pathways. The
toggle switch regulating TOR-FOXO antagonism is bifurcation of PI3K signaling according to the phosphorylation
status of Protein Kinase B (PKB/AKT). Activated PKB/AKT inhibits FOXO and activates TOR via disinhibitory
signaling to tuberous sclerosis factor 2 (TSC2). Inhibition of TSC2 releases activity of Rheb (Ras homolog enriched in
brain) which in turn activates TOR. TOR signaling then activates eukaryotic initiation factor (elF4E) and S6 protein
kinase (S6K) activity required for protein synthesis. Stress, amino acid availability and energy supply strongly modulate
TOR activity. REDDI1 (regulated in development and DNA damage-1) signals status of diverse stressors and AMP
activated protein kinase (AMPK) reflects energy associated with AMP/ATP status. S6K is also a sensor of amino acids
and energy and is implicated in insulin resistance via impacts on the insulin receptor substrate. Lack of insulin and IGF-
1 signaling, termination of oxidase activity, activation of phosphatases (PTEN and PP2A) and unphosphorylated
PKB/AKkt inhibits TOR and releases FOXO nuclear localization and activation in late sleep. Modified after Rollo [20].

Circadian Regulation of Aging Rates

THE PHOSPHOINOSITIDE PI3K

Insulin, IGF-1 and other growth factors signal via the
PI3K pathway that regulates energy, redox and
diverse aspects of aging [2, 58-60]. PI3K activity is
associated with NAD(P)H oxidase [NOX] activation
[58] that inhibits tyrosine phosphatases (particularly
PTEN (phosphatase and tensin homolog)) via
oxidative maodification of redox-regulated cysteine
residues. Antioxidants and peroxiredoxin are
inhibitory [58]. Mutation, or downregulation of PI3K

elements that bias signaling pathways away from TOR
and toward activation of FOXO generally slow aging
and extend lifespan [11, 61].

The bifurcation point directing signal flow to
TOR versus FOXO toggles on protein kinase B
(PKB/AKkt). There are three Akt isoforms. Aktl is
widely distributed (and is most relevant to aging),
Akt2 may particularly serve insulin, and Akt3 occurs
in testes and brain. Aktl controls growth, protein and
glycogen synthesis, immunity and aging (i.e., largely
TOR functions) whereas Akt2 mainly modulates
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glucose transport and fat deposition [62-64].
Phosphorylation and activation of Akt directs
signaling to TOR. Alternatively, Akt actively inhibits
FOXO and consequently reduced Akt phosphorylation
activates FOXO via disinhibition (Fig. 1). This
bifurcating regulatory structure imposing hard-wired
mutual antagonism between stress resistance (FOXO)
and growth (TOR) consolidates the tradeoff between
growth and aging.

A GH-IGF-TOR WINDOW IN EARLY SLEEP

The target of rapamycin (TOR) associates in two
complexes defined by the presence of either Raptor or
Rictor. Downregulation of TOR or its target,
ribosomal S6 protein kinase (S6K), strongly impacts
aging and extends longevity of yeast, nematodes, flies
and mammals [60, 61, 65-69]. Mechanisms include
autophagy, mRNA translation and mitochondrial
metabolism. Autophagy appears important in DR and
fastingr and may  provide resitance to
neurodegenerative diseases involving accumulation of
misfolded proteins. Rapamycin impacts on longevity
are mainly via TOR complex I. TOR is activated by
growth factors and amino acids and is downregulated
by AMPK [68].

Insulin and IGF-1 both signal via PI3K but a
temporal framework highlights that insulin secretion
is associated with meals so it is largely excluded from
sleep. Although IGF-1 may also signal during
ultradian meal cycles, its strongest signaling likely
occurs independently of insulin during a specifically
designated window in early sleep. IGF-I is the key
effector of GH but does not exhibit plasma secretory
spikes like those of GH. IGF-1 levels are considered a
reliable biomarker of general nitrogen metabolism and
it permissively regulates and coordinates other growth
factors [70]. IGF-1signaling via both MAPK/ERK and
P13K converge on TOR which critically mediates GH-
IGF-1 regulation of protein synthesis, cell growth and
cell proliferation (including that of cancers) (Fig. 1).

The MAPK/ERK pathway that mediates IGF-1
signaling in cooperation with PI3K is active in sleep
[71]. In fact, ERK protein levels show strong
circadian rhythmicity in the mouse hippocampus with
a peak at ~ZT:04 (early mouse sleep/rest period) and
low levels during waking. This rhythm covaries with
activity of cyclic adenosine monophosphate (CAMP)
and cAMP response element binding protein (CREB).
Ca”*-activated adenylyl cyclases were important in
maintaining rhythmicity [72]. Although most GH

Aging and Disease * Volume 1, Number 2, October 2010

Circadian Regulation of Aging Rates

secretion occurs shortly after sleep entry, rhythmicity
in the MAPK pathway was maintained in constant
darkness, suggesting direct clock control as well [72].
Interestingly, light signals to the mouse SCN evoke
ERK-dependent TOR signaling and this contributed to
clock phase shifting via impacts on PER1 and PER2
expression [73, 74].

IGF-1 availability is complexly controlled by GH-
regulated transcription, six IGF binding proteins
(IGFBPs) and relatively specific IGFBP proteases
[75]. IGFBP-3 chaperones circulating IGF-1 and
likely determines stability whereas IGFBP-1 and
IGFBP-4 negatively regulate availability of the
bioactive pool. Because IGF-1 is already in serum,
responses can be relatively rapid. The power of these
mechanisms became apparent when a protein highly
expressed in pregnancy (Pregnancy- associated
plasma protein A: PAPP-A) proved to be the protease
that cleaves IGFBP-4, thereby increasing IGF-1
availability [76]. Loss of PAPP-A inhibits growth of
the placenta and young are born dwarfed [75].

Remarkably, hepatic Igfop-1 shows 22-fold
changes in circadian expression that even exceed the
amplitude of the core clock genes [77]. If IGFBP-1 is
not part of the clock it may be the clock’s best servant.
Expression of Igfbp-1 was lowest during early sleep
indicating that maximal IGF-1 availability coincides
with greatest GH signaling. Besides stimulating IGF-1
transcription, GH suppresses IGFBP-1 function
independently of insulin, which is also inhibitory [78].
IGF-1-Akt signaling activates TOR via impacts on
TSC2 (tuberous sclerosis protein 2), and IGF-1 and
TOR cooperatively stimulate cell proliferation and
inhibit apoptosis [79]. Conversely, IGFBP-1 inhibits
proliferation in breast cancer [80].

GH inhibition of IGFBP-1 activity would release
IGF-1 and activate both MAPK-ERK and PI3K-TOR.
IGFBP-1 is also negatively regulated by TOR itself
and like TOR, by amino acid availability [81, 82].
Further reinforcing this window is reduction of the
strong positive regulation of IGFBP-1 by
corticosteroids (CORT). CORT generally acts
antagonistically to GH and expresses a nadir of
activity at the time of GH peaks. Coupled stimulation
of IGF-1 transcription and release of bioactive IGF-1
by decreased IGFBP-1 (and IGFBP-4?) ensures
maximal signaling of IGF-1 in early sleep in
association with GH secretory peaks. Consistent with
GH-IGF-1 regulation of TOR, Ames dwarf mice with
low GH axis activity have downregulated TOR
signaling [83] whereas GH transgenic mice have
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elevated Akt and TOR activity [84]. GH also induced
PI3K-Akt and activated TOR in hepatoma cells [85].

Further linkage of GH, sleep and TOR is the close
association of GH secretory peaks with slow wave
sleep. Brain protein synthesis (i.e., TOR function) was
associated with slow wave sleep in rats [86] and sleep
was associated with positive regulators of protein
translation (71, 87, 88]. Alternatively, sleep
deprivation reduces protein synthesis and demand for
protein synthesis strongly stimulates slow-wave sleep
[71, 89]. Thus, GH/IGF-1 regulates protein synthesis
and growth via TOR in a dedicated synthetic window
localized in early sleep. Interestingly, peak expression
of many genes associated with nucleosome assembly
and histone proteins also peak at the night-
day/activity-rest transition in the adrenal, SCN, liver
and kidney. Thus, chromatin alterations appear
particularly associated with the GH-IGF-1-TOR
window [55].

PAPP-A is best studied with respect to IGFBP-4,
but also may also function with IGFBP-2 and 5 [90].
The linkage of PAPP-A to IGF-1 and growth
processes (e.g., wound healing, bone remodeling,
placental and fetal development, atherosclerotic
plaques) suggests that PAPP-A may be associated
with the TOR window. Given the linkage of IGF-1,
TOR and growth to longevity, one might expect that
elevated IGFBP-1 might extend life span. Indeed,
deletion of PAPP-A and downregulation of IGF-1 (via
elevated IGFBP-4) extended maximal longevity of
mice by ~35% and delayed age-related tumorigenesis
[75, 91].

A key feature of mitogen-TOR signaling is ROS
generation via membrane-bound NAD(P)H oxidases
(NOX). This would suggest that early sleep is not
strongly reducing as one might assume from
reductions in temperature and metabolic rate. Is it
possible that mitochondrial function might actually be
reduced to accommodate NOX oxidative signaling? In
that case, increased mitochondrial efficiency could be
engaged by increased mitochondrial coupling while
reducing overall activity to reduce ROS. Such aspects
require  examination.  Ultimately, TOR-related
anabolism associated with the sleep-associated fasting
could activate AMPK and this may be a key signal
activating SIRT and FOXO (see below). Remarkably,
AMPK can also be activated by oxidative stress
suggesting that it might respond directly to NOX or
changes in NAD(P)/NAD(P)H generated by NOX.
The fact that AMPK inhibits NOX is consistent with
this speculation since in temporal organization,
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elements coming on line generally suppress their
inducers [20].

A LATE-SLEEP FOXO WINDOW

Late sleep is the most reducing circadian period and
also that most reflecting the longest sleep-associated
fast. This period also represents a time of preparation
in anticipation of the increasing energy demands,
redox stress and possible xenobiotic exposure
associated with waking and feeding [20]. Thus, late
sleep is associated with fasting responses and the
marshaling of stress resistance elements. Early events
may encompass mitochondrial biogenesis and heme
production  whereas later  processes include
proteasome activity, autophagy and DNA repair. This
compartment is associated with sirtuins, PGC-1a and
FOXO known to regulate stress and fasting responses
including those involved in extension of longevity by
dietary restriction. Increasing somatostatin (SRIF)
stimulated by high levels of GH and IGF-1 acts to
terminate production of GH peaks in early sleep, and
together with SRIF-mediated induction of IGFBP-1
and rising corticosteroid, closes the GH-IGF-1-TOR
window at multiple levels [78, 92].

Fasting-induced insulin inhibition and termination
of the IGF-1-PI3K signaling at ~ZT:04 leaves no
activating signals for PI3K-Akt for the remaining
sleep period. Associated reducing conditions likely
favor phosphatases like PTEN over kinases. Increased
phosphatase activity and lack of insulin-IGF-1
signaling constitutes the prescription for down-
regulation of TOR and activation of FOXO in
association with FOXO translocation to the nucleus
(Fig. 1). PTEN may inhibit overall PI3K activity
whereas the phosphatase PP2A appears to directly
dephosphorylate FOXO and release its apoptotic
potential [93].

Corticosteroids inhibit PI3K signaling by either
insulin or IGF-1 and are closely associated with
FOXO activity [94, 95]. Consequently, rising
corticosteroids in late sleep would reinforce closure of
the TOR window and contribute to activation of
FOXO. The glucocorticoid nuclear receptor is
consequently available to interact with FOXO at this
time. Cooperation between FOXO and the
glucocorticoid receptor was demonstrated in muscle
where a ubiquitin E3 ligase (MuRF1) strongly
contributes to wasting conditions. This gene contains
both glucocorticoid and FOXO1 response elements in
its promoter and glucocorticoids and FOXO synergize

111



C.D. Rollo

to enhance MuRF1 expression. IGF-1 was suppressive
[96]. IGFBP-1 protein and corticosteroid levels are
tightly linked whereas insulin and glucose are
negatively associated with IGFBP-1 [97-99].
Following a nadir in early sleep, IGFBP-1 levels rise
across late sleep to peak in early waking (likely
reflecting rising corticosteroid and FOXO activation).

Hypothalamic SRIF projects to the clock and
SRIF in the SCN peaks about 4 h into the sleep period
[38,100]. GHRH phase advanced the rat SCN during
the resting-photophase suggesting further linkage of
the GH axis to the clock [101]. IGFBP-1 is
upregulated by fasting, amino acid deprivation and by
FOXO, all of which are antagonistic to TOR [81,
102]. FOXO also upregulated IGFBP-3 in thymocytes
[103] suggesting that FOXO may reduce IGF-1
signaling by manipulating multiple IGFBPs.
Cytokine-mediated induction of PAPP-A and
proteolysis of IGFBP-4 are suppressed by resveratrol
[104]. This suggests the possibility that the FOXO
window partly inhibits IGF-1 signaling via down-
regulation of PAPP-A (or other IGFBP proteases).

The IGFBP-1 promoter contains closely
juxtaposed glucocorticoid receptor (GR) and FOXO
response elements and FOXO1 and FOXO3 interact
with the p300/CBP acetyltransferase and GR to
enhance transcription of IGFBP-1 [96, 97, 105, 106].
One mechanism of FOXO action may involve
interactions with promoter region insulin response
sequences [107]. Reduced GH and IGF-1 signaling in
dwarf mice is associated with a 7-fold increase in
IGFBP1 and a 1.6-fold increase in IGFBP-2. DR of
itself also increased expression of IGFBP-1 (1.5-fold)
and IGFBP-2 (1.7-fold). In dietary restricted dwarfs
IGFBP-1 was increased nearly 12-fold while IGFBP-2
was upregulated by ~3-fold [108].

Late sleep is associated with absence of meal-
associated insulin, suppression of IGF-1 signaling by
SRIF and elevations in IGFBPs. This ensures a
temporal nadir of Akt phosphorylation known to
suppress TOR and activate FOXO. FOXO activation
might be further enhanced by SIRT1 activity and
rising glucocorticoids during late sleep. This period
also represents a nadir in metabolic rate likely to
promote reducing conditions permissive of FOXO
activity and co-localization with GRs in the nucleus.

Heme synthesis requires reducing conditions and
consequently might be expected to be restricted to mid
sleep. Heme critically contributes to mitochondrial
function and must be maintained at optimal levels
[109]. The ligand for the nuclear receptor and clock
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component Rev-erba, is heme. Rev-erba negatively
regulates Bmall in the clock and also regulates
metabolic genes such as glucose-6-phosphatase.
Induction of the rate limiting enzyme for heme
synthesis, aminolevulinate synthase 1 (Alas-1) is
negatively regulated by insulin and positively
regulated by PGC-1a, FOXO1 and NRF-1 (nuclear
respiratory factor 1)[110]. Maximal expression of
mouse Alas mRNA occurred between ZT:08-ZT:12
(late resting photophase) [111]. Rev-erba recruits the
deacetylase HDAC3 to directly suppress Pgc-la
transcription and associated heme synthesis [109].
Increasing levels of Rev-erba reduces mitochondrial
respiration and inhibits the cell cycle. Thus, Rev-erba
provides negative feedback to its own ligand and
mediates clock regulation of mitochondrial energy
metabolism [109].

PGC-1a also strongly contributes to mitochondrial
biogenesis. Consequently, control by REV-Erba and
linkage to heme suggests a mid-to-late sleep
associated time frame for these processes. Generation
of heme is then likely to be terminated in late sleep by
REV-Erbo negative feedback to Pgc-/a. Indeed, Rev-
erba. and Rev-erbf transcription show mid-to-late
sleep peaks in muscle, liver and brown and white
adipose tissues. In skeletal muscle, however, a second
peak of Rev-erbf occurs in the early wake period that
then declines dramatically after ~ZT:17 [40].

Despite identical DNA binding domains, various
FOXOs yield different regulatory impacts. This traces
partly to tissue-specific expression patterns but also
the manner of interfacing to cooperate with many
other transcription factors [112]. In light of the close
linkage of the clock to nuclear receptors it is of
interest that FOXO interacts with numerous
transcription factors that are nuclear receptors or
associated elements (e.g. estrogen, androgen,
progesterone, glucocorticoid receptors, constitutive
androstane receptor (CAR), p-catenin, PGC-la,
PPAR-0, PPAR-y, retinoic acid receptor (RAR),
myocardin, thyroid hormone receptor, SMAD3 and
SMAD4) (SMADS= mothers against decapentaplegic
homolog). Vertebrate FOXOs contain a specific motif
that mediates their interaction with nuclear receptors
[112]. The progesterone receptor cooperates with
FOXO to increase expression of IGFBP-1. FOXO-
interactions with sex steroids such as the androgen
receptor are implicated in development of cancers
such as prostate and breast cancers and FOXO has
tumor-suppressor impacts in such circumstances
[112].
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Figure 2. A simplified illustration of the temporal distribution of the Target of rapamycin (TOR) and
the Forkhead transcription factors (FOXO) across the circadian sleep-wake cycle. For humans, most
daily growth hormone (GH) is secreted in large peaks shortly after initiation of sleep. GH stimulates
insulin-like growth factor transcription (IGF-1) and suppresses IGF binding protein-1 (IGFBP-1), releasing
plasma IGF-1 from IGFBP-3 to activate receptors and the MAPK/ERK and PI3K-Akt pathways. This
imparts circadian rhythmicity to IGF-1 activity even though circulating levels do not cycle strongly. IGF-1
strongly activates TOR and mediates the synthetic and growth functions of the GH axis. TOR also
downregulates IGF binding protein-1. Somatostatin (SRIF) then inhibits GH and stimulates IGFBP-1, thus
shutting the TOR window via several mechanisms. Lack of insulin or IGF-1 signaling inhibits PI3K activity
in late sleep, thus eliciting FOXO activation and translocation to the nucleus. FOXO and rising
corticosteroid levels (not shown) also stimulate IGF binding protein-1. FOXO mediates numerous aspects
of stress resistance that anticipate impending waking and these also may vary aging rates (as in dietary
restriction). It is also likely that 3-4 h ultradian cycles associated with feeding and peaks of insulin also
impact TOR and FOXO during waking.

Circadian Regulation of Aging Rates

FOXO is also strongly associated with genes
involved in energy metabolism (e.g., glucose 6
phosphatase (G6P), PCK-1, pyruvate dehydrogenase
kinase-4 [PDK-4]). In many cases closely associated
corticosteroid and FOXO response elements cooperate
to regulate diverse promoters [96]. Possible
cooperation between corticosteroids, the nuclear
glucocorticoid receptor, other nuclear receptors and
FOXO may represent critical processes dedicated to
late sleep. Like IGFBP-1, PDK-4 expression is

regulated by cooperation of GR, FOXO and
p300/CREB binding protein. PDK4 has a glucose
sparing function and is upregulated during fasting.
Significantly, insulin  suppresses corticosteroid
mediation of PDK-4 expression by inhibiting FOXO
[105]. PGC-lo and FOXO1 cooperate in the
regulation of G6P and gluconeogenesis. This could
reflect independent impacts on the G6P promoter or
co-regulation by FOXO and PGC-1a [112]. FOXO1
synergism with C/EBPa (CCAAT/enhancer-binding
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protein o) regulates expression of adiponectin and
reduced FOXO activity can impact insulin sensitivity,
and glucose and lipid metabolism. SIRT1 deacetylates
lysines in the FOXO1 region required for C/EBPa
interaction [112]. Thus, activity of FOXO generally
involves cooperation with other regulators and this
can be modified by post-translational modifications.

Overall, the marshaled evidence is highly
congruent with the reality of a dedicated window of
IGF-1-TOR activity in early sleep followed by a
window dominated by FOXO-mediated stress
resistance and glucose metabolism in late sleep (Fig.
2) [10]. Although there are likely other periods of
TOR and FOXO activity associated with ultradian
insulin cycles in waking, these sleep windows are
likely those most crucial to the regulation of aging
rates and associated pathologies (Fig. 2). The fact that
sleep may represent successive deployment of
antagonistic and mutually exclusive functional suites
represents a new conceptual framework for
approaching health and aging. In particular, the idea
that upregulation of FOXO must necessarily
downregulate TOR predominates current theory where
the temporal dimension is left out. The fact that TOR
and FOXO occupy different temporal windows means
they can be addressed with at least some
independence.

INSULIN AND WAKING

If IGF-1 regulates TOR, and corticosteroids synergize
FOXO, then insulin represents a predominant wake-
associated hormone. Although intricately intermeshed
to endogenous regulatory systems, insulin is mainly
driven by food intake. Plasma insulin in humans
normally shows three strong ultradian peaks (period of
3-4 h) corresponding to regular meals [113]. Such
ultradian rhythmicity is of greater prominence in
rodents, probably because their higher metabolic rates
limit the length of tolerable fasts. Consequently,
ultradian patterns may remain apparent even during
the rodent rest-associated photophase [23]. Ultradian
rhythms are also apparent in GH secretion, especially
in rodents [23].

In addition to a significant TOR window
associated with GH-IGF-1 signaling in early sleep,
insulin is also likely to induce TOR activity associated
with ultradian meal cycles. Insulin also downregulates
IGFBP-1 so its ultradian signaling could be reinforced
by IGF-1. Interestingly, rodent ultradian cycles can be
identified by sequences of arousal, foraging, feeding
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and sleep [23]. Ultradian periods of sleep are also
associated with GH secretion. Insulin expresses
relatively low nadirs during inter-meal periods. It is
interesting to speculate that reduced PI3K-Akt
signaling at that time could generate ultradian
SIRT/FOXO expression that would be highly adaptive
for dealing with meal-associated influx of xenobiotics.

Differences in receptors and the presence of
multiple PI3K and Akt isoforms suggests that insulin
and IGF-1 signaling likely effect different levels of
impact on common targets or may even traverse
different pathways altogether (e.g., differential
phosphorylation of Aktl versus Akt2). Thus, insulin
actions largely pertain to energy metabolism whereas
GH-IGF-1 reigns over growth and cell proliferation
[2]. 1t seems likely that the greatest activation of TOR
relevant to aging and stress resistance is associated
with the GH-IGF-1-TOR window in early sleep.
However, increased insulin sensitivity in animals with
downregulation of the GH axis may be an important
factor in associated life extension [114].

Table 1 lists some important processes and
mechanisms that are antagonistically regulated by
TOR and FOXO. These include protein synthesis, cell
proliferation, growth, proteasome and autophagy
functions, apoptosis, redox status, immune function
and stress resistance. These are not only relevant to
aging, but also to fitness features such as athletic
performance, resistance to disease, repair capacity and
pathologies such as cancer. TOR-FOXO balance
largely underlies predominant phenomena associated
with altered aging rates - dietary restriction, reduced
longevity of rapidly growing individuals intra-
specifically and the extended longevity of species with
prolonged development to larger body sizes [3, 115].
It is not possible to specifically examine all of these
aspects here and redox aspects and stress resistance
were thoroughly reviewed elsewhere [20]. Here |
emphasize the implications of this triumvirate of
circadian rhythmicity, particularly with respect to
TOR-FOXO balance as well as a theoretical shift to
recognize that the interplay of energy metabolism and
redox may better explain aging rates than the free
radical theory alone.

ADENOSINE MONOPHOSPHATE-ACTIVATED
PROTEIN KINASE

An emphasis on energy highlights the importance of
energy sensors and substrates. These are all closely
intermeshed to TOR and FOXO signaling. ATP is the
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currency of cellular energy so many processes are
highly sensitive to supply. Any modern rate of living
theory must fulcrum on this factor. Regulatory
signaling of energy status includes linkages to
NAD(P)/NAD(P)H or AMP/ATP couples. A
predominant signal of energy status is adenosine
monophosphate-activated protein kinase (AMPK).
AMPK is activated by a high ratio of AMP/ATP or
Ca’* elevations that reflect energy-ATP status. AMPK
coordinates metabolic adjustments to energy
shortfalls, including fasting, exercise and hypoxia
[116, 117]. DR is regulated by sensors of both amino
acids (TOR) and energy (AMPK) [118].

AMPK acts to restore energy balance by
enhancing oxidative metabolism, lipid utilization,
promoting mitochondrial biogenesis and by inhibiting
energy consuming processes [117, 119]. An important
mechanism of AMPK function is increasing levels of
NAD®, which in turn promote SIRT1 activity. This is
accomplished by a pathway promoting mitochondrial
fatty acid oxidation [117]. Synthesis of NAD™ utilizes
the AMP component of ATP which provides another
possible linkage of NAD® to AMPK [119].
Resveratrol activates AMPK which then supports
expression of Nampt [121]. Resveratrol increased
expression of genes involved in oxidative
phosphorylation and mitochondrial  biogenesis,
reduced signaling by IGF-1 and increased AMPK and
PGC-1a activity [122, 123].

AMPK-induced SIRT1 activity consequently
deacetylates critical regulators of energy metabolism
including PGC-1a, FOXO1 and FOXO3a. AMPK can
also phosphorylate PGC-1a. Thus, AMPK and SIRT1
cooperate to regulate energy metabolism, and this
likely extends to life extension under DR [117]. These
results suggest that SIRT1 acts upstream of PGC-la
and FOXOs although the interaction of AMPK and
SIRT1 may be reciprocal [117]. Note that these results
particularly pertained to energy shortfalls induced by
exercise, but a shift to lipid metabolism by the
musculature during sleep is regarded as a mechanism
that spares glucose for the brain during the sleep-
associated fast.

Energy sensing by TOR also involves AMPK.
AMPK downregulates expensive ATP-dependent
processes and upregulates ATP  generating
mechanisms such as fatty acid oxidation. AMPK
phosphorylates TSC2 (tuberous sclerosis factor 2),
increasing its GTPase activity and inhibition of Rheb
(Ras homolog enriched in brain). This then
downregulates mTOR1/S6K [65, 124, 125]. AMPK
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also phosphorylates RAPTOR (regulatory associated
protein of mTOR) inducing 14-3-3 binding and
reducing TORC1 activity. AMPK phosphorylation of
RAPTOR induced cell cycle arrest in growing cells
[126]. REDDL1 (regulated in development and DNA
damage-1) stress signaling can independently inhibit
TOR in response to energy stress [65].

AMPK is closely tied to clock function,
particularly via interactions with SIRT1 [117]. AMPK
also phosphorylates casein kinase Ig, increasing its
activity and reducing PER2 stability [127]. AMPK
also promotes phosphorylation and degradation of
CRY1. This involves ubiquitination of CRY1 by the F
box and leucine rich repeat protein, FBXL3. Nuclear
localization of AMPK and CRY1 proteins showed
inverse circadian phase [128]. Activation of AMPK
caused phase advance in cell culture clock genes and
in mice [129]. Mice with disrupted AMPKYys; subunit
express impaired clock induction of muscle genes and
circadian shifts in energy metabolism [130].

Regulation of TOR, FOXO and the clock by
AMPK highlights AMPK-mediated orchestration of
TOR-FOXO balance critical to aging. Redox is also
linked to this balance as growth is associated with free
radical generation and stress resistance involves
antioxidants and perhaps altered mitochondrial free
radical generation. AMPK reduces intracellular ROS
stress, in part by inducing FOXO translocation to the
nucleus where it induced transcription of thioredoxin
[131]. Thioredoxin contributes to ROS signaling
networks by reducing oxidized cysteine residues on
signaling proteins. The association of reducing
conditions, fasting, FOXO and thioredoxin suggests
that tyrosine phosphatase activity may be upregulated
in late sleep. This would provide a barrier to insulin-
IGF-1 signaling at that time. Such mechanisms may
also bridge the linkage of redox and energy with
respect to global signaling networks.  Importantly,
AMPK negatively regulates NOX activity in
endothelial cells. Recall that NOX is required for
MAPK-ERK and PI3K signaling to TOR in the early
sleep window. Inhibition of AMPK results in
increased NOX-mediated ROS generation, increased
268 proteasome activity, IkBa degradation and NFkB
(nuclear factor kappa B) activation. Inhibition of the
proteasome was ameliorating, presumably via
blocking activation of NFkB [132]. Given that the
TOR window is associated with high NOX activity
mediated by signaling of GH-IGF-1 (and other growth
factors) via MAPK-ERK, PI3K-Akt, and JAK-STAT
(janus kKkinase/signal transducer and activator of
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transcription), AMPK expression in the late fasting
stage of sleep would further contribute to reducing
conditions and suppression of the TOR window.

As noted above, AMPK linkage to the clock
involves phosphorylation and destabilization of CRY1
[128]. Circadian rhythmicity of the AMPK regulatory
subunit results in nuclear localization and activity of
AMPK during the resting photophase period of the
mouse. Mice deficient in the AMPK activator, liver
kinase B1, showed elevation of CRY1 particularly in
the resting photophase period [128]. This is consistent
with activation of AMPK by the sleep-associated fast
which would then be likely to activate SIRT1, PGC-
la and FOXOs. Thus, AMPK may be a critical
contributor to the TOR-FOXO temporal transition.

Cyclic AMP activity and transcription regulated
by cyclic AMP response elements (CRE) are also
rhythmic and mutations in CREB2 alter the period of
molecular and behavioral rhythms. Adenosine 3',5'-
monophosphate (CAMP) signaling impacts amplitude,
period and phase of the circadian clock, and may
contribute to continuity of one cycle to the next [133].
Interestingly, variation in cyclic AMP signaling
modulates sleep independently of the clock [35].

FOXO3a binding and transcriptional activity was
enhanced in dietary restriction by AMPK
phosphorylation but AMPK did not affect FOXO
localization [33,34]. Genes induced by nutrient
deprivation that required AMPK phosphorylation of
FOXO3 and other signals involved in stress and
energy metabolism were also identified (including
Pgc-1a, Ucp2, Gadd45a (growth arrest and DNA
damage), and metallothioneins) [33]. Ucp3 and Pgc-
15 showed circadian expression in skeletal muscle
[136]. Overexpression of PGC-1a blocked induction
of mitochondrial ROS production by hyperglycemia
[119]. AMPK was associated with increases in
MnSOD (manganese superoxide dismutase) that likely
trace to FOXO [119, 137]. AMPK also phosphorylates
and activates nitric oxide synthase (NOS) in
endothelial cells [132].

AMPK likely fine-tunes transcriptional activity of
FOXO03. AMPK was associated with Daf-16/FoxO in
longevity extension of nematodes with an insulin-like
receptor (Daf2) mutation [138] whereas longevity of
Caenorhabditis elegans carrying mutated AMPK was
reduced. Nematodes with mutated akk2 (AMPK) had
reduced longevity and increased accumulation of
lipofuscin-like materials [138]. AMPK was also
involved in two methods of DR in C. elegans and was
activated by resveratrol in cell cultures and in mice
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[118]. FOXO was dispensable for extension of
longevity by resveratrol, even though AMPK
otherwise required FOXO for life extension [118].
TOR pathways may be involved here. In flies, DR
reduces amino acids which may particularly impact
TOR and FoxA, whereas other mechanisms altering
longevity may involve AMPK and FOXO [118].

Even acute DR strongly altered gene transcription
profiles across tissues in mice. DR was associated
with increased lipid catabolism and gluconeogenesis
in liver and muscle as well as increased glucogenic
amino acids in plasma. Expensive synthetic pathways
and cell proliferation were reduced [139]. Lipid
synthesis, steroid production and amino acid
metabolism were all decreased. Genes downregulated
in skeletal muscle by DR were associated with protein
synthesis, cell growth, collagen synthesis, and blood
vessel development whereas those associated with
energy metabolism (carbohydrates, lipids) were
elevated [139]. Overall such alterations are consistent
with reduced TOR and upregulated AMPK-FOXO
pathways in DR.

The AMP/ATP ratio increases with age in C.
elegans, indicative of energy shortfalls and may
provide a reliable biomarker of longevity. AMPK
increases longevity in yeast, nematodes and flies, and
a drug that upregulatess AMPK (phenformin),
extended mouse longevity by 20% [140]. AMPK
mediated extension of longevity in C. elegans by heat
shock (that increased the AMP/ATP ratio), low insulin
signaling and glucose restriction [138, 141]. AMPK
(but not sirtuin) was essential for lifespan extension
by glucose restriction [141]. Remarkably, glucose
restriction increased ROS generation (but also
elevated catalase activity, oxidative stress resistance
and longevity). Glucose or antioxidants inhibited
induction of stress resistance and longevity in this
circumstance [141].

CIRCADIAN GLUCONEOGENESIS

The clock regulates circadian cycles of fuel
production, storage, and utilization and these
pathways strongly modulating aging rates. Insulin,
SIRT, FOXO are mediating elements and all are
strongly implicated in aging and dietary restriction.
Many regulatory neuropeptides and hormones provide
feedback to the SCN, particularly via the arcuate
nucleus which has access to information carried in
ventricular fluid (e.g., levels of insulin, ghrelin, leptin,
glucose) and strongly regulates feeding [36]. Many
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central regulators of metabolism, feeding and sleep
show strong circadian rhythmicity (e.g., neuropeptide
Y, insulin, glucagon, adiponectin, POMC (pro-
opiomelanocortin), AgRP (agouti related peptide),
leptin, ghrelin, and ATP) and may impact peripheral
clocks [36, 142].

The pentose-phosphate pathway converts NAD(P)
to NAD(P)H. This pathway is gated by glucose-6-
phosphate 1-dehydrogenase. In Drosophila, this gene
is maximally induced toward the end of the day.
Opposing this activity and mediating gluconeogenesis
is fructose biphosphatase which peaks near dawn.
Thus, antagonistic pathways drive circadian rhythms
of glucose and NAD(P)H metabolism [29, 143]. PCK-
1 a key enzyme involved in gluconeogenesis peaked
close to the light-dark transition and waking in the
mouse [77].

FOXO activity is suppressed by feeding and
insulin secretion but some aspects of energy
metabolism are upregulated in sleep (e.g.,
carbohydrate anabolism and lipid catabolism). This is
consistent with sleep as a fasting state but also
indicates marshaling of enzymes and substrates to
support impending waking [71]. Gluconeogenesis is
largely a function of liver (and Kkidney) and is
antagonistically regulated by insulin (inhibitory) and
FOXO (stimulatory). FOXO was associated with
changes in ~28% of nutrient-sensitive genes in
Drosophila highlighting it as a key regulator of
nutritional metabolism [144].

Glucose-6-phosphatase is a key enzyme in hepatic
gluconeogenesis inhibited by insulin/IGF-1 derived
PI3K-Akt signaling. FOXO stimulates expression of
glucose-6-phosphatase via interactions at an insulin
response element [145]. FOXO also stimulated
glycerol transport and amino acid catabolism [146].
FOXO binds and activates the promoters of Igfbp-1
(the primary regulator of IGF-1 supply) and Pck-1,
whereas insulin is inhibitory [102, 146]. This may
contribute to temporal segregation of TOR (early
sleep) from FOXO (late sleep). FOXO upregulates
IRS-2 (insulin receptor substrate 2) and receptors for
leptin and adiponectin but inhibits glycolysis, the
pentose-phosphate shunt, lipogenesis and steroid
synthesis [146].

In rodents, plasma glucose increases across the
photophase to peak in association with initiation of
scotophase activity when glucose uptake and insulin
sensitivity increase [147]. In skeletal muscle, insulin
signaling induces translocation of GLUT4 to the cell
membrane and import of glucose [65]. SIRT1, PGC-
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la and FOXO are all linked to regulation of hepatic
gluconeogenesis. Rising glucocorticoids in late sleep
mediate gluconeogenesis as well. Dysregulation may
explain abnormally high glucose (the dawn
phenomenon) in diabetics [148]. In rodents,
expression and activity of Pck-1 peaked in liver at
ZT:13 (light-dark transition and waking). A nadir
occurred at ~ ZT:01 [77, 149-152].

Genes associated with glucose import and storage
peak in the wake-feeding phase [152]. The human
brain utilizes ~20% of daily energy and the newborn
brain consumes 50%, all fueled by glucose. The brain
cannot store glycogen or perform gluconeogenesis and
thus requires glucose for optimal function and
survivial. Given that energy supply has recently been
highlighted in aging, possible consequences of defects
in gluconeogenic mechanism with age appear lacking
(although the import of insulin resistance is widely
recognized). Fasting glucose is derived via hepatic
gluconeogenesis or from glycogen (glucogenolysis).
Liver only stores ~50% of glycogen needed for the
brain [150].

Genes regulating redox and energy metabolism
express circadian rhythmicity in the SCN [38].
Glucose homeostasis is disrupted in mice with SCN
lesions or mutations in Bmall, Clock, Perl or Per2.
Mice with loss of Bmall function are glucose
intolerant whereas liver-specific deletion caused
fasting-associated hypoglycemia and elevated glucose
clearance [152-155]. This was associated with loss of
Rev-Erba expression and upregulation of Cryl but no
change in Per2. Bmall deficiency in liver suppressed
expression of glucose-metabolic genes including
glucose transporter 2, uncoupling protein 2, glucose-
6-phosphate translocase, adenylate kinase and P450
oxidoreductase [152]. Rhythmicity of Pck-1 was
altered in Bmall deficient mice such that normal fast-
associated expression in liver was extended into the
dark phase. Alternatively, expression of uncoupling
protein 2 (Ucp2) normally peaking at ~ZT:16 of the
dark-activity phase was suppressed [152]. Glucose
transporter 2 (Glut2) expression normally peaked in
the mid-to-late fasting phase in liver but was
suppressed in Bmall deficient mice [152]. Glucose
export from liver during the fasting phase was
deficient.

Gluconeogenesis and Pgc-1 are strongly
upregulated by fasting, corticosteroids and cAMP
[156]. This suggests association with late sleep when
REMS and corticosteroids rise. Multiple clock genes
possess glucocorticoid response elements including
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Perl and Per2 (but not Clock) [157]. Glucocorticoids
also confer rhythmicity to clock genes in cell cultures.
Mice with Perl mutations that ablated responsiveness
to glucocorticoids showed no changes in glucose
tolerance or insulin sensitivity during chronic
glucocorticoid  treatment but they developed
glucocorticoid-mediated muscle  wasting.  Thus,
interactions of glucocorticoids with the clock impact
glucose homeostasis [157]. These authors suggest that
this may involve leptin, which has a circadian rhythm
out of phase to cortisol. Interestingly, leptin expresses
circadian rhythmicity with peak expression and
protein levels during sleep in humans [37].

Alterations in fuel utilization in DR are broadly
similar to those seen in short-term fasting including
that associated with sleep. This is consistent with the
original formulation of the rate of living theory by
Pearl (see below). PGC-la, which impacts PPAR
function, gluconeogenesis, lipolysis, p-oxidation and
mitochondrial biogenesis is upregulated by DR in
liver. Mitochondrial genes upregulated included ATP
synthases, carnitine transporter proteins, cytochrome ¢
oxidase (complex V), succinate dehydrogenase
(complex 1) and the mitochondrial transcription
regulator, Tfam [139].

CLOCKS AND LIPID METABOLISM

Besides gluconeogenesis, clock modulation of the key
hormones regulating fat stores (including leptin and
adiponectin) contribute to global lipid metabolism.
Defective Clock or Per2 or insufficient sleep
contribute to obesity [36, 57, 155]. Clock mutant mice
show low expression of ghrelin, CART and orexins
that regulate feeding. Decreased levels of POMC
could account for increased photophase eating and
hyperphagia [148, 155]. Melatonin may also
contribute to glucose homeostasis and secretion is
impaired in type Il diabetes [148].

Glucose, lipid metabolism and the clock are
tightly co-regulated, particularly in tissues like liver
[48]. Sleep is tightly coupled to metabolic activity
and utilization of substrates including glucose and
lipids. Reduced glucose utilization by many tissues
throughout the body, gluconeogenic impacts of GH,
reduced insulin release and increased insulin
resistance sequester plasma glucose for the brain
during the sleep-associated fast [48]. Intact mice
expressed rhythms of similar form for glucose and
triglycerides but lipids were phase advanced
compared to glucose by ~ 4h. Peak corticosterone
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occurred around the nadir of triglycerides and peak
adiponectin levels were associated with low glucose.
REV-Erbo and BMALI are directly involved in
adipose tissue differentiation and lipogenesis.
Inactivation of Bmall and Clock suppressed diurnal
variation in glucose and triglycerides and attenuated
gluconeogenesis [154]. Bmall deficiency results in
reduced differentiation of fibroblasts into adipocytes
and lowers adipogenesis [47, 142].

Metabolic syndrome associated with obesity,
cardiovascular disease and type Il diabetes correlates
with altered sleep and clock function [148].
Insufficient or poor quality sleep promotes obesity and
type Il diabetes in humans. Obesity and metabolic
syndrome are associated with oxidative stress and
major age-related human pathologies [122].
Homozygous Clock mutant mice (on an obesity-prone
C57BL/6J background) expressed a metabolic
syndrome with hyperphagia, obesity, hyperlipidemia,
hyperglycemia and reduced insulin  secretion.
Locomotor rhythms were altered, energy expenditure
was reduced and transcripts of Ghrelin, Orexins and
Cart (cocaine and amphetamine regulated transcript)
were attenuated in hypothalamus [155]. However,
impacts of clock mutations vary radically with genetic
background [48]. On an ICR mouse background clock
mutants had reduced serum triglycerides and free fatty
acids associated with poor fat absorption. Diet-
induced obesity was also ameliorated [158].

The mouse plasminogen activator inhibitor-1 gene
(PAI-1) is a risk factor for cardiovascular disease.
PAI-1 levels increase with obesity and are strongly
elevated in ob/ob mutant mice. PAI-1 contains an E-
box element indicating clock control. Per2
antagonizes Clock:Bmall and associated activation of
PAI-1 [159]. PAI-1 mRNA was normalized in most
tissues and plasma (but not adipose tissue) by the
clock mutation on an ob/ob background [158]. This
was associated with exacerbated fat deposition in
ob/ob mice carrying mutated Clock which induced
adipocyte hypertrophy in both controls and ob/ob
mice [158].

Integration of the clock to fat metabolism is
reciprocal. High-fat diets altered locomotor rhythms,
clock genes and clock controlled genes regulating fuel
utilization [47]. Rhythms of glucose, insulin,
corticosterone, leptin, neuropeptide Y, POMC and
free fatty acids as well as orexin gene expression were
all altered [47]. A high fat diet elevated the amplitude
in insulin sensitivity and this was dependent on Clock.
Clock regulation of insulin signaling suggests that
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reduced Clock activity could protect against diabetes
[154]. Given the medical implications of obesity,
metabolic syndrome and associated type Il diabetes
for aging and age-related human pathology, multiple
and reciprocal linkages to clock function are
potentially of great importance.

Adipogenesis and lipid deposition are upregulated
by the TOR pathway. S6K1 blocks lipolysis and
favors lipid deposition [65]. S6K-1 knockouts are
20% smaller at birth and are resistant to obesity due to
elevated  lypolysis and  rapamycin  reduces
adipogenesis [65]. Alternatively, FOXO is associated
with lipid mobilization and lipolysis. This makes
sense in terms of the sleep-associated fast and
circadian lipid metabolism. Perhaps the greatest
period of fat deposition is associated with insulin
signaling associated with meals. There are
complications here as globally, insulin is associated
with fat deposition, but GH is considered to promote
lipid mobilization. It is possible that the TOR window
in early sleep driven by GH and IGF-1 functions
somewhat differently than meal-associated insulin
signaling, or is the fat mobilization attributed to GH in
fact engaging further downstream and outside the
temporal realm of the TOR window?

TOR, FOXO AND PEARL’S RATE OF LIVING

Recent literature abounds with strong challenges to
even venerated theories of aging, but new synthetic
theory is slow to develop. The free radical theory of
aging and its extension to mitochondria faces
increasing challenges. In support of the free radical
theory, oxidative stress increases with age and is
reduced by DR. Mutations extending longevity often
are associated with reduced oxidative stress or
increased stress resistance [160]. Some recent studies,
however, fail to find the expected correlations
between longevity and levels of free radicals,
oxidative damage, metabolic rate or antioxidants [161-
165]. MnSOD™" mice expressed oxidative damage to
nuclear and mitochondrial DNA and doubled tumor
incidence, but longevity and many biomarkers of
aging were unaffected [166]. Of 18 genetic
manipulations predicted to impact aging via altered
free radical processes, some altered oxidative stress
resistance but only deletion of the CuZnSOD gene had
any effect on life span. This seriously questions the
validity of the free radical theory of aging [160, 167].
Mitochondrial “mutator” mice express high rates
of mutation accumulation resulting in severe electron
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chain defects and a suite of features resembling
accelerated aging [168]. Mitochondrial mutations are
expected to generate or be exacerbated by increased
free radical generation, and indeed, mice with catalase
targeted to mitochondria show lower levels of
mitochondrial mutation than normal mice [169].
Mitochondrial mutator mice, however, showed no
evidence of elevated oxidative stress, increased
oxidative defenses and no evidence for ROS-induced
apoptosis. Rather defects in the respiratory chain itself
appear to account for accelerated aging [170]. This
suggests that aging could trace to shortfalls in energy
required for essential defense, repair and replacement
processes.

Mutator mice were able to sustain a point-
mutation load ~500 fold greater than normal levels,
suggesting that mitochondrial point mutations do not
contribute to the aging of normal mice [169].
However, a subsequent examination pointed to
mitochondrial DNA deletions associated with a
recombinate repair process as a likely candidate
contributing to aging in mice [170]. Energy-induced
stress and apoptosis could be an important mechanism
contributing to aging of mutator mice [171, 172]. It
remains that repair processes are likely responding to
some form of damage, perhaps generated by basal
ROS. Would mutations accumulate faster in mutator
mice that also express elevated ROS?

Oxygen consumption, ATP levels, ATP/AMP
ratio, superoxide production capacity and reducing
capacity all show steep age-related declines in
nematodes [173, 174] and declining metabolic rate is a
reliable biomarker of aging across phylogenies. In
nematodes with mutation of the insulin/IGF-1
receptor, however, ATP was maintained at youthful
levels and this was associated with maintenance of
functions such as protein synthesis and detoxification
capacity that otherwise decline steeply with age [173].
However, ATP does not necessarily correlate with
longevity across longevity studies [173]. Some
suggest that TOR signaling itself could explain aging
[175]. A problem with simply invoking activity of
TOR or FOXO as regulating aging is that an actual
causal mechanism (energy limitation, some cause of
molecular damage or something else) is missing. All
other things being equal, even extended or high GH
signaling of itself should not cause collagen to lose its
elasticity, cataracts to form in old eyes or mutations
causing cancer to arise in aging cells. Autophagy and
the proteasome remove damaged cellular components
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and are regarded as critical to aging. What causes the
damage?

Although gene arrays of the aging female brain
reflect increasing immunological gene activation, men
exhibit global decline in anabolic and catabolic
capacity in association with a preponderance of
reduced activity in genes contributing to energy
production, protein synthesis and transport [176].
Restricting energy supply to neurons and in an
Alzheimer’s mouse model caused elevated p-amyloid
and plaque production via stress pathways impacting
protein translational [177]. Alternatively it has been
suggested that ATP deficiency could reduce free
radical generation in the cytosol, thus increasing
lifespan even in the face of mitochondrial oxidative
stress [178]. ATP shortfalls, however, generally
compromise most cellular functions including
ubiquitin-proteasome and NAD-dependent functions.
These include glutathione reductases, thioredoxin,
P450 enzymes, PPAR, SIRT, and NOX. Energy
shortfalls also engage stress pathways such as the
unfolded protein response and hypoxia. Varying levels
of energy may have complex impacts on systems that
have evolved priorities in functional maintenance.
Some variation among aspects of functional versus
demographic aging may be rooted here.

Although energy (ATP) is singularly highlighted
in the above examples, aging may better reflect a
“complex interplay” among energy metabolism,
oxidative damage, calcium overload and cell death
[179]. Although discussed in the context of
neurodegeneration, this perspective may generally
apply to circumstances of high cellular stress.
Interactions of ATP, ROS and calcium may
particularly impact mitochondrial functions [179,
180]. Similar interactions are apparent in growth
factor signaling where activation of membrane-bound
NOX generates superoxide radical/hydrogen peroxide
and associated calcium influx activates NOS.
Interaction of superoxide and NO can generate
peroxynitrite, elevate mitochondrial free radical
generation and potentially reduce ATP production
[181]. This likely extends to all growth factors
including GH, IGF-1 and insulin. The key interactive
players include NOX, NOS, mitochondria,
endoplasmic reticulum, calcium, free radicals, ATP
and longevity assurance systems (defense, repair,
replacement). Hypoxia, ion channels (particularly
ATP-sensitive ion channels and Ca*") and free radical
theories of aging can be unified within a temporal
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framework of metabolism and redox: the
“electroplasmic cycle” [20, 25, 182].

A linkage of energy shortfalls to aging harkens to
the long-standing, albeit rather creaky “Rate of Living
Theory” (RLT) put forward by Pearl in 1928 [183].
The fact that it is still considered worthy of disproof
attests to its power despite the need for many
qualifications. Modern interpretations of the original
RLT variously emphasize that lifespan reflects rates of
respiration and energy metabolism [5, 184]. Pearl’s
book surprisingly looks little like this. Rather, he
viewed life as having an undefined vital capacity that
was reflected equally well in longevity and starvation
resistance. This was based on the fact that mortality
curves associated with starvation and those for
lifetime survivorship were of very similar form when
viewed from a common scaling. Consequently, much
of Pearl’s argument was based on starved flies and in
particular, the growth rate and time to death of
seedlings maintained without nutrients and in
complete darkness. Given that FOXO manages the
sleep-associated fast, dietary restriction, starvation
responses and stress resistance, the idea that starvation
resistance might provide a reliable biomarker of
lifetime survivorship is actually quite interesting
rather than improbable.

Shifts in resources between growth (TOR) versus
stress resistance (FOXO) certainly modulate aging
rates [15, 185, 186]. Pathways extending longevity at
the expense of growth likely evolved as temporary
interventions to protect against stress and ensure
eventual reproductive success [186]. Thus, longevity
assurance mechanisms are essentially stress response
pathways, with energy and nutrient supply being key
modulators and signals of favorable conditions for
growth and reproduction. This emphasizes that the
fitness value of “longevity assurance” mechanisms
pertains to the success of youth capable of
reproduction and that there has likely been little if any
evolution of mechanisms actually functioning to
ameliorate senescence or aging per se.

This circumstance may explain why we face the
rather enormous and unexpected inconvenience of a
regulatory structure that actually downregulates those
pathways that might slow aging, as long as times are
good for reproductive success. In other words, not
only has there been little real selection for anti-aging
adaptations, such potential may only be deployed in
the context of growth and reproductive success in hard
times. Pearl’s treatment of survival during normal
aging and during starvation as being congruent
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reflections of the same thing [183] suggests that his
intuition of the rate of living was deeper than
previously appreciated. Further, given an emphasis
here on growth associated with TOR, it is interesting
that Pearl actually emphasized growth more than
energy as a reliable biomarker of the rate of living
[183]. Consequently, I suggest that a modified rate of
living theory might be better construed as
emphasizing growth/TOR as an exceptionally costly
aspect of living (particularly because it suppresses
stress resistance), whereas stress resistance/longevity
assurance provided by FOXO represents opposing
balance. Together they nicely constitute Pearl’s “vital
essence.”

Despite required refinements, a metabolic basis of
aging is supported by facts such as that the number of
heartbeats for a mouse and an elephant really are
roughly the same [187], that ectotherm longevity is
strongly modulated by temperature [60] and that
hibernating or diapausing animals live longer. Further
variation may trace to how well lineages neutralize,
repair or replace damage or even variation in
constituents (e.g., saturation levels of fatty acids) that
are differentially susceptible to ROS [188]. Recent
findings suggest that in addition to damage and
distorted signaling induced by ROS, declines in
energy production with age may limit anabolic
processes required to maintain defense, repair and
replacement (e.g., accumulation of damaged proteins
may reflect both ROS damage to the proteasome, and
ATP limitations). Adding clock regulation of energy
and redox adds further dimensionality, particularly
since those key pathways regulating longevity
assurance investments (TOR and FOXO) are highly
sensitive to both redox and energy supply. Tropical
birds expressed lower basal, field and maximal
metabolic rates than temperate species and greater
survivorship. Body temperature did not differ.
Tropical birds had smaller cardio-pulmonary systems
suggesting that they obtain a thermal subsidy from
warmer climates. This was associated with slower
growth rates of cells, and these cells had greater
resistance to various stressors, including ROS [189].
These findings are consistent with a modified rate of
living theory emphasizing the TOR-FOXO tradeoff.

The “Free Radical Theory of Aging” provided a
concrete mechanism for the RLT involving processes
that were directly and positively related to the degree
of oxidative energy metabolism and identifying
mitochondria as critical mediators. Assimilation of
ROS as a mechanism for the RLT naturally derived a
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mitochondrial theory of aging centered on those
organelles responsible for both energy metabolism
and ROS production [190, 191]. This coherent vision
required qualification, however, as lifetime energy
utilization (metabolic scope) was found to vary
remarkably among phylogenies (e.g., marsupials,
lagomorphs, bats, primates, and birds). Thus, the RLT
predicts that marsupials (with lower metabolic rates
than eutherian mammals) should live longer, but the

opposite is true. Similarly, birds have higher
metabolic rates but live three-fold longer than
mammals [5].

Generally, eutherian mammals expend ~220-400
kcal/g in their lifetime [187] but primates average
~450-1000 kcal/g. Birds expend ~1000 kcal/g and
some species even achieve 4,000 kcal/g [192, 193].
Cutler amassed evidence suggesting that longevity
might be varied by “longevity assurance” investments
[192, 193]. Although, many studies suggest that ROS
generation predominates over stress resistance in
determining aging rates, features associated with
FOXO-mediated stress-resistance indeed alter aging
rates. These include antioxidants, chaperones, metal
chelators, DNA repair systems, proteasome function,
autophagy and apoptosis, all enhanced by FOXO.
Given their role in reversing oxidation in signaling
processes, glutaredoxin and thioredoxin can be added
to the repair category.

Relating metabolic rate to free radicals and
longevity was further complicated by alterations in
mitochondrial ~ functioning that decrease ROS
generation per unit of respiration [184, 194, 195].
Thus, extension of longevity by DR involves altered
mitochondrial function that reduces ROS generation
relative to respiratory rate. Similarly, the longer life
and greater metabolic scope of birds compared to
similar-sized mammals is associated with cleaner
burning mitochondria [196-200]. If the mitochondria
of birds are more uncoupled than mammals this could
explain their longer lives. This is also consistent with
the higher body temperatures of birds (~44°C)
compared to eutherian mammals (~37°C).

For nematodes, however, insulin/IGF-1 receptor
mutants (daf-2) appear to express higher rates of
metabolism and ATP production but less heat per unit
of oxygen consumed (suggesting increased coupling
and greater efficiency of ATP synthesis). This seems
contradictory as this feature might be expected to
generate more ROS. This appears to indeed be the
case, but increases in stress resistance elements
(Cu/ZnSOD, heat shock proteins, glutathione S

121



C.D. Rollo

transferases, glutathione, metalothionien, catalase and
xenobiotic capacity) offset ROS stress [173, 174].
Whereas functions like xenobiotic detoxification
decline markedly with age in wild type nematodes,
daf-2 mutants maintain this capacity (and ATP levels)
into old age [173]. Daf-2 mutants also have
upregulated gluconeogenesis and increased levels of
ATP. Electron transport chain enzymes are not down
regulated and the F;-ATPase inhibitor protein is
upregulated [174].

Some expect that the RLT predicts that extended
longevity should be associated with reduced ROS
production [173]. Reconsidering this theory to reflect
TOR-FOXO balance does not necessarily require that
reduced metabolic rate or ROS generation determine
longevity, but rather rates of damage and loss of
function are the most important critical mechanisms
(i.e., the rate of senescence as opposed to the rate of
living). From this perspective aging rates may be
varied by adjustments in longevity assurance systems
(ie., defense, repair and replacement), reduced wake-
associated ROS generation or lower TOR-associated
anabolism. Thus, daf-2 mutants actually generated
more ROS, but had reduced protein carbonyls in their
aging mitochondria. Further, this was associated with
slower rates of aging as reflected by delayed
bradykinesis, lipofuscin deposition and sarcopenia
[173].

Further challenge to the RLT comes from
allometric analyses applying phylogenetic
independent contrasts and correcting for body mass
[184, 201, 202]. In all cases, larger species generally
had lower mass-specific metabolic rates and lived
longer but if body size and phylogeny were controlled
for, little relationship between basal metabolic rate
and longevity was evident. For this residual variation
longevity and lifetime energy expenditure was
associated with higher daily metabolic expenditure
[184]. Interestingly, residual lifespan was negatively
related to residual daily energy expenditure in
mammals [184]. Patterns in mammals and birds were
similar [184, 202].

The relationship of body mass to metabolic rate,
however, is one of the strongest known allometric
relationships. Thus, r? values of at least 0.95 were
obtained in one of these studies [201] and body mass
accounts for nearly 97% of variation in metabolic rate
across mammalian species [203]. A strong
relationship of longevity to metabolic rate still holds
then, given the caveat that this is largely associated
with body size and growth processes. Treating body
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size as a “confounding” factor and studying residual
variation when its contribution is removed is akin to
studying the soap bubbles after removing the
confounding baby and the bathwater. Rather, the
remarkable association of growth rates with longevity
suggests that some aspects of metabolism associated
with growth (e.g., TOR-FOXO balance) are
particularly important [3, 14, 115].

In terms of evolution, longevity assurance systems
are considered to have a cost so a crucial modulator is
the degree of extrinsic risk [5]. Species experiencing
high mortality rates (like rats and rabbits) must mature
quickly and reproduce sufficiently to offset losses (the
balanced mortality hypothesis). Thus, the extrinsic
mortality rate of birds can be inferred from the
number of eggs in the nest. If animals are unlikely to
live long due to extrinsic risk, resources invested in
longevity assurance may be wasted. Better to allocate
resources to assure reaching maturity and maximize
early fecundity. Such ideas were formalized by
Holliday and Kirkwood [204] in the “Disposable
Soma Theory.”

The strong negative association of growth rate
with longevity [115] and the parallel relationship to
TOR-FOXO antagonism adds relevant dimensionality.
Fitness under high risk requires rapid growth to ensure
early maturation and still obtain the largest possible
mature size as this is positively associated with
fecundity (parental care and relative size of offspring
aside). Besides stimulation of NAD(P)H oxidases by
mitogens, rapid growth may benefit from high
mitochondrial coupling that maximizes efficiency of
ATP production at the expense of elevated ROS (see
TOR section above). Thus, rapid growth and relatively
greater ROS may be general consequences of extrinsic
risk. This, and the highly conserved regulatory
structure that downregulates FOXO-mediated stress
resistance (=longevity assurance mechanisms) by
TOR-driven synthetic and growth processes is likely
sufficient to explain the strong association of the GH
axis, PI3K signaling and aging rates [3, 115, 195].

The most recent challenge to conventional theory
is the dissipation limit theory (DLT) put forward by
Speakman and Krol [205, 206]. Prevailing views
explaining the allometric relationship of body size,
metabolic rates and longevity tend to highlight supply-
side feeding, drinking, oxygen delivery, aerobic
capacity and maintenance of body temperature [207-
210]. Removal of waste (excretion, CO,) and
dissipation of heat have always been appreciated, but
the DLT argues that it is the inability to dissipate heat
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during periods of elevated metabolic rate that of itself
determines levels of sustained performance
(particularly reproduction) [205, 206]. The “Principle
of Allocation” holds that (given limited ability to
obtain and process energy) elevation in any one
function must ultimately be traded off against others.
This is a fundamental paradigm of evolutionary
ecology and life history theory (“Risk” being the
other) as well as the underlying framework for the
disposable soma theory of aging. The DLT argues that
energy is not limiting (even during reproduction), that
functional tradeoffs are constrained to interactions
bounded below dissipation limits and that the
disposable soma theory should be discarded. |
consider the DLT in some detail below as it is
revolutionary and specifically attacks the disposable
soma theory and the principle of allocation central to
aging theory developed above.

The DLT is elegant, complex and sophisticated. |
address it by emphasizing evidence against dissipation
limits as global constraints. This is complicated
because physics dictates that increasing body size
associated with declining surface area to volume ratios
indeed reduces dissipation and diffusion processes and
ultimately could induce limits as suggested by the
DLT. The question then becomes how closely species
reside to such limits. One crucial and immediate point
is that endothermy evolved to obtain a relatively
stable thermal environment and increased rates of
numerous fitness-related processes. This means that
body temperature was selected for maintenance well
above ambient so the crucial and prevailing problem
was how to maintain body temperature in the face of
dissipative loss across a relatively steep gradient
rather than any dissipative limitation.

A central platform of conventional allometry has
emphasized that selection on metabolic rates
(endothermy is expensive) importantly reflects the
need to maintain relatively similar temperatures
despite variation in heat loss with changing body
sizes. Thus, larger size can reduce thermoregulatory
costs and selection against heat loss (dissipation) is
evident in the nearly universal presence of hair,
feathers or fat layers in birds, mammals, some extinct
raptors and many warm-bodied insects. Naked mole
rats don’t count because their heated niche and
burrowing lifestyle allowed them to dispense with
endothermy entirely. Speakman and Krol [205] count
reduced insulation in warmer seasons as supporting
their theory:
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“If energy were a limited resource throughout the
year, one wonders why they ever moult out of the
winter coat into a summer coat that causes their
energy demands to increase?”

Warmer ambient temperatures represent an energy
subsidy that means that energy demands do not
increase but rather the opposite. Further, nobody
suggests that endothermy does not come with a price.
Loss of winter insulation during summer would favor
elevating exercise capacity in warmer weather, and
reduce the cost of extra weight and maintenance of
insulation. The fact that insulation is maintained still
argues against a dissipation limit.

The near ubiquity of insulation of itself strongly
argues against selection for increased dissipation. In
fact, any animal that can save and redirect energy
from thermogenesis to other fitness features may have
a selective advantage. As heat generation increases the
dissipative gradient increases, but problems certainly
can arise at very high levels of performance or at high
ambient temperatures. Lack of hair on a few large
tropical animals like elephants and rhinos could well
reflect an adaptation to allow sustained metabolic
performance when required. Note however, that
mastodons and mammoths (some larger than modern
elephants) maintained robust insulation. Naked apes
with whole-body sweating potential may reflect
adaptations for heat dissipation during intense or
prolonged exercise. Even humans however, dress for
the climate. Other primates maintain insulation,
including those living in tropical environments and
some that are larger than us.

Bergmann’s rule argues that there is a trend for
larger-size  in  organisms  occupying  colder
environments as one adaptation to specifically reduce
heat loss. Allen’s rule adds that bodies become more
compact and extremities are reduced to lower surface
area and dissipation in cold environments.
Admittedly, such rules are weak and widely criticized
[206] but there are no such rules in the opposite
direction. Large size in cold environments could well
serve to adaptively reduce dissipative heat loss and
does not appear to impose any dissipative limit given
the levels of activity expressed by animals like polar
bears. Similarly, the relatively enormous size of
cetaceans could be argued to represent release of
growth by conductive transfer to cold water, but then
why do cetaceans carry such enormous layers of fat? |
walked upon a beached sperm whale that had been
sliced by a propeller and marveled that it was
basically a thickly fat-wrapped sausage (at least 30 cm
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of blubber). Increasing size of whales allows longer
duration dives and better heat conservation.

Although reduced surface-area to volume ratios
may serve to reduce heat loss, endotherms retain
further adaptations designed to prevent heat
dissipation. This includes the ability to alter thermal
conductivity via vascular adjustments (vaso-
constriction in your hand when placed in cold water)
and evolution of counter-current heat exchange. The
latter is especially pronounced in species inhabiting
cold environments and warm-bodied fish like tuna can
only remain elevated temperatures in cold water by
employing  sophisticated  counter-current  heat
exchange. It is difficult to imagine any benefit of
increased dissipation for such animals. The prevalence
of adaptations to resist heat loss and conserve energy
argues that energy and heat are precious and that
dissipation limits are rare in the evolved niche. If heat
dissipation is an important selective limitation, it
could be easily offset by shifting to smaller sizes. This
would impose a pattern of evolution where larger
species tended to generate smaller ones whereas
Cope’s rule suggests the opposite.

The DLT is unlikely to apply to ectotherms in any
way similar to endotherms so it lacks generality. It
would also be difficult to apply the DLT to the
extremely rapid growth and early demise of
cephalopods. This extends to inter- versus intra-
specific trends as well. Intraspecifically the most
rapidly growing and most fecund mammals tend to
achieve larger mature sizes, diametrically opposite to
predictions of the DLT. A modified rate of living
theory is congruent with both intra- and inter-specific
trends in growth rates, size and longevity [115]. Even
within endothermic phylogenies eutherian mammals
maintain higher body temperatures and metabolic
rates than marsupials of similar size without meeting
significant dissipation limitations. Placental mammals
evolved efficient exchange between mother and fetus,
increasing reproductive rates and allowing invasion of
colder niches [203]. A significant dissipation limit
could have constrained such a shift in warm climates.
Birds have evolved even higher body temperatures
and metabolic rates than eutherians, but still maintain
insulative feathers in all climates. The argument that
birds must retain feathers for flight does not apply to
all feathers, mammalian fur or the original evolution
of feathers for insulation in raptors. The residual
variation in metabolic rate after correcting for body
size has a positive relationship with body temperature
that is the same in birds and mammals. Birds have a
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higher metabolic rate than equivalently sized
mammals because they maintain a higher body
temperature [211]. Remarkably, various lineages have
been able to elevate their body temperatures
substantially without meeting a dissipation limit.

An implied tenet of the DLT is that species
(particularly large ones) have evolved to body sizes
and metabolic rates that impinge on their dissipation
limits, particularly during reproduction. It is highly
unlikely that any species evolves to extremes that
reduce global fitness. The DLT specifically predicts
that the fecundity of large animals is limited by
restricted dissipation. If so, any genetically smaller
individuals could presumably increase their fecundity,
placing them at a reproductive advantage that would
eventually eliminate larger conspecifics. Body size
would be selected away from the dissipation limit.
The handicap principle aside, suggestions that species
that evolve exaggerated features suffer reduced fitness
and even possible extinction (like saber-toothed cats)
invariably turn out to be wrong. Saber-toothed tigers
were exquisitely suited to their niche (e.g., spearing
thick-hided slow-moving ground sloths). Thus it
seems more likely that the body size and metabolic
rate of various species are selected to an optimum that
must allow full expression of elevated rates and
functions needed to maximize fitness. This would
certainly include avoidance of any dissipation limit
and especially if it was detrimental to a crucial
function like reproduction. This extends to the
argument by Speakman and Krol [205] that large
species have low mortality rates because all those
large (limited) species with high mortality rates went
extinct. How would they ever get there in the first
place?

With respect to reproduction the DLT holds that
large animals have relatively low fecundity because
their metabolic rates during reproduction are
constrained. The increased production of offspring by
animals experiencing high mortality is known as the
“Balanced Mortality Hypothesis” and it has
considerable empirical support (see above). In animals
with no parental care, fecundity is in fact favored by
achieving larger sizes. Large endotherms, however,
generally allocate considerable resources to achieve
larger, slower growing offspring that receive
protracted parental care. This then limits the fecundity
of the parents. The costs of parental care are high as
evidenced by prolonged maintenance of elevated
metabolism such as in foraging birds. In a world
where persistence rather than maximization is the key
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fitness criteria, survival of a few large and well tended
offspring is a life history strategy at least as viable as
depositing 800 maggots. From an aging perspective,
parental care may also select for longer persistence of
parents rather than the common maximization strategy
of reproducing once and then dropping dead. Thus, a
dissipation limit is neither necessary nor sufficient to
explain reduced fecundity in larger endotherms.

Speakman and Krol [205] suggest that rather than
being limited, energy supplies in the environment are
often unlimited, particularly when animals are
breeding. Energy can never be unlimited because
digestive systems have finite capacity and are of
themselves expensive and constrained by functional
integration into the morphological adaptive suite. In
contrast, as evidence that energy supply is not limited
Speakman and Krol [205] cite the near ubiquity of
stomachs and crops.

“The universal existence of these structures”
... [stomachs and crops] ... “indicates that for almost
all animals, the rate at which energy can be collected
from the environment must at some phases of their
lives be considerably greater than the rate at which it
can be utilized”

Other than the time required to break up and break
down food, or in ruminants, to allow symbiotic
augmentation of nutrients, animals without crops or
stomachs would need to engage in reduced but greatly
protracted feeding rates. They would have no reserve
for periods of even short-term circadian fasts other
than fat. Considering that stomachs are like gas tanks
or batteries highlights the point. The smaller the gas
tank or charge, the more often refueling will be
required. No gas tank — lots of service stations and
liquid food franchises. Moreover, the presence of gas
tanks does not preclude tradeoffs between propulsion
and air conditioning, or variation in the price of gas.
The size of the stomach or capacity of the digestive
system would, however, impose an ultimate limit on
uptake and processing of food and energy.

The DLT takes the argument of unlimited energy
further to suggest that expensive longevity assurance
investments need not be traded off against
reproduction as the disposable soma infers, because
“energy supply in the environment iS not limited
during critical phases of reproduction” [205]. To the
extent that TOR contributes to the growth aspects of
reproduction, the regulatory evidence suggests that the
reduction of FOXO-associated longevity assurance
mechanisms is not just a competitive trade-off, it is
hard wired. The DLT suggests that it is unlikely that
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larger species could express high levels of longevity
assurance investments because their metabolic rates
are so low. However, just keeping investments
relatively similar (FOXO side) as growth and
metabolic rates decline (TOR) would provide
exponentially increasing stress resistance likely to
promote extended lifetimes. Stress resistance may
well be allometric.

In terms of reproduction, many animals anticipate
reproductive costs and accrue substantial fat reserves
to sustain late pregnancy and subsequent lactation.
Thus, to some extent, the costs of reproduction are
partially paid earlier, and this reflects that energy
demands during reproduction are likely to exceed the
capacity of the system otherwise. Anticipatory storage
would not be necessary if energy supply is otherwise
unlimited during activities like migration, and
reproduction. Nuptial gifts and variation in nutrition
also vary fecundity, suggestive of resource limitations.
Interestingly, pregnant women have little additional
elevation in active metabolism over basal levels (1.6-
to 1.8-fold) compared to other sedentary people.
Physically active people maintained elevations of 2- to
3.4-fold [212]. Importantly, growing juveniles and
pregnant and nursing mothers also tend to sleep more.
Could this upregulate both TOR and FOXO?

Possible adjustments to cold include thicker fur,
altered color, increased theromogenesis and altered
feeding and digestive tracts. These are all indicators of
energy limitation and heat conservation rather than
dissipation limits. Reproduction of small animals like
mice is much more constrained by cold temperatures
because most of their available energy is diverted to
heating and specific pregnancy block is engaged by
such stress [213]. Speakman and Krol [205] argue
convincingly that milk production by lactating
females can be varied by altering temperature
suggestive of dissipative regulation. It is worth noting
in this context that eggs, juvenile birds and suckling
mammals generally have poor thermogenesis, high
surface area to volume ratios and incompletely
developed insulation (other than those with precocial
offspring). Heat subsides provided by parents in
insulated nests (and huddling) are valuable
adaptations allowing increased growth rates and
growth efficiency of the developing young. Neither
they nor their insulated parents appear to be at a
dissipation  limit. Many  species  (including
bumblebees) utilize an un-insulated “brood patch” to
specifically elevate and target dissipated heat to their
young. Adaptively enhanced dissipative activity and
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maintenance of insulation during pregnancy, lactation
and elevated foraging activity does not support a
dissipation limit. Not only do mammals and birds
maintain overall effective insulation, many build
insulated nests where parents spend considerable time
without overheating. It is not overly surprising that a
lactating mouse increases both feeding and milk
production when she is cold. She would also generate
more heat. All of this would tune maternal function to
altering needs of the young.

Debate regarding the mass exponent relating body
mass to metabolic rate has centered around whether it
conforms to the 2/3 rule predicted by simple
Euclidean geometry versus the empirically derived ¥
power rule. The ecological theory of metabolism
suggests that the geometry of nutrient supply is the
key factor deriving the mass exponents and a value of
0.75 is generally recognized [207-210, 214]. Several
studies suggest that field metabolic rates of mammals
(but not birds) also are close to 0.75 [215]. However,
empirical estimates of mass exponents for basal
metabolic rate vary enormously [215].

Recent studies suggest that there is no single
metabolic exponent [210, 211, 214, 215]. Differences
were detected between ectotherms versus endotherms
and between measures of rest, field and exercise
metabolism [215]. Metabolic rate also varies with
temperature, diet, reproduction, altitude, mode of
locomotion, methods of calculation [203, 216] and
phylogeny [203, 211, 214, 216]. For ectotherms the
scaling exponent converged on a value >0.75. For
endotherms, values fell between 0.67 and 0.75.
Ectotherm values ranged from 0.80-0.87 [215]. A
phylogenetic least-square model obtained global mass
exponents for basal metabolism of 0.68-0.69, whereas
an independent contrast approach vyielded values
between 0.71-0.74 [214]. Regardless, estimates
differed from both 0.67 and 0.75. A mass exponent for
basal metabolic rate based on 639 species obtained a
value of 0.721 [203]. Across mammalian orders
values varied between 0.54 and 1.05.

A recent breakthrough was the finding that
metabolic mass exponents vary with body size such
that small species approach values of ~0.67 but values
increase with body mass to an asymptote ~0.75 [211].
This was also supported by an earlier comparison that
obtained exponents of 0.69 for small species and 0.76
for large species [214]. This and other sources of
variation go a very long way to explaining why
empirical estimates vary so greatly. A mass exponent
of 0.76 for larger species suggests that they do much
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better than the surface rule predicts. The value of 0.69
for small species may reflect that their tissues are less
remote from atmospheric oxygen so they are more
ruled by surface area dissipation loss. Small animals
may scale as 0.67 because their tissues have relatively
more direct access to oxygen and waste disposal.
Large animals may show larger scaling exponents
because they must improve over the basic surface area
rule to maintain relatively high metabolic rates and
temperatures, and still maintain sufficient scope to
meet contingencies of reproduction and short term
exertion.

A related discovery was that cell cultures from
variously sized animals all converged on similar
metabolic rates [217]. Comparing the difference
between in vitro versus in vivo metabolic rates
suggests that the in vivo metabolic rate of tissues in
smaller animals more closely approached levels of in
vitro cell cultures (i.e., they can better deliver oxygen
to tissues throughout their small bodies). Large
animals however, have progressively lower mass-
specific metabolism compared to in vivo cell cultures,
suggesting that their cells are adapted to relative
hypoxia that could influence aging rates [25]. The
ability of small animals to maintain oxygenation
levels closer to ambient is supportive that they might
be ruled more by the surface area rule whereas larger
species facing greater limitations may have been more
strongly selected for offsetting adaptations, including
avoidance of dissipation limits.

The DLT predicts that daily energy expenditure
should scale with a mass exponent of 0.63, rather than
the value of 0.75 proposed by the metabolic theory of
ecology. Using phylogenetically adjusted data,
Speakman and Krol [205] found that field metabolic
rates for mammals and birds had mass exponents of
0.679 and 0.576, respectively. The estimates of
Speakman and Krol [205, 206] are exceptionally low
compared to other recent literature [215, 216] and the
0.576 exponent for birds implies that they don’t even
do as well as the surface area rule (0.67). This also
applies to the theoretical exponent derived by the DLT
of (0.63) [205]. The low exponents for field metabolic
rates means that the relative degree of active
metabolism declines as body size increases which is
then considered support for the DLT [205].

Whether field metabolic rates are the best measure
to use to test dissipation limits is questionable given
that they include rest and sleep periods, often taken in
insulated nests. Some studies of daily metabolism, for
example, found lower exponents than for basal

126



C.D. Rollo

metabolic rates [216] (but see below). In that case a
declining scope for field metabolic rates could
actually reflect that the cost of locomotion is lower for
large species [187] and their lower metabolic costs
and thermal efficiency means they do not need to
foraging as much or process as much food. Whereas
shrews forage nearly continuously and sleep in short
bouts, leopards may feed only once in several weeks
and spend much of their time in leisure rest. Most
footage of lions and cheetahs finds them laying about
doing little. Going for the kill, however, requires very
effective exercise capacity, and | will argue that this is
most relevant to dissipation limits.

Allometry aside, for a given species field
metabolic rates tend to be about 2-4 times greater than
basal [209, 212] whereas maximal metabolic rates are
usually about 10-fold higher (but can be elevated
briefly by as much as 50-fold). Interestingly, human
athletes can sustain metabolic elevations of 4- to 5.6-
fold, exceeding elevations in field metabolisms of all
but a few of other endotherm species examined [212].
Unlike many other aspects of metabolic allometry, the
very high mass exponents for exercise metabolism are
relatively consistent and reliable. Maximal metabolic
scope (Max/Basal) itself has a positive mass exponent
of 0.18, meaning that larger species are capable of
increasingly greater metabolic elevation than small
species [209, 218]. Whether field metabolic rates
decline or increase with body mass are not as relevant
to dissipation limits as the critical fitness aspect of
exercise performance.

Slopes for both daily and field metabolic rates
strongly vary. As discussed above, early studies
support a lower slope for field metabolic rates than for
basal rates suggesting that larger species have
relatively reduced elevation of active metabolism in
the field [219, 220]. More recent estimates found that
field metabolism had substantially higher exponents
than basal [216]. The overall mass exponent for field
metabolic rates was ~0.81. For eutherian mammals,
birds, and reptiles (but not a small sample of
marsupials) field metabolic rates were higher than
basal. Large marsupials had exceptionally low
metabolic rates with a scaling coefficient of 0.59 (i.e.
for this sample they did worse than the surface area
rule). For birds, however, basal metabolic rate scaled
as ~0.67, whereas for mammals it was ~0.73 [216].
Regardless, the greater slope for field metabolism in
these studies would suggest that larger animals have
relatively greater elevation of their metabolic rate in
the field, opposite to the DLT. Glazier [210] suggests
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mass exponents for birds and mammals of 0.66 and
0.69 for basal metabolism, and 0.70 and 0.75 for field
metabolic rates, respectively. An exponent of 0.89
was given for running mammals. Another study
obtained comparable estimates. These ranges between
0.74-0.78 for resting, 0.60-0.65 for daily metabolism
(that would include sleep), 0.78-0.84 for field
metabolism and 0.87-0.89 for exercise [215]. Given
the great variation and evidence that there is no
universal exponent, it is difficult to evaluate what any
of these exponents really mean for dissipation limits
other than with the reliably high exponents associated
with exercise.

If dissipation limits do impinge on physiological
function, they are most likely to impact physical
(exercise) performance. Such limitations are strongly
linked to crucial fitness aspects such as fight, flight
and feeding. Running for your life, fighting for your
wife or running for your dinner all require maximal
performance where dissipation constraints would face
strong negative selection pressure. If that is indeed the
case, the idea that dissipation limits are important
constraints on any lower levels of metabolic
expenditures like lactation becomes unlikely,
regardless of the duration of sustaining such activity.

The scaling exponents for maximal performance
are far greater and consistent than for any other type
of metabolism [209, 215, 218]. The mass exponent for
maximal metabolic rate during exercise falls between
0.87-0.89 [209, 215]. For athletic species this was
even higher (0.94) suggesting that additional factors
than surface area are involved [209]. Such scaling
may reflect the surface area of available mitochondria
and systems managing resource delivery (O,, energy)
and waste management for aerobic demands on cells.
Interestingly, mitochondrial volume scaled almost
identically to maximal metabolic scope (0.956 versus
0.962) and capillary volume also scaled as 0.984
[209]. Could a relative increase in mitochondrial
number in larger species allow lower mitochondrial
stress at normal levels of metabolism? Estimates of
maximal metabolism have consistently obtained very
high values, some approaching 1.00 (i.e. almost
independent of the surface rule all together).
Increased ventilation and directed blood flow to the
musculature are two potential adjustments.

Most metabolic mass exponents are expected to
range between 0.667 and 1.00 [210] but the fact is it
would be extremely surprising if heat dissipation in
animals, and especially large ones, conformed to the
simple surface area to volume rule, and certainly not
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less. Animals are not simple shapes. Consider a cube
with a hollow interior occupied by the additional
surface area of convoluted lungs and a through-put
digestive tract. Birds have the additional feature of
large air sacs that allow oxygen to be extracted from
the lungs during inhaling and exhaling. Surface area is
increased by such features and invaginations on
smaller scales without any change in volume. Now
add a circulatory system ramifying blood throughout
the body (and capable of regulating thermal
conductance and specific targets for blood flow).

Dissipative processes are enormously increased
by convection such as provided by breathing
ventilation and fanning by large ears such as African
elephants. The possibility that animals behave
according to the surface rule becomes increasingly
unlikely. Now add evaporative cooling, sweat,
wallowing and the convection associated with
movement itself. Evaporative cooling powerfully
dissipates heat, thereby augmenting surface area.
Movement-associated convective heat transfer is
probably particularly important for flying animals that
may also access cooler air at higher altitudes [206].
Interestingly, bumblebees and night flying moths that
can fly at lower air temperatures are more insulated.
Such animals must maintain a relatively high
temperature to engage flight, and will “shiver” their
flight muscles to reach functional temperatures.
Dissipation limits associated with heat generated by
sustained flight do not inhibit warm-bodied
bumblebees even on hot days. The beating of their
wings may actually contribute to convective heat loss
at high levels of activity.

Speakman and Krol [206] carefully consider how
animals like migrating birds can sustain highly
elevated metabolisms because this challenges their
theory. Such features, however, are exactly those
explaining how dissipation limits can be avoided.
Furthermore, migration and insulated hibernation are
adaptations to avoid periods of energy stress and
potential death associated with excessive heat
dissipation in freezing air. The key point is that if
birds or athletic animals face dissipation limits, they
exploit their niche such as to avoid them. Size may
also be a factor in locomotion because in addition to
lower costs of transport, larger volumes may displace
relatively more air over surfaces during movement.

Locomotion is also critical to warm-bodied tuna
that can only extract the oxygen required for heat
generation from water by engaging ram-jet water flow
over the gills at high speeds. Recall that these animals
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also have remarkable counter-current heat exchange to
maintain temperature against conductive heat loss into
cold water. Dissipation is important — important to
minimize. Although there can be little doubt that heat
dissipation can be a problem, particularly in hot
climates, thermoregulation evolved to elevate rates
and functions above ambient and most adaptations
serve to conserve this heat. It seems improbable that
dissipation limits are the general and overriding
determinate of mass-specific allometry and associated
life history features. In particular the idea that animals
have evolved to sizes that negatively impact
reproduction, or that available energy for various
functions is unlimited will likely prove difficult to
support. For now at least, the principle of allocation
and disposable soma theory might be considered as
viable.

IMPLICATIONS

The fact that both pathways considered to most
strongly regulate aging likely occur in sleep has
pervasive ramifications (Fig. 2). That TOR and FOXO
reside on opposite branches of the phosphorylated Akt
bifurcation (Fig. 1) means that sleep consists of at
least two antagonistic windows. In a temporal
framework this can be considered as indicating that
mutually synergistic aspects are marshaled together at
a particular time and that separated windows are
successively deployed to maximize global fitness.
Order is also critical. One theoretical insight is that
aging interventions that enhance one function to
obtain life extension (e.g., FOXO upregulation by
resveratrol) and/or suppress those functions seen as
accelerating aging (e.g., rapamycin suppression of
TOR) are somewhat misguided. Tradeoffs between
functions may be avoided by appropriate
management. The idea that changes in one pathway
necessitate opposite alterations in the other does not
hold if antagonistic or incompatible functions reside in
separate temporal windows. Further, true youthful
function must require robust activity in all waking and
sleep windows. Each has evolved to maximize overall
fitness so none can be neglected.

While robust and balanced rhythms are likely the
necessary goal for healthy life extension, temporal
features like sleep show age-related declines and
fragmentation indicative of dysregulation, and waking
functions like spontaneous activity markedly decline
[195]. This suggests that aging may indeed represent
distorted imbalance, in which case, interventions that
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differentially address one functional window may of
themselves improve others. What is particularly
frustrating from a perspective of life extension is that
the hard-wired shifts that function to maintain the
circadian march across compartmentalized functions
(e.g., suppression of FOXO and associated stress
resistance pathways by the TOR window) may emerge
as formidable obstacles to our success. Aging has
even been suggested to arise from continuation of
TOR signaling beyond the growth period [221]. To
the extent that clocks contribute to tissue-specific
functions, dysfunction of clocks in old age could
contribute to dysregulation of the nuclear receptors or
tissue de-differentiation which has been proposed as a
possible mechanism of aging.

One obvious source of imbalance is the
increasingly oxidative conditions and greater levels of
ROS with age. Elevated ROS could chronically
elevate MAPK-ERK and PI3K-Akt-TOR activity
[175, 222] even in the face of declining GH and IGF-1
signaling typical of aging. In fact, declines in GH axis
signaling and elevations in the HPA axis could be
compensatory. If so, reducing ROS could restore
balance in these higher order regulatory systems [3].

Waking levels of energy and amino acid
acquisition likely determine levels of subsequent TOR
and FOXO activity, partly via sensors such as AMPK
and S6K. Consequently, industrialized diets,
particularly high in protein (e.g., meat) and excess
energy likely elevate TOR. Dietary restriction, fasting
or low-protein diets are more likely to favor FOXO.
Although industrialized diets may benefit growth,
health and fitness in youth, they may contribute to
much of our avoidable aging-associated pathology.
High protein diets that promote growth may
specifically suppress those stress resistance pathways
that would otherwise best serve us in old age, and
counter-intuitively, could also contribute to obesity
and metabolic syndrome [65]. The TOR target, S6K-1
is sensitive to insulin and amino acids and appears to
reduce insulin signaling via inhibition of IRS-1 (Fig.
1). Thus, S6K-1 could induce insulin resistance under
conditions of excess protein intake. S6K-1 knockouts
are 20% smaller at birth and are resistant to obesity
due to elevated lipolysis. Rapamycin also reduces
adipogenesis [65].

Of potentially great practical importance, the
temporal triumvirate suggests that dietary restriction
utilizing alternate day feeding (ADF) likely represents
an entirely different mechanism than chronic daily
reduction of calories. Theoretically, TOR would be

Aging and Disease * Volume 1, Number 2, October 2010

Circadian Regulation of Aging Rates

upregulated on feeding days and suppressed on fasting
days. ADF could alternately stimulate the FOXO or
TOR pathways, perhaps better maintaining benefits of
both and offsetting age-related distortion. Whereas
DR is very difficult for humans, ADF requires less
discipline. Although the TOR and FOXO windows
might be simultaneously manipulated via time-
released drug delivery, ADF might be employed to
alternately stimulate the TOR and FOXO pathways.
This could circumvent the fact that FOXO normally
resides behind the TOR window. A combination of
ADF augmented by alternating pharmacological/
nutritional manipulation could prove particularly
effective at ages where these pathways may become
chronically distorted. Alternatively, could alternating
high protein feeding days with low protein days (with
somewhat reduced calories) achieve some level of
impact?

The mechanisms mediating impacts of DR remain
unresolved. Froy [36] suggested that ADF might
engage stress resistance via alterations in the clock,
and the framework described here suggests a more
specific mechanism. Intermittent feeding yields
similar benefits to chronic DR, but the reduction in
calories may be smaller or even minimal [37]. Time
restricted feeding and timing of ADF can reset and
entrain the circadian clock. Some benefits of DR and
ADF may arise from improved circadian coordination
[37]. Disruption of circadian clocks is associated with
hormonal imbalances, increased disease risks
(including cardiovascular disease and cancer) and
reduced longevity [37].

The present framework suggests that alterations in
the clock, and especially sleep, could have enormous
health and aging impacts via TOR and/or FOXO. A
key factor in extending health and longevity may trace
to robust cycling of the clock [37] and maintenance of
balance among the three functional phases of the
circadian rhythm (i.e., waking, anabolism, and
defense). Thus, aMUPA mice have high amplitude
clock rhythms associated with extended longevity,
low IGF-1, smaller size, lower apoptotic thresholds
and reduced cancer [37, 223]. The linkage of SIRT to
the clock and its known involvement in DR strongly
suggests a linkage of the clock to aging rates.
Alternate day feeding may elevate stress resistance
and DR downregulates TOR in mice [37]. Liver,
muscle and colon showed increased activity in Perl,
Per2, Per3 and downregulated Arntl/Bmall (Arnt=
aryl hydrocarbon receptor nuclear translocator) genes
associated with circadian rhythmicity under DR. This
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suggests a role of the clock in alterations in energy
metabolism and defense under resource shortfalls
[139]. Linkage of ADF to the clock is highlighted by
lack of hepatic clock rhythms in mice with feeding
restricted to the photophase resting period [37].

Total duration of sleep declines but the duration of
sleep episodes increases with increasing body size
across mammalian species [224]. This may reflect
lower growth demands or reduced stress that
accompanies low metabolic rates and slow growth to
larger sizes. Now the question becomes, what aspects
of sleep are altered as species become larger? Is the
TOR window reduced in period or intensity? Is the
FOXO window expanded? The disposable soma
theory would suggest that no naturally evolved species
will reflect longevity assurance investments that could
entirely eliminate aging. Can we extend longevity
beyond our blindly evolved limitations by
exaggeration of late sleep FOXO functions? A new
and promising landscape stretches before us.
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