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The brain–body energy conservation model 
of aging

Evan D. Shaulson1, Alan A. Cohen    2,3 & Martin Picard    1,2,4,5 

Aging involves seemingly paradoxical changes in energy metabolism. 
Molecular damage accumulation increases cellular energy expenditure, 
yet whole-body energy expenditure remains stable or decreases with 
age. We resolve this apparent contradiction by positioning the brain as 
the mediator and broker in the organismal energy economy. As somatic 
tissues accumulate damage over time, costly intracellular stress responses 
are activated, causing aging or senescent cells to secrete cytokines 
that convey increased cellular energy demand (hypermetabolism) to 
the brain. To conserve energy in the face of a shrinking energy budget, 
the brain deploys energy conservation responses, which suppress 
low-priority processes, producing fatigue, physical inactivity, blunted 
sensory capacities, immune alterations and endocrine ‘deficits’. We term 
this cascade the brain–body energy conservation (BEC) model of aging. 
The BEC outlines (1) the energetic cost of cellular aging, (2) how brain 
perception of senescence-associated hypermetabolism may drive the 
phenotypic manifestations of aging and (3) energetic principles underlying 
the modifiability of aging trajectories by stressors and geroscience 
interventions.

All aging mammals have a brain (Box 1) that evolved to promote survival 
by regulating physiology and behavior. To accomplish this task, the 
brain (1) senses afferent sensory and metabolic inputs from virtually 
every cell in the organism, (2) integrates intrinsic and extrinsic sensory, 
endocrine, immune and metabolic information and (3) responds with 
neuroendocrine and sensorimotor outputs1,2. Informed by the totality 
of the organism’s internal milieu, the brain captures the Gestalt state 
of the organism, integrates this information with anticipated demands 
and mobilizes appropriate mental states (for example, fatigue or vigor) 
and regulatory behaviors (eating, fasting or sleeping) to promote sur-
vival. As the master orchestrator of behavior and physiology, the brain 
ensures survival by prioritizing physiological needs3.

One of the most acutely vital survival needs is energy. Conse-
quently, several well-defined cellular energy-sensing mechanisms exist 

to couple cell behavior to the immediate metabolic state4–6. The brain 
also evolved to tune organismal physiology to operate an economy of 
energy, optimizing functional capacities while minimizing energetic 
costs. As the organismal energy budget is limited7, the brain mediates 
tradeoffs that might appear detrimental when viewed from the per-
spective of the deficits they induce but are in fact adaptive mechanisms 
that balance competing energy demands to promote survival.

Combining its ‘physiological hub’ status and the evolutionary 
driving force of energy, the brain has acquired two main energy-related 
skills relevant to aging: (1) an exquisite sensitivity to signals of energy 
supply and demands (glucose, leptin, ghrelin, lactate, growth differ-
entiation factor 15 (GDF15) and other cytokines) by which peripheral 
tissues inform the brain of their energy status and (2) a wide array 
of hormonal, neural, behavioral and cognitive outputs capable of 
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by energy and information transfer19–22. Aging organisms are there-
fore best defined as complex dynamical systems23 in which ‘control’ 
over behavior, physiology, anatomy and metabolism is shared across 
micro-level (genes, proteins and cells) and macro-level (endocrine, 
central nervous system and subjective experiences) processes24,25.

To understand mammalian aging, we must grasp the energetic con-
trol mechanisms that operate across levels of organization. How do sub-
cellular molecular processes influence whole-body functioning, and 
how do systemic factors influence subcellular dynamics? Brain–body 
energy processing bridges these levels. The proposed model outlines 
how molecular signals released from aging and/or senescent cells26 
sparsely scattered across somatic tissues can, through BEC, shape 
complex behavioral, physiological and clinical features of aging27.

regulating energy metabolism and expenditure across scales of bio-
logical organization, from organelle to organism, as discussed below.

Distributed control of mammalian aging
The geroscience agenda has primarily, although not exclusively, 
focused on cellular and subcellular processes8–11. Applied to model 
systems, this has yielded a fairly exhaustive account of how molecular 
energy-sensing networks in general4,12, and mitochondria in particular13, 
regulate biological aging and senescence. Recent theories have high-
lighted tradeoffs in cellular energy allocation between maintenance 
versus growth metabolism14–16 as well as cell-level metabolic slowdown 
as contributors to organismal aging17. But mammals are more than 
amorphous collections of cells18; they behave as cell collectives bound 

Box 1

Definitions and key concepts
Aging: the BEC model focuses on phenotypic and functional aging 
defined as the decline in capacity and performance experienced 
by an individual27. This definition does not distinguish pathological 
versus compensatory aspects and emphasizes the potential role of 
top–down, brain–body processes (endocrine, neural, affective and 
behavioral) as drivers of phenotypic and functional decline.

Brain: organ of integration rich in highly interconnected networks 
of neural and glial cells, including specialized subpopulations 
with activity modulated by circulating metabolites, hormones 
and cytokines. By integrating sensory information from inside 
and outside of the body, the brain constructs and predicts 
the state of the organism while weighing perceived energetic 
resources relative to demands133. The brain is responsible for 
prioritizing and distributing the finite energy budget between 
physiological processes and behaviors, particularly in response to 
hypermetabolism and perceived energy shortage.

Energy: the capacity to perform work. In the aging body, energy 
availability is reflected in the presence of biochemical substrates 
(for example, glucose or fatty acids), mitochondrial membrane 
potential and secondary circulating metabolites (for example, 
lactate). Energy demand is the cumulative sum of aerobic and 
anaerobic energy transformation occurring or anticipated within 
each cell. Evolutionary forces have optimized biological systems to 
operate at near-maximal energetic efficiency, achieving maximal 
capacity at the lowest cost238,239.

Energy conservation response: any response to an increase in 
energy demand and/or decrease in energy supply that involves 
suppression of costly mental states (for example, vigor), behaviors 
(for example, vigorous exercise), non-essential functions (for example, 
reproduction), hormonal pathways (for example, anabolic hormones) 
and/or cellular activities (for example, DNA repair), aiming to preserve 
energetic resources. Energy conservation responses differ in terms of 
how the conserved energetic resources are (re)distributed between 
competing physiological processes and over time28.

Hypermetabolism: chronically elevated energy transformation 
relative to the cost of sustaining normal basal functions. Both 
physiological processes (for example, immune activation, tissue 
damage or wound healing) and stress responses (DNA damage 
response, ISR or senescence) cause hypermetabolism and result 

in the release of associated cytokine signals. Because cells and 
organisms have finite energy budgets due to only partially resolved 
mechanisms112–114, hypermetabolism is not sustainable and forces 
functional cell-autonomous and organismal tradeoffs116,177.

Inflammation: ensemble of secreted peptides released in response 
to a spectrum of tissue stress including (1) tissue disharmony, (2) 
physiological perturbations, (3) pathological inflammation and 
(4) immunity. Inflammatory cytokines are not private attributes of 
immune cells; they broadly aim to restore homeostasis240. Chronically 
elevated levels of inflammatory molecules, termed inflammaging67, 
signal unresolved perturbations including the SASP241. According 
to the BEC model, inflammaging is produced by damage-induced 
intracellular stress responses and exists at least in part to inform the 
brain of somatic hypermetabolism. Inflammatory responses operate 
at a cost and force constraints that compete with lower-priority 
functions in an economy of energy brokered by the brain.

ISR: the ISR is a genetic pathway that produces GDF15 in various 
tissues as well as other secreted factors that contribute to the SASP. 
The ISR–GDF15 axis is upregulated in aged and OxPhos-deficient 
cells, blocks costly cellular life transitions76 and is understood to 
be an endocrine body–brain signaling axis that conveys systemic 
energetic distress to the brain89.

Senescent cell: cellular state marked by cell cycle inhibition and a 
growth arrest phenotype. Senescence is now recognized to have several 
key roles in normal development and physiology, including the active 
synthesis and secretion of SASP factors241, among other behaviors26,97.

Signaling costs: cell–cell communication entails two sources of 
costs. First, signaling costs in the source tissues242,243 are driven by 
cell-autonomous energetic costs to power protein synthesis244,245 and 
secretion65,66. Second, in target tissues, receptor-mediated signal 
transduction cascades and cellular computation require energy246,247 
to convert circulating cytokines and other signals into further 
energetically costly transcriptional and cellular responses.

Sickness behavior: constellation of affective and behavioral 
phenotypes produced by the brain in response to cytokine and 
metabolic signals from the immune system or other tissues. This 
includes the depression-like state induced by the effects of cytokines 
on the brain136.
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In this Perspective, we describe how the brain’s evolved ability 
to (1) sense metabolic information and (2) deploy energy conserva-
tion responses in the face of perceived energetic threats may in fact 
drive many common manifestations of aging and frailty (Fig. 1). The 
proposed model builds on the molecular hallmarks of aging and 
positions them within an economy of energy28, highlighting the role 
of the brain as the central controller of energy allocation among 
competing processes. The BEC model also provides explanations 
for how stressors accelerate age-related functional decline, how 
well-known aging-modifying geroscience interventions work, why 
women tend to develop frailty more easily than men yet outlive 
them, and how bioenergetic principles may help to develop more 
holistic, effective interventions to optimize human health across 
the lifespan.

Overview of the BEC model of aging
The BEC model represents a cascade of molecular, cellular and physi-
ological events through which excess cellular energy expenditure 
drives mammalian aging via the brain (Fig. 2). The BEC model can be 
summarized as five major steps.

	(1)	 Over time, molecular damage and dysregulation accumulate 
stochastically in somatic tissues, triggering molecular drift and  
ectopic gene expression, contributing to the intracellular and 
intercellular heterogeneity that marks the state of cellular 
senescence.

	(2)	Damage accumulation triggers gain-of-function stress responses,  
including cell-autonomous senescence or quiescence programs 
and cell-non-autonomous signaling through cytokines, which 
incur signaling costs and impair bioenergetic efficiency. The up-
regulation of wasteful signaling processes increases the amount 
of energy that must be expended to sustain aging cells, a state 
termed cellular hypermetabolism.

	(3)	Because the organism’s energy budget is limited and the state of 
hypermetabolism is unsustainable, the brain leverages its elab-
orate circuitry evolved to detect circulating signals of somatic  
hypermetabolism, including various cytokines that mark the 
state of inflammaging.

	(4)	As the central controller of energy allocation, the brain then 
orchestrates top–down energy conservation responses, which 
achieve energy savings at the whole-body level by suppressing 
non-essential physiological functions and behaviors.

	(5)	As signals of cellular hypermetabolism reach the central nerv-
ous system in increasing concentrations with advancing age, 
the brain deploys increasingly powerful energy conservation re-
sponses, forcing the atrophy of energetically expensive organs 
like skeletal muscles and the brain, driving the simplification 
of the immune system, endocrine deficits (for example, hypo-
thyroidism), loss of hair pigmentation and other energy-saving 
strategies.

Aging cells accumulate energetically costly 
damage
Over time, various forms of molecular damage necessarily 
accumulate29–32. This includes telomere shortening33,34, mutations aris-
ing stochastically at species-specific rates in both autosomal genes35,36 
and the mitochondrial genome (mitochondrial DNA (mtDNA))37–39, ret-
rotransposon replication and activation40–43, cytoplasmic mislocation 
of nuclear and mtDNA fragments driving cyclic GMP–AMP synthase 
(cGAS)–stimulator of interferon response cGAMP (STING)-dependent 
inflammation44–48, chromosome-destabilizing nuclear mtDNA 
insertions49,50 and several other forms of molecular damage29 (Fig. 3, 
left). Collectively, damage accumulation contributes to epigenetic51–53 
and transcriptional drift54. Because damage mitigation processes are 
not ‘free’, cells must constantly invest a portion of their energy budget 
to maintain chromatin integrity and prevent damage accumulation55–57.

A�ective states

Manifestations of aging

Behaviors, inactivity

Hormones

Physiological and 
anatomical changes

Sensory, cognitive and other ‘deficits’

Hallmarks of aging

Brain–body energy conservation (BEC)

• Molecular damage
• Senescence program
• Higher-order dysregulations
• Other aging processes
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(e.g., GDF15)

Metabolites

Other factors

Hypermetabolism

Direct e�ects

Fig. 1 | Overview of the BEC model of aging. The molecular hallmarks of aging 
trigger energetically costly cell-autonomous stress responses, which generate 
signals of cellular hypermetabolism conveyed to the brain. The brain in turn 

transforms these inputs into multisystem energy conservation responses 
involving strategies that drive the phenotypic and functional manifestations of 
aging.
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On top of these maintenance processes, which account for the 
basic costs of life, accumulating damage incurs additional costs by 
triggering downstream stress responses. For example, telomere ero-
sion58 and DNA damage transcriptionally induce and locally recruit the 
telomere shelterin complex and activate the DNA damage response36,59. 
As for any stress response60, these damage-induced responses require 
energy consumption above basal maintenance costs. Thus, the basal 
energetic budget required to support transcription and translation 
of each gene41,61 is increased by mutations and other forms of dam-
age. Accordingly, DNA damage directly increases ATP demand and 
mitochondrial respiration in animals and cultured cells exposed to 
genotoxic stress62 (see ‘Evidence of hyperactivity and hypermetabolism 
in aging cells’ below). Similarly, Ercc1-deficient mouse livers, which 
rapidly accumulate DNA damage, have higher, not lower, basal ATP 
demand63.

Wired to survive, aging cells thus activate conserved stress 
responses that amplify a few benign molecular imperfections into a 
flurry of transcriptional activity, culminating in the costly secretion 
of multiple proteins. Gene transcription and translation are just the 
initial steps in stress-induced energy-burning cascades. Many gene 
products of cellular stress responses are secreted cell–cell communica-
tion proteins, including ‘inflammatory’ cytokines produced by most 
(not just immune) cell types64. In the signaling cell, protein secretion in 
particular consumes considerable energy owing to the costs of packag-
ing proteins into secretory vesicles (Golgi), post-translational modifi-
cations, ATP-dependent transport of vesicles toward the cell surface 
and exocytosis across the plasma membrane requiring active (that is, 
energy-dependent) cytoskeleton-driven membrane remodeling65,66. 
In target cells, signaling factors activate signal transduction cascades 
that also consume energetic resources, adding to overall signaling 
costs. Together, these factors culminate as the senescence-associated 
secretory profile (SASP), which contributes to the systemic state recog-
nized as inflammaging67. In all cases, consistent with the hyperfunction 
theory of aging68, molecular damage, inflammatory cytokine signaling 
and the SASP reflect cellular hyperactivity, not inactivity.

Mitochondria, mitohormesis and GDF15
A robust example of the costly cascade from molecular imperfection 
to protein secretion occurs in cells with impaired mitochondrial oxida-
tive phosphorylation (OxPhos) capacity. Although OxPhos is the main 

source of cellular ATP in breathing animals, OxPhos deficiency does 
not necessarily cause cells to enter an ‘energy-saving’ state. Instead, 
OxPhos-deficient cells experience reductive stress that activates the 
integrated stress response (ISR) and other compensatory transcrip-
tional programs69–72. Collectively, these responses trigger whole-body 
hypermetabolism and shorten lifespan in affected cells, mouse models 
and individuals73,74.

Downstream of the ISR, high levels of cytokines and ‘metabokines’ 
(metabolically triggered cytokines) are synthesized and secreted, 
including GDF15 (refs. 72,74–76), fibroblast growth factor 21 (FGF21) 
and others77. Robust signaling cascades initiated within mitochondria 
trigger mitohormesis, and cytokines from challenged tissues convey 
cellular distress to the rest of the body–brain system78. When these 
somatic signals reach the brain, they produce aversive subjective expe-
riences such as nausea and visceral malaise79,80. Like a smoke detector 
sensing the faint presence of smoke, the brain ‘smells’ mitochondrial 
OxPhos defects through circulating cytokines and metabokines.

GDF15 is known to the genetic mitochondrial disorder field as 
a cytokine marker of OxPhos deficiency and reductive stress71,81. 
To the obesity and energy balance field, GDF15 is an anorexigenic  
signal associated with pregnancy80, tumor burden82, chemotherapy83, 
exercise-induced exhaustion84 and starvation85. To the aging and gero-
science field, GDF15 is known as the circulating protein most highly 
upregulated with age and as a strong predictor of future morbidity and 
mortality86–88. This functional convergence points to a shared condi-
tion: energetic distress or unsustainable metabolism.

Based on available evidence reviewed here and below, we propose 
that the SASP and inflammaging have evolved to signal excessive energy 
consumption or cellular hypermetabolism. The target of this signal may 
well be rest of the organism and the brain in particular89.

Evidence of hyperactivity and hypermetabolism 
in aging cells
Contrary to common wisdom, recent work has shown that aging cells 
and tissues consume increasing amounts of energy and become hyper-
metabolic. For example, inducing cell senescence through genotoxic 
insults and oxidative stress does not induce ‘dormancy’ or hypome-
tabolism as one may expect from the externally apparent growth arrest 
phenotype initially noticed by Hayflick. Rather, when we look ‘under 
the hood’ (beneath the plasma membrane of aging cells), senescence 
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Fig. 2 | The BEC cascade. The five major steps of the BEC are (1) damage 
accumulation during aging. (2) Rising energy costs impair cellular efficiency, 
triggering the ISR, the SASP and other forms of cell–cell signaling. (3) The brain 
detects and anticipates the energetic state of the organism. (4) The brain deploys 

energy conservation responses. (5) Chronic behavioral and physiological 
aspects of energy conservation responses lead to functional tradeoffs driving 
the behavioral and phenotypic manifestations of aging. HR, heart rate; max, 
maximum; TSH, thyroid-stimulating hormone.
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increases mitochondrial biogenesis and mitochondrial mass, sub-
serving increased energy consumption90–93. Similarly, comparing 
fibroblasts from centenarian individuals to fibroblasts from young 
donors reveals that older cells display increased protein content per 
cell, along with 47% higher mitochondrial mass and mitochondrial 
hyperfusion (tubulation of the mitochondrial network)94, two features 
generally associated with elevated cellular energy demand and OxPhos 
activity95,96. Senescent cells are hypermetabolic and have more, not 
less, mitochondria.

From a metabolic standpoint, the terms quiescence and senes-
cence are misleading because, for most scientists, they imply that these 
cells serve little useful purpose and are inactive26,97. But, on the contrary, 
these complex cellular states are implicated in normal physiology26 and 
are in fact marked by the upregulation of several energetically costly 
processes. Below, we highlight four additional lines of evidence related 
to age- and/or senescence-associated cellular hypermetabolism.

In vitro aging trajectories and hypermetabolism
Longitudinal measurements of cellular energetics in primary human 
fibroblasts over a 9-month period (from early passages to replicative 
senescence) have produced quantitative estimates of the energetic 
cost of cellular aging and senescence98. As cells approached their 
Hayflick limit, we found that cellular energetic demand (estimated 
from both oxygen consumption and glycolysis-related extracellular 
acidification) increased exponentially15. Compared to early passages, 
aged cells displayed an approximate doubling in the estimated ATP 
consumption rates (per cell, per day) and mtDNA copies per cell. As 
expected, this state of hypermetabolism was associated with (and 
at least partially driven by) a several-fold upregulation of the ISR and 
SASP-related cytokine secretion.

In other studies of replicative senescence in primary human fibro-
blasts, partially inhibiting cytoplasmic protein synthesis did not cause 
cell death but in fact restored proliferation99,100. Similarly, blocking tran-
scription (ribosomal RNA synthesis) in Caenorhabditis elegans reduced 
excessive energetic costs, interpreted to relieve hypermetabolism 
and liberate a portion of the energy budget to promote longevity101. In 
growth-arrested cells, inhibiting translation ‘frees up’ energy that can 
then be used to power the temporarily halted cell division program. 

This contention is in line with the fact that senescence induced by 
stressful treatments, such as with an antiretroviral protease inhibitor, 
is similarly reversible upon drug removal102. Costly stress responses 
including the ISR appear to impose an energetic burden that interferes 
with normal cell fate transitions103, whereas inhibiting the ISR restores 
cell differentiation and division in vitro and in mice76.

Mitochondrial OxPhos defects and B cells
Mitochondrial defects known to accelerate cellular aging also cause 
hypermetabolism. In similar repeated-measures experiments as 
described above, senescence-promoting mitochondrial OxPhos 
defects induced by either genetic or pharmacological insults engen-
dered a costly hypersecretory phenotype linked to a doubling of energy 
expenditure per cell (+91–108% estimated ATP synthesis rates)74. 
OxPhos-deficient cells also divided 30–40% slower, probably reflecting 
a cell-level energetic tradeoff between signaling and growth, a cellular 
energy conservation response. It follows that OxPhos-deficient cells 
consumed a striking two to three times more energy per cell division74. 
In other studies of various OxPhos-deficient cell lineages, inhibiting 
cytoplasmic translation also rescued cell viability104, consistent with 
the above notion that excess translation and hypermetabolism con-
tribute to their vulnerability and that alleviating excess energy costs 
is functionally beneficial.

Outside the dish, aged circulating B lymphocytes isolated from 
older adults also display hypermetabolism105,106. In one study, unstimu-
lated aged B cells exhibited ~40% reduced proliferation (cost saving), 
expressed high levels of SASP genes and exhibited a hypersecretory 
phenotype (increased costs)105. As expected from the energy costs 
required to support these activities, so-called quiescent B cells from 
older individuals consume ~2–2.5× more glucose at rest105 and exhibit 
a ~25% higher maximal oxygen consumption rate than cells from young 
individuals106. Together, these results reflect the hypermetabolic state 
and increased OxPhos capacity associated with damage accumulation 
and senescence.

Metabolic flux analysis
Quantitative metabolic flux analyses indicate similarly high meta-
bolic rates relative to growth rates in growth-arrested, quiescent 
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senescence and systemic signals of hypermetabolism. Molecular genomic 
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direct consequences of imperfections including DNA repair and telomere 
maintenance (not illustrated) and downstream transcriptional stress responses 
including the ISR and the SASP, which trigger energy-demanding protein 
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released by aging cells act locally on surrounding cells, on the immune system 
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primary human fibroblasts107. In the near absence of cell division, qui-
escent cells had reduced nucleotide biosynthesis (cost saving) yet 
consumed either similar or slightly lower amounts of glucose (and 
other carbon substrates) in the confluent state. In the subconfluent 
state, quiescent cells consumed up to ~50% more glucose and ~200% 
more glutamine than proliferating cells, posing an apparent meta-
bolic paradox107. If not for cell division, where is the energy going? 
In this situation, metabolic flux appears to be directed toward the 
breakdown and resynthesis (that is, turnover) of macromolecules107, 
consistent with the enhanced repair and maintenance needs and 
the hypersecretory phenotype of quiescent and senescent cells. 
Accordingly, skeletal muscles of aged rats exhibit not decreased but 
increased protein synthesis rates108, which probably drive cellular  
hypermetabolism.

Proteomic and metabolomic signatures of cellular 
hypermetabolism
Plasma proteome analyses of aged humans consistently show 
a remarkable excess of upregulated circulating and signaling 
proteins86,87. If aging caused genes to be dysregulated at random, equal 
numbers of proteins should be downregulated and upregulated (1:1 
ratio). However, consistent with both epigenetic and transcriptional 
drift (in which normally repressed genes are ectopically induced) 
as well as the costly induction of ISR- and SASP-related signaling, 
the majority of dysregulated proteins are not downregulated but 
rather upregulated. This skewed distribution of signaling agents 
reflects an increase in cell–cell communication across various aging 
cell types64,109. Many cytokines are traditionally labeled as immune 
signals, but cytokines and inflammation are ubiquitous signals of 
cellular stress and hypermetabolism28.

Metabolomics in plasma and skeletal muscle also show a dispro-
portional overrepresentation (10:1 ratio) of upregulated metabolites 
with age110. Interestingly, heterochronic parabiosis, which dilutes 
circulating factors from the old animal, counteracts this trend in 
the liver by downregulating a disproportionate number of genes111, 
suggesting that excess protein and metabolite secretion has a role in 
aging phenotypes.

Summary of the energetic cost of cellular aging
We have so far outlined how (1) damage-mitigating mechanisms,  
(2) direct consequences of molecular damage and (3) downstream 
stress responses collectively increase the energetic cost of basal cellular 
operations in aging cells. Although initially counterintuitive, aging cells 
under energetic stress do not adopt a torpor-like energy-saving mode. 
Rather, they mobilize costly genetic programs and secretory signatures 
evolved to restore energy balance28. Naturally, these vigorous stress 
responses require the costly translation and secretion of signaling 
proteins, which further impose costs on target cells.

The energy costs of cellular aging in the context 
of the organismal energy economy
Organisms operate under constrained energy budgets
Living organisms have finite capacities to support energy flux112–115. Con-
sequently, the constrained organismal energy budget is carefully parti-
tioned across cellular and physiological functions to maximize survival116. 
Like body temperature117, an organism’s total daily energy expenditure 
(TDEE) is an evolved trait maintained within a narrow homeostatic 
range118. In fact, the whole-body, size-adjusted energy budget is strikingly 
similar between highly active and sedentary populations, suggesting 
that increases in active energy expenditure (AEE) cause compensatory 
suppression of resting energy expenditure (REE)118,119. As not all systems 
can be ‘on’ at the same time, physiological processes must ‘compete for’ 
finite energetic resources, leading to functional tradeoffs or constraints7. 
During exercise, for example, oxygen and nutrients are directed away 
from the gastrointestinal tract in favor of contracting muscles.

Energy constraints and energy balance are interrelated but 
regulated in distinct ways. Although inadequate energy intake can 
exacerbate energy constraints120, increasing energy intake does not 
meaningfully alleviate the competitive tradeoffs imposed by increases 
in energy demand. For example, in adult women, submaximal increases 
in physical activity (AEE) suppress ovarian function even when energy 
balance and body composition are maintained121. It follows that (1) sub-
maximal increases in energy demand can impose functional tradeoffs, 
and (2) eating more does not eliminate energy constraints.

Age-related changes in whole-body energy expenditure and 
bioenergetic efficiency
Starting around age 60 in humans, size-adjusted TDEE decreases by ~7% per 
decade122. This decline in TDEE is usually attributed to age-related reduc-
tions in organ metabolism or altered cellular energy metabolism17,122,123 but is 
not yet fully understood. The BEC model suggests that the decline could be 
driven at least partially by the brain. Similar to TDEE, REE (typically ~50–60% 
of TDEE) also starts to decline in the sixth decade of life but not as rapidly 
as TDEE122. The resultant increase in the ratio of resting-to-total energy 
needs (REE/TDEE) may at least partially reflect the escalating energy costs 
of senescent cells and inflammaging. In this view, ‘active’ expenditures are 
squeezed out of the limited energy budget as the cost of sustaining vital 
functions increases and the total budget diminishes.

Quantifying the energetic costs imposed by aging cells remains 
an open area of research124. In many cases, the costs remain largely 
unknown. That said, in vitro15,125 and in vivo62,126 studies suggest that 
the energy cost of stressors and senescence could be sufficiently 
large to impose functional tradeoffs. For example, dermal fibroblasts 
isolated from progeroid DNA repair-deficient mice displayed ~30% 
higher oxygen consumption rates than control fibroblasts62. Strik-
ingly, whole-body TDEE in these progeroid mice was ~96% higher than 
that of control mice62, suggesting that senescent cells may recruit 
cell-non-autonomous, physiological mechanisms that increase sys-
temic energy demand beyond cell-autonomous costs73.

Consistent with these findings, we propose that cytokines inform 
the brain not only of the direct cellular energy costs of senescence but 
also of the broader ensemble of energetic inefficiencies that accumu-
late with age. Indeed, as organisms age, their behaviors and organ 
systems become progressively less energetically efficient. This includes 
locomotor efficiency127,128, cardiovascular efficiency129 and interorgan 
metabolic coupling130,131. So-called futile cycles may also contribute to 
age-related energetic inefficiency132.

Thus, aging organisms face a converging set of energetic threats: 
as the organismal energy budget shrinks, inflammaging-associated 
energy costs increase and bioenergetic efficiency declines. Aging 
organisms therefore have smaller energy budgets to spend on increas-
ingly expensive cellular and physiological tasks. The BEC model sug-
gests that this results in progressively stronger brain-driven functional 
and anatomical tradeoffs, allowing the organism to operate within its 
energy budget.

BEC responses to inflammaging and stress 
accelerate phenotypic aging
The brain as central controller of the organismal energy 
economy
To ensure survival, the brain prioritizes behaviors and physiological 
processes within a dynamic hierarchy of competing needs. Accord-
ingly, the brain evolved specialized structures to detect and respond 
to changes in systemic energy supply and demand (Fig. 4). These brain 
structures occupy neuroanatomically privileged positions with respect 
to their access to peripherally generated energy status signals (hor-
mones, cytokines, metabolites and so on) and ability to initiate systemic 
responses (for a brief review, see Box 2).

The notion that energy status signals can drive aging has been 
described in animal models in which neuropeptidergic signaling 
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redistributes organismal resources133,134. The BEC model proposes 
that stress and cytokine signals of hypermetabolism accelerate pheno-
typic aging by promoting brain-driven energy conservation responses 
that suppress lower-priority processes in favor of higher-priority and 
potentially damaging ‘defense’ processes.

Cytokines, sickness behavior and life history tradeoffs
Cytokine receptors widely decorate all human tissues135, including 
key energy-sensing structures within the brain136. Accordingly, several 
cytokines act as systemic signals informing the brain of the extent to 
which, somewhere in the body, energy-expensive cellular processes 
are ‘on’ (Fig. 4a). For example, after strenuous exercise (involving tran-
sient hypermetabolism in contracting myofibers) large amounts of 
cytokines including interleukin (IL)-6, tumor necrosis factor (TNF), 
IL-1β and many others are produced by skeletal muscles137. During severe 
infections and trauma, the coactivation of millions of immune cells, 
which is associated with ISR activation and cytokine release138, can 
double energy expenditure139 and deplete blood glucose139,140, posing a 
systemic energetic threat to the organism. Accordingly, cytokines act 
on both peripheral tissues and the brain to mobilize metabolic fuels 
(glycogenolysis, lipolysis and proteolysis)28,141 and trigger conserved 
energy conservation responses related to sickness behavior136.

During an acute infection, high concentrations of cytokines act 
through the brain to impose a new set of organismal priorities geared 

toward clearing the pathogen at the expense of many lower-priority 
functions. This creates a temporary frailty-like state. ‘Cytokines sub-
jugate the brain’ (ref. 136), producing powerful subjective experiences 
of fatigue, anhedonia, hyperalgesia and sleepiness142. The resulting 
physical inactivity, anorexia and social withdrawal serve, at least in 
part, to reallocate energetic resources toward the immune response.

Sickness-associated anorexia and inactivity are especially potent 
brain-driven energy conservation responses. Food-seeking behaviors 
are probably the predominant activities of most animals143, requiring 
substantial energetic investment (AEE accounts for ~30% of TDEE in 
adult humans but varies widely144). Digesting and assimilating nutri-
ents also comes at a cost (thermic effect of food (TEF)), accounting 
for ~10% of TDEE145. By minimizing AEE and TEF, sickness-associated 
anorexia and inactivity can save ~40% of the typical energy budget. 
Even so, severely ill, bedridden humans often display elevated TDEE139, 
reflecting substantial increases in REE. Thus, the brain’s response to 
high concentrations of circulating cytokines involves withdrawing 
energetic resources from lower-priority (and potentially risky146,147) 
‘active’ processes to fuel the immune response.

Life history theory holds that prolonged increases in immune- 
related energy costs (‘defense’) can compromise energetic invest-
ment in other primary life tasks (growth, reproduction and so on). In 
human children, even mild increases in immune activity can cause up  
to 49% growth reduction148. Similarly, in young adult men, non-febrile 
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Fig. 4 | Brain energy sensing and regulation of aging physiology. a, Secreted 
molecular products from aged (senescent) cells impairs metabolic efficiency. 
The resulting SASP proteins and other signals travel through the circulation and 
reach their cognate receptors in specific brain centers that sense, integrate and  
signal to other brain areas. By integrating a broad constellation of systemic 
and cognitive interoceptive signals, the brain constructs a representation or 
‘perception’ of the energetic state of the organism, which informs its predictions 
and outputs in the form of neural activity and endocrine factors toward the 
periphery. b, Physiological and anatomical manifestations of brain–body 
signaling are mobilized to achieve energy conservation. Acute and chronically 

sustained effects produce the state of hypometabolism and frailty that marks 
old age. The integration of molecular and energetic factors with physiology and 
functional manifestations is consistent with previous models (for example,  
ref. 22) but emphasizes the mediating role of brain energy sensing and signaling 
as an orchestrator of physiological aging and frailty. AP, area postrema; 
ARC, arcuate nucleus of the hypothalamus; B2M, β2 microglobulin; CXCL7, 
chemokine (C–X–C motif) ligand 7; DVC, dorsal vagal complex; MBH, mediobasal 
hypothalamus; ME, median eminence; NTS, nucleus tractus solitarius; VEGFA, 
vascular endothelial growth factor A.
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immune activation caused an 8–14% increase in REE alongside a 
10–30% reduction in testosterone, indicating a tradeoff between  
defense and reproduction149. But how do energetic tradeoffs shape  
phenotypic aging?

Inflammaging as a brain stimulus driving endocrine and 
neural adaptations of frailty
Based on evidence reviewed above around the costly hypersecretory 
phenotype of senescent cells (similar to OxPhos-deficient cells, exer-
cised tissues and activated immune cells), we propose that the brain 
senses somatic hypermetabolism through cytokines and the overall 
state of inflammaging67. The more somatic cells have accumulated dam-
age and transitioned into senescence, the more they release cytokines 
into the blood, ultimately reaching sensitive brain regions. Accord-
ingly, high levels of soluble TNF receptor 1 (sTNFR1), IL-6, TNF and 
GDF15 (greatest effect size) predict fatigue and low functionality in 
older adults150–152. The BEC model proposes that the broad association 
observed between inflammaging and impaired functioning153–155 arises 
from brain-driven energy conservation responses to cytokine signals 
of cellular hypermetabolism.

In the absence of energetic threats, the youthful brain–body 
system invests energy into growth and reproduction processes by 
deploying growth hormone, insulin-like growth factor 1 and other 
anabolic hormones including testosterone and estrogens156. The brain 
uses other hormones, glucocorticoids157 and thyroid hormones, to 
upregulate energy metabolism158. But, in response to inflammaging, 
the appropriate response is to downregulate the secretion of these 
hormones, leading to thyroid, growth hormone and other age-related 
endocrine ‘deficits‘ (ref. 159). As expected, the downregulation of these 
hormones is prospectively associated with lower functioning and 

clinical frailty156,159, probably affording energetic savings in the short 
term but compromising functional capacity in the long term.

Beyond hormones, the brain also regulates the frequency and 
intensity of voluntary muscle contraction160, which are the major deter-
minants of muscle mass and cardiorespiratory fitness. For an organism 
energetically challenged by inflammaging, the brain’s attempt to save 
energy by reducing physical activity would lead to muscle atrophy.  
Muscle atrophy simultaneously reduces energy consumption by skel-
etal muscle and frees up resources to fuel other vital organs and pro-
cesses. Thus, to the extent that the organism can meet its survival needs 
with reduced muscle mass and fitness, frailty and sarcopenia would 
represent useful anatomical adaptations. This may partially explain 
why female individuals, who on average exhibit more frail phenotypes 
than male individuals, tend to live longer: by successfully shedding 
dispensable costs, more energy can be allocated to vital functions.

By the same logic, energy conservation responses could also 
account for other features of aging and frailty. This includes brain 
atrophy and hypometabolism associated with neurodegeneration, 
reduced immune complexity and competency and gonadal atrophy 
as well as cognitive and behavioral changes including the loss of moti-
vation for high-intensity activities (low vigor or vitality) and loss of 
libido (sex unfortunately costs lots of energy) (see Table 1 for specific 
examples). Traditional medical thinking sees these aging phenotypes 
as pathological expressions probably driven by damage accumulation. 
The BEC model presents them as adaptive recalibrations, driven at least 
partially by the brain.

Biological and psychosocial stressors trigger BEC responses
Severe biological stressors such as surgery, serious infections and 
pregnancy acutely increase epigenetic, transcriptomic and metabolic 

Box 2

How the brain senses systemic energy availability and demand
The brain senses systemic energy status largely via specialized 
structures called circumventricular organs (CVOs). CVOs are 
uniquely permeable to circulating signals due to their relative lack 
of blood–brain barrier protection248 and are surrounded by neurons, 
astrocytes and tanycytes that have evolved to sense changes in 
circulating energy status signals including metabolites, hormones 
and cytokines. In particular, the specialized brain structures 
surrounding the CVOs in the mediobasal hypothalamus (median 
eminence) and caudal brainstem (area postrema) constitute critical 
hubs for brain energy sensing249.

In the hypothalamus (mediobasal), the ARC is home to 
specialized neurons and glial cells250,251 that are either stimulated 
or inhibited by peripheral energy status signals such as glucose, 
insulin, the white adipocyte hormone leptin, the gastric hormone 
ghrelin and the intestinally derived satiation signal glucagon-like 
peptide 1 (GLP-1), among others252,253. These ARC neurons project to 
second-order neurons throughout the hypothalamus that integrate 
incoming signals and initiate physiological and behavioral responses 
to changes in internal energy status254. Accordingly, hypothalamic 
energy sensing has long been implicated in the counter-regulatory 
response to weight loss, which is characterized by neuroendocrine 
changes that increase appetite and reduce energy expenditure in 
service of restoring positive energy balance255.

In the brainstem, the DVC, which includes the area postrema, 
the NTS and the dorsal motor nucleus, is critically involved in 
gut–brain communication and energy balance regulation. The NTS 
contains specialized populations of cells that receive direct inputs 

from afferent vagal neurons and are sensitive to circulating energy 
status signals such as GLP-1, leptin, ghrelin and glucose (among 
others)256. The area postrema, a CVO, contains cells that sense 
circulating toxins and other noxious stimuli to initiate sickness 
behaviors, especially nausea and vomiting255. Ultimately, DVC 
neurons project to a neuroanatomically distributed set of brain 
areas to control autonomic tone, mood, feeding behavior, energy 
expenditure and more.

The mediobasal hypothalamus and the DVC also sense 
peripherally generated sickness and senescence-associated signals 
via their CVOs and vagal afferents136. The hypothalamus senses 
and responds to TNF and interleukins by altering hormonal output 
through the pituitary gland257. Peripheral cytokines also stimulate 
vagal afferent neurons, which transmit visceral sensory information 
directly to the DVC258,259. Importantly, the DVC contains the only 
known expression sites for GFRAL, the receptor for the metabokine 
GDF15 (ref. 260). GDF15 suppresses feeding (possibly to avoid the 
cost of digestion), induces nausea and/or vomiting79,83 and promotes 
protein and lipid catabolism in skeletal muscle and white adipose 
tissue, respectively89,261. In humans, blood GDF15 concentrations 
correlate with subjective fatigue262.

The brain’s elaborate circuitry, which evolved to sense metabolic, 
immune and senescence-associated signals, is illustrated in 
Fig. 4. These circuits are capable of simultaneously (1) suppressing 
energetically costly behaviors such as physical activity, food seeking, 
reproduction and socialization and (2) releasing hormones that mobilize 
stored energetic resources and regulate systemic energy metabolism.
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signatures of aging161. All these stressors come with considerable 
increases in energy demand, necessitating tradeoffs. The BEC model 
posits that the aging signature of severe stress reflects suppression 
of rejuvenating growth, maintenance and repair (GMR) processes 
and should be reversible upon resolution of the stress. Consistent 
with this, resolution of the stress coincides with reversal of the aging 
signatures161,162, possibly as a result of reinvestment in rejuvenation.

Abundant evidence shows that psychosocial stressors including 
social isolation and loneliness133 accelerate aging in mammals and 
other species163,164. How these psychological experiences shape the 
biology of aging is a critical outstanding question for the field165. 
The BEC holds that psychosocial stressors accelerate phenotypic 
and biological aging by acting within the brain to promote threat 

perception and activation of systemic stress responses that redis-
tribute energetic resources in favor of immediate ‘defense’ (ref. 125). 
Consistent with this, chronic psychosocial stress increases circulat-
ing glucocorticoid and/or adrenergic hormones, producing cellular 
hypermetabolism and a chronic inflammaging-like state marked by 
excess circulating cytokines166–169. Similarly, early-life adversity may 
hasten mortality by irreversibly shaping the developing immune, 
endocrine and nervous systems in a manner that biases the organism 
toward ‘defense’ programs and hypermetabolism, thereby promot-
ing inflammaging170.

Thus, the BEC model proposes that canonical stress responses, 
similar to immune activation, accelerate functional decline and phe-
notypic aging by diverting our limited energetic resources toward 

Table 1 | An energetic interpretation of the manifestations of aging

Age-related phenotype Traditional interpretation Energetic interpretation

Anatomical

Muscle atrophy (weakness 
and sarcopenia)

Pathological reduction in protein synthesis 
alongside increase in muscle protein 
breakdown, caused by impaired anabolic 
signaling, inadequate nutrient intake and 
cytokine signaling211

Adaptive shrinkage of metabolically expensive tissue, driven 
by decreased innervation, physical inactivity and catabolic 
signaling, reducing both basal and maximal EE while freeing up 
nutrient resources

Hair graying and 
depigmentation

Melanocyte stem cell exhaustion212,213 Inhibition of melanin production or secretion in response 
to hypermetabolism, driven by adrenergic signaling214 and 
increased mitochondrial protein levels in depigmented human 
hair shafts215

Fibrosis Proliferation of fibroblasts and undesirable 
excessive secretion of extracellular matrix216

Transformation of tissue characteristics to maintain soft tissue 
tone (for example, vascular) at a minimal energetic cost by 
reducing the need for smooth muscle contractile activity

Lipodystrophy (loss of 
subcutaneous fat)

Mostly in premature aging models, of 
unknown cause217,218

Chronic mobilization of internal energy fat sources by lipolysis, 
providing a more efficient source of energy than digestion

Brain atrophy Loss of brain volume due to metabolic 
dysfunction, protein aggregates, loss 
of neurovascular units and pathological 
apoptotic neuronal loss219,220

Adaptive hypometabolism and pruning of disposable brain 
tissue to minimize the basal and task-driven costs of sustaining 
brain activity, driven by elevated cytokines174,221,222 and decreased 
brain perfusion223

Physiological

Hormonal deficiencies 
(hypothyroidism, growth 
hormone, estrogens, 
testosterone and so on)

Physiological dysregulation22,159 CNS-driven reduction of anabolic hormone synthesis, 
minimizing the energetic costs of responses in target tissues

Decreased maximum heart 
rate

Depressed pacemaker activity of 
sinoatrial node and reduced β-adrenergic 
sensitivity224,225

Decreased brain drive on cardiac output to avoid hypertension 
and cardiovascular events, preventing excessive energy 
expenditure (for example, brain-acting stimulants alter resting 
and maximal heart rate226,227)

Gonadal atrophy Loss of fecundity through exhaustion of 
oocytes (females) and spermatogonia (males)

Curbing of costs associated with menstrual cycle and quality 
sperm production through similar mechanisms as overtraining 
syndrome228 and relative energy deficit in sport120

Decreased immune 
repertoire/complexity

Pathological degradation of immune function 
(immunosenescence)229

Pruning of naive/memory cell populations that represent 
wasteful energy in the context of limited energy resources

Sensory + 
cognitive

Age-related hearing loss 
(presbycusis)

Loss of inner hair cells230 CNS-driven downregulation of auditory sensitivity and 
functional/structural brain remodeling231 to preserve resources 
for systems more critical for survival

Fatigue, decreased vitality Unknown, possibly decreased energy (ATP) 
levels (although evidence suggests that 
ATP levels are maintained in aging somatic 
tissues, even when mitochondria are 
impaired232–234)

Downregulation of motivation-related brain circuits via 
inflammaging-induced sickness behaviors, thereby avoiding 
energetically costly behaviors and promoting rest and sleep

Reduced appetite Reduced total energy expenditure requires 
lower energy intake ingested calories.

CNS-driven reduction in hunger and food reward to reduce 
energy costs associated with food seeking and digestion (TEF), 
instead to rely on more efficient mobilization of endogenous 
reserves (adipose tissue, liver)

Memory loss and cognitive 
decline

Dysfunction of neural networks, amyloid/tau 
protein aggregates, brain atrophy220,235

Elimination of old information/memories and impaired formation 
of new memories to avoid the energetic costs associated with 
memory storage and retrieval203,205, exacerbated by systemic 
signals of hypermetabolism such as GDF15 (refs. 236,237)

The anatomical, physiological, sensory and cognitive manifestations of aging frequently co-occur as multimorbidity, suggesting a shared etiology. At their extreme, these features manifest 
as clinical frailty, a multisystem endophenotype linked to poor health outcomes and mortality22. Most manifestations of aging have been the subject of research informed by specific clinical 
disciplines or molecular pathways, yielding tissue-specific interpretations. The BEC theory of aging highlights a potential common energetic interpretation of the root cause for several aging 
features. The table highlights some of the most well-established manifestations of aging and their potential (re)interpretation through a lens that emphasizes brain-driven energy conservation. 
CNS, central nervous system; EE, energy expenditure.
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‘defense’ programs at the expense of longevity-promoting GMR 
processes28.

BEC responses do not necessarily accelerate 
phenotypic aging
Calorie restriction versus inflammaging and stress: 
‘supply-side’ versus ‘demand-side’ energetic threats
The BEC model posits that brain-driven energy conservation responses 
drive the manifestations of aging, yet calorie restriction induces energy 
conservation responses and extends lifespan171. This seeming con-
tradiction is resolved by the fact that calorie restriction, stress and 
inflammaging trigger distinct energy conservation responses with 
divergent effects on phenotypic aging.

Calorie restriction is a supply-side energetic threat that engages 
cellular and organismal ‘dormancy’ programs28. In the wild, ‘dormancy’ 
programs (for example, hibernation) are adaptive responses to pro-
longed nutrient scarcity (for example, winter) that conserve ener-
getic resources until conditions improve. By contrast, inflammaging 
and stress are demand-side threats that engage ‘defense’ programs 
(Fig. 5). Defense programs are adaptive responses to more acute sur-
vival threats that can be more quickly resolved (for example, infection, 
predators or wounds), justifying extreme ‘defense’ measures. Both the 
‘dormancy’ and ‘defense’ programs suppress non-essential functions 
to conserve energetic resources. The ‘dormancy’ program saves these 
resources for later whereas the ‘defense’ program rapidly catabolizes 
available resources (muscles or other reserves) to fuel energetically 
expensive emergency processes28.

Calorie restriction forces the major metabolic organs (including 
the brain) to protect the body’s energy reserves and lean tissues while 
maintaining sustainably low concentrations of circulating fuels172. In 
response to low circulating nutrient availability, cellular energy and 
nutrient-sensing mechanisms enforce a set of metabolic priorities that 
promote quality control and bioenergetic efficiency while minimizing 
entropy production115,173. The ‘dormancy’ program therefore preserves 
lean tissues and probably counteracts the SASP174. By contrast, inflam-
matory cytokines and stress hormones stimulate catabolic mobiliza-
tion of stored fuels to support immune proliferation, signaling and 

other energetically demanding processes, probably at the expense 
of GMR. The ‘defense’ program therefore accelerates lean tissue loss 
while creating a metabolic environment that is more permissive to 
damage accumulation.

Exercise: not all ‘demand-side’ energetic threats are created 
equal
The distinction between ‘supply-side’ and ‘demand-side’ energetic  
threats is insufficient to explain why exercise, which poses a 
‘demand-side’ threat, does not accelerate aging like stress and inflam-
maging do (Fig. 5). A further distinction must be made between 
‘demand-side’ threats that are caused by increases in the active (AEE) 
versus resting (REE) components of TDEE. Increases in AEE but not 
REE trigger energy conservation responses that increase bioenergetic 
capacity and efficiency while redistributing energetic resources in 
favor of GMR.

The BEC model proposes that exercise adaptations are predictive 
energy conservation responses because they reduce the future costs of 
activity and preserve bioenergetic capacity. At the level of the muscle 
cell, multiple signaling pathways couple the present perception of 
increased ATP demand to investments in future bioenergetic capacity 
and efficiency (for example, mitochondrial biogenesis)175. Physiologi-
cally, exercise adaptions increase the capacity and efficiency of the car-
diovascular and neuromuscular systems176 while enhancing interorgan 
cross-talk175 and improving the overall efficiency of the system119. One 
interpretation of this is that the sedentary lifestyles typical in indus-
trialized societies represent a deviation from our more-active evolved 
norm that compromises energetic efficiency, exacerbates age-related 
energetic tradeoffs and hastens mortality.

Recent advances in human energetics suggest that many ben-
efits of exercise are driven by tradeoffs between physical activity 
and ‘resting’ processes118,119. Depending on the exercise workload, 
activity-mediated suppression of resting expenditures can either delay 
or accelerate aging-related processes177. Excessive exercise causes 
overtraining syndrome, marked by chronic fatigue, immunosuppres-
sion, endocrine deficits and lean tissue loss120. These changes prob-
ably reflect prolonged, severe tradeoffs between activity and GMR 
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Fig. 5 | Target sites of action for protective geroscience interventions and 
stressors that accelerate phenotypic and functional aging. The BEC cascade 
progresses from hypermetabolic and hypersecretory aging cells to frailty. The 
cascade begins with the excessive release of signals (left) transported in the 
blood and other afferent pathways to the brain (middle), leading to energy 
conservation responses (right). Interventions that successfully delay or reduce 

the manifestations of aging act by (1) preventing signals of hypermetabolism 
(left), (2) interrupting or reducing their signaling potency in the brain (middle 
left), (3) acting on the brain directly (middle right) or (4) bolstering physiological 
robustness (right). Building on the pro-survival and adaptive functions of energy 
conservation responses, this framework highlights the potential benefits and 
risks of interrupting signaling from the periphery to the brain.
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processes16. On the other hand, more moderate exercise workloads 
suppress inflammation178, dampen stress reactivity179,180, promote hip-
pocampal neurogenesis181 and beneficially reshape the proteome of 
aging muscle182. Exercise therefore compresses REE while redistributing 
energetic resources within it, prioritizing longevity-promoting GMR 
processes at the expense of damaging ‘defense’ processes.

Further evidence, predictions and challenges to 
the BEC model
Anti-aging interventions interfere with the inflammaging–
brain signaling axis
Broadly speaking, we propose that the brain is an underappreciated 
mediator between the cellular hallmarks of aging11 and the phenotypic 
and functional manifestations of aging. The BEC model predicts that 
some anti-aging interventions may delay the manifestations of aging 
at least in part by preventing the brain’s perception of cytokine-based 
signals of hypermetabolism (Fig. 5).

Accordingly, many effective anti-aging interventions reduce the 
rate at which these circulating signals are produced. For example, using 
genetic tools or small-molecule senolytics in mice to remove senes-
cent cells, a major source of hypermetabolism signals and cytokines, 
improves physical function in old age and increases lifespan183,184. 
Similarly, calorie restriction and rapamycin exert longevity benefits 
while suppressing protein synthesis91,185,186 (including cytokines) and 
reducing senescent cell accumulation187,188, thereby reducing hyper-
metabolic signaling to the brain.

Other anti-aging interventions interfere with cytokine sign-
aling without reducing their production. The beneficial effects of  
heterochronic parabiosis111,189–192 occur alongside dilution of circulating 
cytokines from the old animal. In fact, simply diluting the blood of old 
animals with saline produces rejuvenating functional and phenotypic 
effects193,194. Inhibiting cytokine signaling (for example, TNF, IL-1β and 
IL-6) with neutralizing monoclonal antibodies similarly relieves the 
brain and other tissues of cytokine signaling. As predicted by the BEC 
model, anti-IL-11 therapy in mice initiated at 75 weeks of age extended 
the median lifespan by over 20%195. In humans, neutralizing circulating 
cytokines enhances subjective experiences of vitality, reduces depres-
sion and improves objectively measured functional performance154. 
Plasmapheresis to remove small circulating factors may have a similar 
effect196.

If phenotypic aging is driven solely by damage accumulation 
within affected tissues, then their functional capacities should not be 
transiently reversible by plasma dilution or neutralizing cytokines. On 
the other hand, if functional limitations are actively driven by persis-
tent top–down brain-derived commands, then relieving the brain of 
hypermetabolic signaling could inhibit energy conservation responses 
that suppress normal physiological functions, thereby producing 
rejuvenation. Consistent with the latter scenario, the physiological and 
behavioral responses to pro-inflammatory cytokines and GDF15 (ref. 
136) are potently suppressed by central injections of cytokine receptor 
antagonist197, vagotomy198 and lesioning approaches82.

If inflammaging-driven energy conservation responses and frailty 
are adaptive, then depriving the brain of information about cellular 
hypermetabolism could, in the long term, promote unsustainable 
whole-body hypermetabolism, accelerate somatic damage accumu-
lation and hasten mortality. Indeed, whole-body hypermetabolism in 
midlife predicts earlier mortality199,200. This is less likely to be a concern 
for interventions that work via upstream causes to reduce the rate of 
cytokine production and/or secretion than interventions that interfere 
with or dilute cytokine signaling downstream of their production. To 
the extent that phenotypic and functional changes may in some cases 
represent appropriate compensation and in other cases pathological 
overcompensation, disambiguating compensation and pathology 
may prove challenging201. Accordingly, quantifying the long-term 
benefits and risks of cytokine-neutralizing interventions will require 

substantially longer follow-up periods than traditional funding cycles 
allow and that previous studies have used154.

How specific are brain-driven energy conservation responses?
Because we currently lack a comprehensive mapping of the brain’s 
repertoire of compensatory responses, it is unclear how specific the 
brain’s energy conservation responses can be. The major energy con-
servation responses discussed above are general brain outputs (stress 
hormones, fatigue and so on) that are fine-tuned in the periphery by 
tissue-specific responses. These general responses allow for simul-
taneous suppression of many low-priority physiological and cellular 
processes, including seemingly trivial expenditures (for example, hair 
pigmentation) that, when combined and summed over time, may rep-
resent substantial energy savings.

The brain may also have more specific control mechanisms at its 
disposal. The mouse brain was recently shown to have surprisingly 
specific feedback control over systemic inflammatory responses202. 
The brain may also possess feedback control over its own functions, 
which collectively account for roughly 25% of TDEE203. Perhaps the 
apparent learning-to-prediction shift195 evident in the aging brain rep-
resents an adaptive attempt to leverage existing knowledge to save on 
the energetic cost of processing raw inputs, learning and creating new 
memories204,205. By the same logic, age-related cognitive and sensory 
‘deficits’ may at least partially represent consequences of psychobio-
logical energy conservation responses (see Table 1 for more examples).

Are energetic tradeoffs causes or consequences of aging?
If inflammatory cytokines cause energetic tradeoffs that accelerate 
phenotypic aging, then genetic knockout of inflammatory cytokines 
(or their receptors) should slow phenotypic aging. Consistent with this, 
knockout of the gene encoding pro-inflammatory IL-11 increases lifes-
pan by 25%195, and knockout of the gene encoding anti-inflammatory 
IL-10, leading to upregulation of the pro-inflammatory IL-6, shortens 
lifespan206. However, double knockout of the genes encoding IL-10 and 
IL-6 also shortens lifespan207. Ultimately, the effects of cytokine knock-
outs on lifespan are difficult to interpret. For one, cytokine signaling is 
highly redundant, pleiotropic and interactive; therefore, manipulating 
a single cytokine tends to have widespread effects across the cytokine 
network. Cytokines also have key roles in development, making it dif-
ficult to rule out lifespan effects caused by early-life events. Finally, 
cytokine knockouts manipulate signaling in both the periphery and 
the brain, blurring the contributions of peripheral and central mecha-
nisms. Thus, the specific predictions of the BEC are most amenable to 
testing using inducible, brain-specific knockouts of cytokine receptors.

Overall, the BEC model proposes that inflammaging causes energy 
conservation responses that accelerate phenotypic aging. Implied 
by this claim is the falsifiable prediction that inflammaging precedes 
lean tissue loss, endocrine deficits and other manifestations of aging. 
Testing this prediction (and others like it) in humans will require stud-
ies involving repeated quantitative measures of REE, TDEE, physical 
activity, functional capacities, body composition and a diverse set 
of protein and metabolite biomarkers to establish within-individual 
trajectories of energetic, functional and anatomical tradeoffs. Quan-
tifying within-person temporal variation in body–brain signaling, 
including during the restorative state of sleep, could also offer new 
fundamental insights into how the aging body manages its energetic 
resources over time.

Conclusion
We have presented a five-step BEC cascade through which cellular 
hypermetabolism drives the phenotypic and functional manifestations 
of mammalian aging. In short, BEC begins as aging cells accumulate 
molecular damage that progressively triggers energetically costly 
cell-autonomous stress responses. These stress responses are coupled 
to the production and secretion of cytokines and metabokines that 
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signal cellular hypermetabolism to specialized brain circuits. Weigh-
ing the integrated energetic picture of the organism and aiming to 
avoid unsustainable whole-body hypermetabolism, the brain then 
deploys commensurate energy conservation responses to dial down 
dispensable functions.

The proposed model is a departure from the traditional inter-
pretation of processes such as sarcopenia, brain atrophy and other 
age-related ‘deficits’. Rather than primary pathological processes of 
degradation that should be antagonized, the BEC model proposes a 
mechanism by which these deficits may in fact represent compensatory 
and dynamically adaptive processes. In this view, brain-driven energy 
conservation responses enable the organism to make the best of a bad 
situation (energetically costly damage accumulation). The extent to 
which these functional and phenotypic changes are compensatory 
versus pathological is an empirical question for future research and 
may depend on the context of each individual.

The hallmarks of aging converge on energy and the brain
The geroscience agenda has fueled a vigorous search for a common 
‘molecular hub’ that occupies the central, unifying position among 
the constellation of now-classic molecular hallmarks of aging11. But 
perhaps this common hub is not molecular in nature. Perhaps it is 
energetic. Energy takes many forms that cannot be directly imaged, 
sequenced or purified on a gel; nevertheless, energy is the property of 
living organisms that nudges all molecular reactions that sustain life 
and fuel the dynamic aging process43. Energy is also a central object of 
brain perception133. It follows that the physical point of convergence for 
the hallmarks of aging may exist at a different level of organization (a 
different dimension) than the molecular hallmarks themselves: within 
the brain of the aging animal.

As we seek to develop increasingly accurate mechanistic mod-
els for the biological, phenotypic and functional manifestations of 
aging208, it becomes apparent that virtually all relevant levels of analy-
ses in geroscience intersect with brain–body communication209. The 
brain evolved as a central convergence point for the interoceptive133 
and environmental signals210 that influence human aging. To control 
energy metabolism, physiology and complex behaviors across the 
lifespan, the brain must be in continuous communication with every 
organ and cell in the organism, remain aware of variations in systemic 
energy supply and demands, and make accurate predictions that shift 
the balance between dormancy and defense programs — all executed 
with the objective to maximize survival.

Summary and future directions
The BEC model outlines bioenergetic and communication principles 
that bridge biological levels of organization from organelle to organ-
ism20. Moreover, understanding how energy flows through the aging 
organism brings us into the energetic dimension of life, revealing how 
distributed energy constraints influence phenotypic aging over time. 
Practically, the BEC model highlights testable mechanisms by which 
the brain perceives and translates the excessive energetic costs asso-
ciated with the molecular hallmarks of aging into the phenotypic and 
functional manifestations of aging that shape our lived experience.

As we strive to explain aging at multiple levels27,208, the BEC posi-
tions our knowledge of biological, behavioral and psychosocial forces 
within an economy of energy. This synthesis provides a foundation and 
offers a guiding principle (systemic energy constraints managed by 
the brain) to strategically develop pharmacologic, metabolic, behav-
ioral, social or other interventions aiming to compress morbidity to 
a maximum allowed by biology. If manifestations of aging are indeed 
compensatory mechanisms aiming to keep energy expenditure within 
sustainable limits, interventions should not be evaluated solely based 
on their ability to mitigate specific undesirable manifestations of 
aging but also based on their ability to improve energy regulation 
and long-term outcomes201. The energy-based BEC model provides a 

holistic framework to interrogate and develop sustainable approaches 
to assess and promote health and healing capacity across the lifespan.
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