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Abstract
The Thrifty Gene hypothesis theorizes that during evolution a set of genes has been selected to ensure
survival in environments with limited food supply and marked seasonality. Contemporary
environments have predictable and unlimited food availability, an attenuated seasonality due to
artificial lighting, indoor heating during the winter and air conditioning during the summer, and
promote sedentariness and overeating. In this setting the thrifty genes are constantly activated to
enhance energy storage. Psychosocial stress and sleep deprivation are other features of modern
societies. Stress-induced hypercortisolemia in the setting of unlimited food supply promotes
adiposity. Modern man is becoming obese because these ancient mechanisms are efficiently
promoting a positive energy balance. We propose that in today’s plentifully provisioned societies,
where sedentariness and mental stress have become typical traits, chronic activation of the
neuroendocrine systems may contribute to the increased prevalence of obesity. We suggest that some
of the yet unidentified thrifty genes may be linked to highly conserved energy sensing mechanisms
(AMP kinase, mTOR kinase). These hypotheses are testable. Rural societies that are becoming
rapidly industrialized and are witnessing a dramatic increase in obesity may provide a historical
opportunity to conduct epidemiological studies of the thrifty genotype. In experimental settings, the
effects of various forms of psychosocial stress in increasing metabolic efficiency and gene expression
can be further tested.
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Introduction
A secular trend is the long-term, continuous change of a variable over years or decades [1].
Well-known secular trends are increased stature [2] and earlier puberty [3]. Increased food
intake and decreased physical activity [4] characterize the modern obesity epidemic [5]. Body
mass index (BMI) has progressively risen in humans, independent of age, gender and ethnicity
[6-8]. The increase in populations’ stature and weight may in part be the expression of improved
sociodemographic, nutritional and health conditions allowing greater manifestation of genetic
potential [9-11]. Neel suggested that in modern times excessive calories and sedentariness may
have enhanced the functions of genes coping with unpredictable food availability [12].
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Therefore, the obesity epidemic could be a consequence of times of “gluttony and
sloth” [13]. As in industrialized countries famines or seasonality effects on food availability
are rare [14], this phenomenon is currently disadvantageous.

Whether there has been a secular increase in the level of psychosocial stress is difficult to
ascertain: among young people suicide attempts and antidepressants usage have been
increasing along with anxiety [15]. During evolution men have been exposed to environmental
challenges carrying different stressing loads. One million years ago, the main stressors were
food procurement, procreation and survival against climate changes and predators’ aggression
[16,17]. In the last ten thousand years, the human-nature interaction has evolved from a passive
to an active inhabitation and the environment has rapidly changed [18]. The agricultural and
industrial revolutions are important events which have dramatically changed the environment,
humans’ lifestyle, and social interactions, while generating substantial psychosocial stress. In
the last 50 years in industrialized societies there have also been major dietary and lifestyle
changes [19]. More recently, a progressive decrease in the number of hours of sleep has been
reported [20,21]. Sleep deprivation induces specific alterations in neuroendocrine systems,
which include an increase in the stress hormone cortisol favoring central fat deposition, a
decrease in the adipostatic signal leptin and an increase in the orexogenic signal ghrelin,
inducing increased appetite and food intake [22]. This phenomenon may be contributing to the
current epidemic of obesity. The “stress” genes which have been selected under pressure in
ancient environments [23] may have not adapted to these rapid environmental changes.

The aim of this paper is to provide a novel synopsis of different disciplines including
anthropology, urbanistic, and physiology as they offer insights into how control of energy
balance and neuroendocrine responses to stress are conjuring to regulate body weight.

Evolution of Weight Gain and Gene-environment Interaction
Effects of seasonality

The human genome has been shaped into its configuration via erratic food availability and
physical requirements for food procurement and reproduction [24-26]. Food dictated daily
activities, influenced procreation and sustained the extra-energetic demands of mating efforts,
pregnancy, and lactation [27,28]. Seasonality had an essential impact on dietary intake and
energy stores. Nowadays in developing countries such as the Gambia, seasonality has still a
powerful effect on energy balance, as food is more available with the harvest during the dry
season and reaches its nadir during the rainy season. Body weight fluctuations between the two
seasons could be as high as 10%: during the rainy season the physical demands are increased,
whereas they decline during the dry season [29,30]. Hominins were probably exposed in
ancestral times to similar variations in food availability [16,31].

Thrifty genes and evolutionary pressures
The genes involved in the regulation of energy balance have most likely been exposed to
substantial selective pressure. The thriftiness of a gene could be mediated by metabolic,
adipogenic, physiological or behavioral mechanisms [32]. The thrifty genotype is most likely
a multigenic trait and the “cost-effective” gene candidates meeting these criteria may be
several: substrate cycling, mitochondrial proton leakage, uncoupled oxidative
phosphorylation, Na+/K+ pumping, protein turnover, and immunity. Genotypes favoring a
sustained positive energy balance can be classified in the following genotypes: (1) Thrifty: low
metabolic rate and decreased thermogenesis; (2) Hyperphagic: poor appetite regulation and
overfeeding propensity; (3) Sedentary: propensity to be physically inactive; (4) Low lipid
oxidation; and (5) Adipogenetic: high lipid storage capacity [33]. We surmise that energy-
sensing mechanisms, defined as “genergostat”, may exist in living organisms; these
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mechanisms could strategically modulate the activity of thrifty and profligate genes in
conditions of positive and negative energy balance, respectively. We suggest the existence of
a hypothetical “orexgenergostat” that would sense the positive energy balance and
consequently activate the anabolic genes while inactivating the catabolic pathways; during
negative energy balance an “anorexenergostat” would induce the opposite effects (  Fig. 1).

Evolution and Energy Sensing Mechanisms
Storage sensing mechanisms

Energy sensing mechanisms are continuously operating. Bacteria and yeasts have a limited
capacity for energy storage and their replication critically depends on substrate availability
[34]. In the presence of oxygen and cofactors, nutrients are channelled into the citric acid cycle
and into the mitochondrial respiratory chain to produce energy-rich phosphate compounds such
as adenosine triphosphate (ATP). Unicellular organisms can modify their energy requirements
according to substrate availability and ATP levels seem to be the most important signal of
energy status [34].

At a macro-molecular level, a state of positive energy balance induces a preferential accretion
of fat due to its high energy density (9 kcal/gram), to the lower energetic cost of adipose tissue
deposition compared to protein and carbohydrates, and to a virtually unlimited storage capacity.
Glycogen stores are much smaller (about 500 g) and their turn-over in muscle and liver [35]
may be regulated by finer mechanisms [36]. Proteins have a primary structural and regulatory
role but they may be mobilized and become a source of energy during negative energy balance
[37].

The signals connecting changes in energy stores with the pathways regulating energy balance
can have long-term and short-term signaling properties. Storage-sensing (fat, protein,
glycogen) mechanisms have probably long or medium term effects on energy balance, whereas
changes in extra- or intracellular nutrients (glucose, amino acids, free fatty acids) may represent
short-term signals (  Fig. 2). Glucose sensors are present in areas of the brain involved in
appetite regulation such as the arcuate nucleus, lateral hypothalamus, and nucleus of the tractus
solitarius [38]. In pancreas and liver, glucose sensors have a critical role in regulating
carbohydrate metabolism and they may contribute to the pathogenesis of type 2 diabetes [39].
Amino acids can centrally modulate appetite; the intra-cerebral administration of leucine has
anorexigenic effects mediated by leptin [40]. Similarly, the central administration of free fatty
acids induces a decrease in the hypothalamic expression of NPY [41]. The role of ketones,
lactate and free fatty acids as metabolic biomarkers and regulators of energy balance is still
poorly understood.

Is ATP the genergostat?
In  Fig. 2 we offer a hierarchical representation of the possible energy sensing regulatory
mechanisms used by mammals. Aerobic metabolism is more energy efficient as it yields more
ATP than glycolysis [34]. Therefore, oxygen availability, carbon dioxide production and
generation of reactive oxygen species (ROS) can signal cellular oxidative capacity [42]. ATP
is short lived and continuously utilized; any changes in substrate availability or energy demands
may modify the ATP/AMP ratio, which activates energy sensors such as the AMP-activated
protein kinase (AMPk). This kinase is activated by increased AMP/ATP ratio and has a highly
conserved function across species [43]. Once activated, AMPk turns on catabolic pathways
that generate ATP, as it switches off ATP-consuming processes. The mammalian target for
rapamycin (mTOR) is an evolutionarily conserved kinase sensing changes in global energy
availability [44]. MTOR is activated by leptin to reduce appetite and in several cell types
promotes macromolecular biosynthesis [45]. These molecules, which may fit the theoretical
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description of the genergostat, may have evolved to take on a novel role to respond to metabolic
perturbations at the cellular level. In addition, hormones and cytokines such as insulin, leptin,
and adiponectin may contribute and interacts with these ancient energy controllers to maintain
energy balance at the whole body level [46].

Evolution and Energy Balance
Different thermodynamic scenarios

Low physical activity level, high-energy intake and possibly sleep deprivation, a factor
previously overlooked, may have a critical role in the obesity epidemic, as they have changed
the genome-environment interaction. The first law of thermodynamics, which states that energy
cannot be destroyed but only transformed, is useful to describe the energy exchanges occurring
in living organisms [47]. Three thermodynamic scenarios (steady state, positive and negative
energy balance) are discussed. The first scenario (  Fig. 3) shows a system in equilibrium.
When energy intake and physical activity are in balance, the fluxes of energy between the
components of the organism (triangle) as well as the internal energy, defined as the energy
available in the organism to perform work, are steady.

Increased physical activity and decreased energy intake define a state of negative energy
balance (  Fig. 4), a common scenario when our ancestors were hunting. Sleep was probably
curtailed and erratic at times, which in turn may have increased appetitive behavior and
promoted food-seeking behavior. The paucity of food was not compensated by a reduction in
physical activity, vigilance was sustained and working efforts were strenuous. The resulting
reduction in internal energy levels would activate energy mobilization.

Modern times are characterized by increased food availability, decreased physical activity, and
curtailed sleep resulting in a state of positive energy balance (  Fig. 5). The net result is a rise
in internal energy, which is predominantly stored.

Evolution of Weight Gain and Psychosocial Stress
Food availability and social structure

Baboons and chimpanzees live in relatively small and stable groups characterized by dominant-
subordinate relationships, which influence the stress system, social behavior, feeding,
reproduction and health status [48,49]. These societies can be at times hierarchically stable or
unstable [50]. In stable societies the subordinate animals experience greater stress as they are
subjected to the dominance of the most powerful males, who control mating, reproduction and
feeding. Dominant rhesus monkeys eat approximately 20% more calories than subordinates
who have to steal food and consume it covertly [51]. Rats likewise live in dominant/subordinate
hierarchies in which subordinate animals adapt their feeding rhythms to avoid the dominant
animals [52].

In unstable societies the dominant animals experience greater stress as they continuously
compete to maintain their rank and assert their control over breeding opportunities and access
to food. In nonhuman primates an interaction between food intake and social status has been
observed. If in socially housed cynomolgous females the dominant-subordinate roles are
experimentally reversed, current subordinates display more behavioral depression and
increased cortisol levels, which in turn stimulates appetite, favors fat deposition, decreases
peak luteal progesterone levels and increases anovulatory cycles [48]. A similar scenario may
have been apparent during hominin evolution. Early hominins and more recent ancestors
(Homo ergaster, and Homo neanderthalis) probably lived in small groups (10-50 subjects)
whereas feeding involved common access to a discrete resource, such as a fruiting tree or an
animal carcass [24,49,53].
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Hormonal fingerprints and group dynamics
The relative contribution of the specific neuroendocrine profiles to obesity based on social rank
has started to be characterized only recently. The physiological and behavioral responses to
different emotional and social stressors have been highly conserved throughout phylogenesis
[54-57]. Therefore, it is likely that the neuro-endocrine responses elicited by a stressor were
substantially similar in our ancestors. In primates, subordinate individuals have a different
neuro-immune-endocrine fingerprint: they are relatively hypercortisolemic, have an increased
NPY release, an enhanced appetite, leptin resistance [58-60], and central fat deposition [61,
62]. Similar patterns are observed in modern human societies: in a large prospective study of
British civil servants, the Whitehall study, a dose-response relationship was found between
exposure to work stressors, high cortisol levels, central adiposity and risk of metabolic
syndrome [63-65].

Information on the social structure of our ancestors prior to the Holocene, approximately 10
000 years ago, is sparse and can be inferred studying fossils and paintings. Foraging populations
led a semi-nomadic life dictated by climate, danger, and resource availability. Egalitarism in
ancestral societies was achieved through sharing of resources [66]. Differences in social status
nevertheless existed and influenced reproductive success and survival [48,49,55].

Evolution of the stress response: Interplay between the hypothalamic-pituitary-adrenal axis
and the sympathoadrenal system; metabolic consequences

The stress responses have been advantageous during the hominin evolution [67,68]. However,
with increased food availability there has been increased arousal and preparedness for a “fight-
or-flight” reaction [69]. Disputes may have initiated avoidance and resignation as coping
strategies in subordinate subjects rather than active responses, as the latter were likely to
generate harsher penalties [48,70,71]. In a state of positive energy balance and low physical
demands, an increased cortisol secretion may have been the predominant stress responses in
emotionally stressed subordinate subjects (  Fig. 6).

The two main components of the stress system, the hypothalamic-pituitary-adrenal and the
sympathetic system have integrated metabolic effects which are complex and depend
significantly on insulin secretion and insulin sensitivity [72]. Changes in energy balance
modulate the interaction between these systems to control fuel partitioning, disposal, accretion
and distribution. Studies in rats and humans have demonstrated the tissue specific actions of
the three systems after manipulation of energy intake [73-76]. One of the main findings was
the observation of a threshold effect of corticosteroid levels on insulin action and energy
metabolism [77]. At low levels, corticosteroids amplify the effects of insulin on the liver and
increase gluconeogenesis and lipogenesis. At this level of activation of the stress system muscle
metabolism seems relatively unaffected. In the adipose tissue, insulin and corticosteroids
promote adipocyte differentiation and lipid deposition by increasing lipoprotein lipase activity
in a depot-specific manner [78], that is, visceral fat is more responsive to the action of
corticosteroids due to a higher number of corticosteroid receptors [79].

If the stressor becomes more severe and sustained resulting in higher levels of corticosteroids,
the scenario becomes more complex. In a state of positive energy balance fat accumulates due
to the synergistic action of corticosteroids and insulin; protein turnover in the muscle is
increased to an extent depending on the corticosteroid/insulin ratio. In a state of negative energy
balance, insulin and glucose levels are low, the corticosteroid/insulin ratio is increased resulting
in a more pronounced protein turnover. Stress-induced increased sympathetic activity favours
fat mobilization (lipolysis), glucose production (gluconeogenesis), and mobilization
(glycogenolysis). These mechanisms are highly conserved across species and the different
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modus operandi of the metabolic pathways becomes more elaborate as we ascend the
phylogenetic scale and metabolic control starts to be more closely intertwined with cognition.

In summary, modern lifestyle stress occurs in a sleep-deprived, sedentary, energy abundant
environment, which induces cortisol release and enhances visceral fat accumulation, a risk
factor for metabolic syndrome and type 2 diabetes.

The preagriculture era
Prior to the emergence of agriculture, hunting, scavenging and gathering maintained physical
demands [16,17]. The activities were performed in open spaces and, most likely, done in small
groups of individuals. It is likely that the neuro-endocrine response was primarily directed at
improving muscular efficiency to capitalize gathering, hunting and scavenging and raise the
level of attention, readiness and awareness [16,25,26,80,81]. Thus, the involvement of the
sympato-adrenal system may have been more pronounced than the HPA axis, as
catecholamines (adrenalin, noradrenalin) enhance awareness and alertness (vision, hearing,
attention), readiness (increased blood pressure and redistribution of blood to brain and muscles
from gastrointestinal system, increased respiratory rate) and metabolic support (increased
lipolysis, glycogenolysis, gluconeogenesis, while lessening internal cues (decreased hunger
and pain) [23,82,83].

Evolution and encephalization
Table 1 outlines the anthropometric and energetic characteristics of our progenitors [84].
Indirect estimate of body size through fossils has been possible in few of the species that have
populated the Earth in the last 4-5 millions years [85,86]. Hunting, scavenging and gathering
were the principal feeding practices of early hominins in the Lower and Middle Palaeolithic
eras (2500000-30000 years ago, approx). Hominin became able to produce rudimentary hand
shaped tools [53,85]. The morphometric evolution of hominins proceeded with a progressive
increase in height, weight, and brain volume (Table 1). Increased body size was the expression
of a better nutritional status [87-90]. The encephalization allowed greater structural, cognitive,
and problem-solving ability in the setting of an improved diet (essential fatty acids) [87,
89-91]. The positive correlation between resting energy expenditure and brain weight both in
men (r =0.72, p<0.05) and women (r=0.78, p<0.05) indicate the metabolic impact of a bigger,
and supposedly more active, brain.

The increased energy requirements of the brain of early hominids were compensated by a
decrease in gut dimensions related to a more digestible and assimilable diet [92,93]. The
progressive encephalization allowed an evolving, species-typical computational and neural
architecture of the human mind. More effective neural circuitries allowed solving the
ecological problems facedby hunter-gatherers [68,87,94].

The Upper Palaeolithic era (40000-11000 years ago, approx.) saw a rapid advancement in
social, cognitive and technological skills. Human language developed in this period with
fundamental implications for brain development. Agriculture, farming and animal
domestication changed food availability, as food was stocked for longer periods. In agricultural
societies a dominant role was associated with control of food supplies and easier access to
food. This power was particularly evident during famines, which affected mainly individuals
lacking control over their food supply. Seasonality and periodic shortages of food were still an
integral part of humans’ life [16,24,85].

The agriculture era and the industrial revolution
Genetic adaptations may have occurred in the post-agricultural age through assortative mating
[95] and periodic exposure to food insecurity, famine, migrations, colonization and slavery,
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which were likely to select genes conferring an advantage on survival in different environments
[31,96].

With the appearance of the first civilisations, progress became an increasingly localized
phenomenon, with Western populations changing more rapidly [97]. The Industrial Revolution
dramatically modified the genome-environment interaction. Mechanization, food storage,
transport and mobility, social and urbanistic structure, working demand, changing social
relationships, scientific discoveries and increased life expectancy are all dynamics still
evolving in modern societies and altogether are imposing a burden on the relatively unchanged
human genome [19,98-100].

The Energetic System of Modern Man and his Stressful Surroundings
The most recent changes in food processing and eating habits have converted the seasonal
experience into a state of incessant, positive energy balance. The human genome responds by
running the energy-sparing programs coded by the thrifty genes. The causative factors leading
to weight gain are numerous and all contribute, to a different extent, to the global burden of
obesity in developing and developed countries [101,102].

Stress and evolution
Emotions and cognitive functions depend on brain development and encephalization [67,79,
103]. Compared to modern humans, early hominins presumably had simpler mental circuits
and a stressful or joyful situation may have evoked simpler reactions [90,104,105].
Encephalization, the development of tools and the use of language with the consequent effects
of communication on human relations probably coincided with the rapid growth of brain
volume and expansion of cortical areas and neurocircuitry [68,103].

Animals perceive food shortage as stressful, which increases vigilance, post-pones sleep, and
enhances food-seeking behavior [106]. Similarly, humans facing unpredictability in food
availability were presumably stressed during periods of negative energy balance and increased
food seeking behaviors and physical exertion while curtailing sleep. The stress system response
would have been an activation of the catecholaminergic system over the HPA system to
enhance fuel availability, level of awareness and physical performance and the activation of
lipolysis, glycogenolysis and gluconeogenesis. Insulin orchestrated the energy fluxes towards
fat deposition in states of chronic stress [73].

The modern thermodynamic scenario in industrialized countries
The environment has dramatically changed in the last century and especially in the last 20
years. The advent of the computer has further reduced physical activity and intensified mental
efforts [107]. The modern, computer-dependent, sleep-deprived, physically-inactive humans
live chronically stressed in a society of food abundance. Desk jobs, computers, and high-energy
food are commonly associated. Mental task jobs can lead to isolation, as workers are assembled
in a rigid hierarchical structure where a few individuals have high power, job latitude and
reward, and the majority are left in unidirectional, narrow roles with small reward/effort ratios
[108-111].

The sprawling urban environment is not conducive to walking and physical activity and may
be playing a major role that only now is starting to emerge. Families are smaller and co-
dependent relationships, characteristic of more primitive societies, are declining. Global
mobility has changed and migratory fluxes from developing countries to industrialized nations
are larger, creating more prominent social disparities and inter-ethnic tensions [64,112-115].
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Between 1980 and 2005 the prevalence of obesity, as indicated by BMI, has tripled from 8 to
22 %. Over the same period of time energy expenditure due to physical activity has not declined
[116] and caloric intake has not increased. Thus, the search for other obesogenic factors. In a
seminal review article [117], it has been hypothesized that a reduction in variability in ambient
temperature, along with other factors, may be one of the contributory reasons to the obesity
epidemic. In the last 25 years, both house heating during the winter and air conditioning in the
summer have indeed become much more prevalent. As during cold exposure the metabolic
rate increases and in a hot environment the propensity to feeding is diminished, these two
factors may theoretically have contributed via different mechanisms to increasing body weight.
The Thrifty Gene hypothesis attempts to explain the high prevalence of obesity in Pimas mostly
in terms of adaptation to an environment with limited and unpredictable food resources. Little
attention has however been paid so far to the fact that essential adaptive abilities in an ambient
such as the desert would also include the ability to endure hot days as well as cold nights, and
the capability to limit water losses in a hot environment. As high body mass per se has been
indicated as a key factor both in the adaptation to a cold or a hot environment, high BMI may
have indeed protected the Pima Indians towards extreme daily excursion [118]. No functional
studies of adaptation to cold have been conducted in Pima Indians therefore this testable
hypothesis has not been directly verified yet, however genetic data may provide circumstantial
evidence that Pima Indians under selective pressure may have evolved mechanisms to better
cope with cold. Specifically, uncoupling protein 5 long form, one of isoform which uncouples
fuel oxidation from ATP synthesis, is more represented in this population (approximately 2/3
of the subjects in a small series of 36 Pimas) than the other two isoforms, the uncoupling protein
5 short form and the uncoupling protein 5 short form insert [119]. This more abundant form
correlated positively with resting metabolic rate and lipid oxidation during an insulin clamp.

The brown adipose tissue (BAT) is the only tissue whose main function is heat production;
this tissue is largely represented in rodents and in hibernating animals like bears [120]. In recent
evolutionary history such as during the Ice Age humans had to cope with major changes in
environmental temperature. It has been hypothesized that the presence of BAT allowed the
Neanderthal man to survive during the Ice Age in Europe. Higher on in the phylogenetic scale
the role of this tissue has greatly diminished, and BAT until recently was deemed to be mostly
reductional in Homo sapiens. Recently, the widespread notion that BAT disappears in humans
after the first few years of life has been challenged by empirical evidence. This is not a trivial
issue, as a small amount of BAT, such as 40-50g can increase energy expenditure by 10%
preventing in the long-term obesity, while ensuring in the short-term cold adaptation. Back in
the 80’s, BAT had been found in a small autoptic series of outdoor workers in Finland [121].

Novel imaging techniques such as FDG PET have suggested, based on studies mostly
conducted in patients with cancer to detect metastases [122], that: A) BAT may be present in
adults mostly in the supraclavicular areas up to 80% of the cases; B) BAT seems to be more
easily detected by imaging if the subject is in a cold environment; C) in condition of
thermoneutrality BAT becomes more evident in the feeding than in the fasting state; D) it seems
more common in younger patients and in women; and E) in a large convenience clinical series,
BAT seemed to be associated with lower BMI and better insulin sensitivity. It is not clear
however whether the BAT detected by nuclear imaging methods is metabolically active.
Studies specifically designed to assess BAT in different physiological conditions (feeding/
fasting, cold/warm environment, sleep/wake) are needed. More recently, in a large convenience
clinical series BAT was correlated by imaging with improved insulin sensitivity, although it
is not clear how much of the BAT tissue, as revealed by imaging, may be functionally active.
Finally, BAT has been shown to derive from a common precursor that may later differentiate
into either a skeletal myocite or a BAT cell, challenging the doctrine that all adypocites derive
from a common precursor [123]. Interestingly 30% of Pima Indians carry a point mutation in
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the beta-3 adrenergic receptor that innervates the BAT. This mutation has been associated with
inability to lose weight and insulin resistance [124].

Conclusions and Future Directions
The effects of psychosocial stress on metabolism and neuroendocrine systems could be
investigated by conducting studies in countries still subjected to seasonality. Epidemiological
investigations in rural populations living in Sub-Saharan African countries such as Gambia or
Senegal would be informative of the changes in the gene-environment interaction in fieri. In
experimental settings, the relationship between stress response, adiposity, and appetite control
could be investigated by the exposure to stressors including sleep deprivation and cold
exposure, while assessing the ability to metabolize a standardized high fat meal. In conclusion,
we have revisited from an anthropological angle the thrifty genotype hypothesis and have
expanded it to include the effects of emotional stress and sleep deprivation.
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Fig. 1.
Genergostat, a single sensor model: This model proposes that thrifty and profligate genes are
regulated by a single energy-sensing mechanism which responds differently to states of energy
surplus and energy deficit. In a state of positive energy balance (Feast) the increase in energy
availability activates (solid lines) an energy-sensing controller (genergostat) which turns on
the thrifty genes and deactivates (dotted lines) the profligate ones. These two set of genes also
interact with each other (double arrow lines). The system in a state of negative energy balance
(Famine) would operate in the opposite direction. “Genergostat” is mediated by two
independent, mechanisms activated by states of energy surplus (orex-genergostat) or depletion
(anorex-energostat). For example, in a state of negative energy balance (Famine) the decrease
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in energy availability induces an activation (solid lines) of the anorex-energostat and an
inhibition (dotted lines) of the orex-genergostat. The sensor would then activate the catabolic
genes (profligate) and inhibit the anabolic (thrifty) ones to exert their catabolic action. A
feedback mechanism between these genes can be envisaged to modulate their actions (double
arrow lines). The system in a state of positive energy balance (Feast) would operate with a
similar but opposite mechanism.
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Fig. 2.
The second model proposes that thrifty and profligate genes are regulated by two independent
mechanisms activated by states of energy surplus (orex-genergostat) or depletion (anorex-
energostat). For example, in a state of negative energy balance (Famine) the decrease in energy
availability induces an activation (solid lines) of the anorex-energostat and an inhibition (dotted
lines) of the orex-genergostat. The sensor would then activate the catabolic genes (profligate)
and inhibit the anabolic (thrifty) ones to exert their catabolic action. A feedback mechanism
between these genes can be envisaged to modulate their actions (double arrow lines). The
system in a state of positive energy balance (Feast) would operate with a similar but opposite
mechanism.

Siervo et al. Page 17

Horm Metab Res. Author manuscript; available in PMC 2009 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
System (entire figure) in energy balance. The areas of the components (physical activity, energy
intake) are equal, as no perturbation has been induced on the internal energy (inner circle) of
the organism (triangle). The internal energy is table because energy fluxes between body stores
(stored energy) and internal energy are constant and energy intake and physical activity match
heat generation (heat). The model assumes: 1) Resting energy expenditure is constant; 2)
Genome is a regulator of the energy sensing mechanisms and it does not contribute to the
energetic fluxes; 3) Energy intake increases internal energy; 4) Physical activity decreases
internal energy by increasing heat production. The size of the arrows of the wheels is
proportional to the effect and the direction of the arrows indicates the movement of the energy
fluxes. Double arrows (↔) indicate stable energy fluxes. Wheels represent the regulatory
interactions between the three components (genome, physical activity, energy intake) and the
mechanisms controlling the internal energy.
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Fig. 4.
System (entire circle) in negative energy balance. The contribution of the three components to
the system has changed. The genome by assumption remains stable but physical activity and
energy intake have increased and decreased, respectively. The effect of these changes is a
decrease in internal energy via heat generation and the energy to restore the internal energy
comes from energy intake and body stores. The model is based on the same assumptions stated
in legend to  Fig. 3. The size of the arrows of the wheels is proportional to the effect and the
direction of the arrows indicates the movement of the energy fluxes. Wheels represent the
regulatory interactions between the three components (genome, physical activity, energy
intake) and the mechanisms controlling the internal energy.
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Fig. 5.
System (outer circle) in positive energy balance. The contribution of the three components to
the system has changed. The genome by assumption remains stable but energy intake and
physical activity have increased and decreased, respectively. The effect of these changes is an
increase in internal energy and the restoration of the internal energy is achieved by storing the
energy as tissue and, to some extent, by heat generation. The model is based on the same
assumptions stated in legend to  Fig. 3. The size of the arrows of the wheels is proportional
to the effect and the direction of the arrows indicates the movement of the energy fluxes. Wheels
represent the regulatory interactions between the three components (genome, physical activity,
energy intake) and the mechanisms controlling the internal energy.
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Fig. 6.
System in positive energy balance and influence of the stress responses (hypothalamus-
pituitary-adrenal (HPA) axis and symphatoadrenal system (SAS)) on the system (entire figure).
The increase in energy intake produces a rise in the internal energy (inner circle) which is
primarily stored and, to some extent, dissipated as heat to restore the equilibrium of the
organism (triangle). The induction of a stress response via the activation of the HPA and SAS
produces different effects. The HPA interacts with the genome to modulate energy fluxes but
exerts also a stimulating effect (solid line) on energy intake and fat deposition and an inhibiting
effect (dotted line) on heat generation via a modulation of the immune system. The SAS has
the opposite effects as induce a decrease in appetite and increase in heat generation and fat
mobilization. The size of the arrows and wheels is proportional to the effect and the direction
of the arrows indicates the movement of the energy fluxes. The model is based on the same
assumptions stated in legend to  Fig. 3. Double arrows (↔) indicate reciprocal influences.
Wheels are non-energetic, regulatory interactions between the three components (genome,
physical activity, energy intake) and the mechanisms controlling the internal energy.
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