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Obesity in humans represents a cumulative retention of a tiny fraction of total
energy intake as fat, which is accompanied by growth of the metabolically
active, energy-demanding, lean bodymass. Since the energy balance regulation
operates irrespective of the excess fat storage, availability of the required energy
supplies is a permissive condition for obesity development. It occurs predomi-
nantly among people genetically predisposed and/or living with social or
mental challenges. I propose a theory in which the body responds to social dis-
ruptions as threats of a future lack of food by an adiposity force building a
reserve of energy independent of the regulation of the energy balance. It is
based on the assumption that our evolutionary development required collabor-
ation in gathering and sharing of food, combinedwith precautionarymeasures
against anticipated failing food supplies. Social challenges are perceived as
such threats, which activate the adiposity force through the brain to instigate
the growth of fat and lean mass by neuro-hormonal signalling. If both
perceived social threats and food abundance continue, the adiposity force
pushes the fat accretion process to continue without inhibition by feedback
signals from the fat mass, eventually leading to more obesity, and more so
among the genetically predisposed.

This article is part of a discussion meeting issue ‘Causes of obesity:
theories, conjectures and evidence (Part I)’.
1. Introduction
Fat has double the energy value per weight of carbohydrates and protein, it is
water-insoluble, and it appears biologically inert when assembled in intracellular
triglyceride droplets. It can be carried around in substantial amounts, securing
internal, directly accessible, energy supplies. Thus, fat is an optimal energy
reserve under circumstances of reduced or uncertain food supplies. Fat depots
are highly prevalent in nature and are likely to be essential for the lives ofmultiple
species. The fat depots range from miniscule depots in microorganisms up to
tons of fat in blue whales, and the depots exhibit massive seasonal variation in
hibernating animals and migrating birds.

Humans have a similar ability to build fat storage in adipose compartments.
A limited amount of body fat may play an essential role in some developmental
phases, such as during infancy and during pubertal development, especially
for females, and the subsequent reproductive life phase, including pregnancy,
breast-feeding and child-caring periods [1]. Otherwise, fat depots may be of
little importance for the survival and reproduction of the human species. How-
ever, an increase in adipose mass under the condition of potential future food
scarcity or limited internal fuel supplies, e.g. during diseases, may have been
advantageous in humans.

In spite of there being no indications of such risk of food scarcity in increasing
parts of the world population, they have, during the last half century, experienced
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an ever-increasing adipose body mass [2]. It exceeds the
threshold for health-threatening obesity in a rapidly increasing
number of individuals. Although this prevalence shows great
variations within and between populations, it has now reached
a pandemic level, which is a massive burden on global public
health.

Numerous attempts to reduce the growth of adiposity
may have slowed it down in some human populations, but,
in general, they have so far clearly failed to mitigate it. The
fundamental principle in all these attempts has been to
reduce the energy available to the body and thereby inhibit
fat deposition, or, if fat is already deposited in excess, enforce
withdrawal of fat from the adipose compartment [3].
Although this principle appears straightforward and inevita-
ble, and may help for a while in some patients with obesity
[3–5], the general failure of this approach calls for much
better and more broadly applicable solutions than those
currently available. This will undoubtedly require a better
understanding of the causes and mechanisms of obesity
development than we currently have.
2. Incomplete understanding of the causes
of obesity

Some individuals may develop obesity despite persistent and
rigorous attempts to control it by dietary restrictions, e.g. var-
ious types of monogenic and syndromic obesity. However,
the persistent availability of food is an obvious permissive
condition for common obesity development. Thus, without
the improved global food supply during recent decades
there would probably not have been an obesity pandemic
[6]. However, while obesity does not develop during famines,
major segments of most populations that are privileged with
food abundance do not develop obesity [2]. Given that a
societally implemented active reduction in food availability
is politically and culturally impossible, it is important from
both an individual and a public health perspective to know
the causal factors that operate in addition to food abundance.

Clearly, obesity development involves a complex set of
genetic and environmental causal factors and processes,
probably producing obesity through different pathways
[7–10]. Whereas we have extensive and rapidly growing
knowledge about many details of these factors and the
implied mechanisms in obesity development, the coordi-
nation and interplay of the processes eventually leading to
the increase of the adipose mass both individually and
across populations remain unclear.

I suggest that we need a quantitatively based, unifying,
evolutionarily justified theory of causes and mechanisms of
obesity. This theory should integrate the available knowledge
and should offer predictions about gaps in our knowledge to
guide us into future research aimed at filling these gaps.

The theory must fit the fact that development of obesity is
accompanied by an increase in energy turnover [11], and that
the gain in adipose mass accounts for cumulatively less than
1% of total energy intake (easily assessed as the total energy
value of the total body fat mass as a percentage of the total
energy intake over the time period of obesity development)
[12,13]. Although this small fraction likely represents just
an average of fluctuations over the years of development
of obesity, the theory should accommodate the fact that
the development of obesity is usually so slow that the
cumulative effects can only be observed over long time
intervals, e.g. months and years.

The theory should explain the obesity phenotype, charac-
terized by resistance to weight loss and strong tendency to
re-establish the lost fat mass on the background of an energy
balance regulation that apparently reacts normally to altera-
tions in energy supplies and expenditures, irrespective of the
size of the stored fat mass.

A comprehensive theory should provide an explanation
of the evidence that obesity preferentially affects people
who are genetically predisposed [7,9,10], or socially or men-
tally challenged [8,14–16]. The theory should incorporate
the facts that obesity affects all age groups, but increases
with advancing age, affects both sexes, but usually women
more than men, and has great diversity of onset, speed and
current levels across the planet [2]. The theory should also
point at the causal factors that have changed and thereby
induced the obesity pandemic, and at the possible reasons
why these changes have happened.

Finally, to be useful, the validity of theory and its conjec-
tural components should be empirically testable vis-à-vis
alternative theories.
3. Alternative theories
Most of the currently debated theories and causes of obesity
in humans are essentially based on the assumption that obes-
ity is a manifestation of processes producing a surplus of
energy in the body that is assumed to be deposited as fat
within the adipose compartment by a passive overflow
of energy [17–19]. While there may be several reasons for
the energy surplus, these theories are hereafter collectively
named ‘overflow theories’.

I propose an alternative theory—the ‘adiposity-force
theory’—based on a postulated adiposity force that enhances
the processes of fat storage in the adipose compartment inde-
pendently of the normal regulation of the energy balance
of the lean body mass. I assume that the adiposity force
has been advantageous in the past, but induces obesity
when triggered under the circumstances that characterize
the current obesity pandemic.

This theory emerges from a recognition of the develop-
ment of the obesity phenotype as being based on processes
independent of but superimposed upon an otherwise nor-
mally functioning whole-body energy balance regulation.
However, it must be kept in mind that the adiposity-force
theory is just a thought experiment at this stage, put as an
alternative to the overflow theories.

The adiposity-force theory separates the processes of con-
tinued fat accretion in the adipose compartment from the
disturbances of the energy balance in the body outside that
compartment. The theory aims at integrating the fat accretion
processes—initiated by the adiposity force—by conjectures
about how these processes operate and are controlled.
4. Dynamics of the energy balance system
and the overflow theories

The whole-body energy balance is dynamically changing
over time, being the net result of many varying influences
altering energy input and output [19,20]. There are regular



3
high-frequency fluctuations across the daily routine intake of
meals, fasting, daytime physical activity, sleep inactivity, and
almost constant basal metabolism. There are also less regular
fluctuations of varying amplitudes, where the daily routines
are broken by modifications such as excessive food intake
during holidays, dieting aimed at slimming, or excessive phys-
ical training. The energy balance system appears quite well
regulated, being able to cope with these superimposed,
multi-frequency upward and downward perturbations of
varyingmagnitudes, as demonstrated by the common stability
of body weight and body composition within rather narrow
intervals over longer time periods, e.g. months or even, in
some cases, years. This has led to the development of several
control theories explaining how the interaction between the
energy balance system and the bodyweight takes place [21,22].

It is an integral part of this system that deviations in the
energy balance activate mechanisms that tend to re-establish
the preceding balance and body weight. Thus, a profound
negative energy balance, such as during prolonged fasting or
severe food restriction, is strongly opposed by the eliciting of
enhanced appetite and reduced energy expenditure, thereby
defending the function and integrity of the lean body mass.
On the other hand, when excessive food intake produces an
energy surplus, part of the surplus may be deposited as fat,
although it might also be accompanied by an increase in
energy expenditure or energy loss, limiting the fat accretion.

Theoverflow theories assume that the process of fat accretion
during obesity development is in some way based on a pertur-
bation or dysfunction of this whole-body energy balance
system. Typically, elevated appetite is assumed to result in
increased food intake providing energy in excess of the needs
of the lean body mass. Low energy needs due to low basal
metabolism or reduced physical activity are often assumed to
contribute to the surplus. This is assumed toproduce apersisting
overflow of surplus energy to the adipose compartment despite
the accompanying counteracting mechanisms. In the long run,
these mechanisms also include growth of the metabolically
active, hence energy-demanding, lean body mass [20,23]. Why
the eventual accumulated amount of fat after obesity develop-
ment under these conditions usually remains limited to less
than 1%of the total turnover during theyears of the fat accretion
is difficult to explain with these theories.

A major empirical element that needs to be explained
by any theory of obesity development is the very strong
tendency to regain body weight, including restoration of
the fat mass, after a substantial body weight loss [4,17,19].
In the overflow theories, the regulatory system is assumed
to accommodate the growing fat mass in such a way that
the defence against a negative energy balance is activated
by dietary restrictions even though there is an accessible
enlarged fat mass, but how this comes about remains elusive.
5. The adiposity-force theory
In the adiposity-force theory the causal processes of obesity
development are disconnected from the regulated energy
balance system.The adiposity forcemaybe inaction irrespective
of the state and dynamics of the system, but co-acting with it in
determining the current size of the adiposemass. Thus, irrespec-
tive of the level of the progressive fat accretion, the size of the fat
mass at any givenpoint in timemay be subject tomanipulations
making the energy balance positive or negative.
The adiposity-force theory therefore implies that there are
two distinct, but mutually independent processes that may
lead to growth of the fat content of the adipose compartment:
changes in fat content that reflect the overflow as a function
of the energy balance system, and changes that reflect the
process of fat accretion resulting in obesity over time.

This proposal clearly bypasses the commonly perceived
crucial element in most overflow theories. The enlargement
of the adipose mass ending in obesity is not the result of
food intake providing an amount of energy that for a variety
of reasons exceeds the need of energy in the whole-body
metabolism. It is rather a force that pushes the process of
fat deposition in the adipose mass independently of the
concurrent energy balance.

Thus, the adiposity-force theory allows co-action with
the normally functioning energy balance system. When the
adiposity force has activated the process of fat accretion, it
goes on despite possible dynamic fluctuations of the whole-
body energy balance and corresponding fluctuations in the
amount of fat in the adipose compartment. It may eventually
lead to obesity, usually after several years, and worsen
obesity if the process continues.
6. Experimentally induced energy overflow does
not produce obesity

Voluntary overfeeding studies [24,25] may be considered as
an experimentally induced overflow of energy. As expected,
prolonged overfeeding increases the adipose mass, but this
condition does not have the typical characteristics of obesity.
Thus, the increased fat mass easily shrinks after overfeeding
has ceased. A similar increase in adipose mass as part of
obesity development will require deliberate dieting to be
made to disappear, and the body weight will very likely
return to the previous elevated level if dieting ceases.

In the human overfeeding experiments, the fat accretion
is variable and much lower than expected given the excess
energy intake, implying variation in the compensatory acti-
vation of energy expenditure and energy loss. In view of the
responses to massive overfeeding, increasing food intake by
an amount corresponding to the eventual tiny fraction of
the energy intake that ends in the fat depots during obesity
development would not lead to observable fat accretion.

It may be speculated, however, that the overfeeding exper-
iments have all been far too short (running for up to 6 months)
to mimic the effects of continued excess food intake leading
to a slow development of obesity, where the defence by the
body of the enlarged adipose mass is becoming manifest. On
the other hand, continuous massive overfeeding among
people who have not yet developed obesity will be likely to
induce lipotoxicity and possibly health-threatening metabolic
disturbances [24,25].
7. Adiposity force versus the energy balance
regulation

The action of the energy balance regulation with or without
activation of the adiposity force raises questions about the
long-term outcome of the size of the fat stores under various
conditions and about what proportion of the fat mass present
at any one point in time is due to either of the processes.
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Irrespective of the adiposity force, the changes in energy
content of the body, induced by short-term enforced external
manipulation of energy input relative to energy output, may
alter the amount of energy stored as fat in the adipose com-
partment, as demonstrated in the overfeeding experiments
[24,25]. The response to such manipulations may well be
described in accordance with the models of the regulated
energy balance system [21,22]. The experiments suggest that
when the adiposity force is inactive, enforced increases in adi-
pose mass are fully and rapidly reversible. On the other hand,
if the adiposity force is concomitantly activated, then such
gains would be less likely to be reversible. However, the fat
accretion induced by the adiposity force will also be reversed
when the adiposity force is deactivated and/or if there is a
need of the stored fat as energy source.

An active adiposity force requires a derived secondary
adjustment of the energy-balance system to the eventual
tiny fat accretion in the adipose compartment. Considering
the much greater perturbations of the whole-body energy bal-
ance system that the regulatory processes normally can cope
with, the fraction withdrawn by the adiposity force for
obesity development in the long run is easily accommodated.

The growth of the metabolically active and hence energy-
demanding lean body mass may account for the generally
observable and measurable increase in food intake when
obesity has developed [20]. This increased need for energy
is regulated as an element in the energy balance system, inde-
pendent of the activity of the adiposity force. The same
applies to the energy expenditure allocated to physical
activity. People with obesity usually move less than people
without obesity, but on average they spend as much energy
on moving the heavier body [26].

When obesity has developed and reached a stable level,
the changes in food intake and physical activity are thus conco-
mitant companions of the enlarged lean body mass and the
heavier body. If obesity development continues, kept going
by an activated adiposity force, it will still be a tiny fraction
of that excessive food intake that may be deposited as
additional fat in the adipose compartment. The co-action of
the adiposity force and the overflow of surplus energy in enlar-
ging the fat mass raises the question of what proportion of the
fat mass is attributable to the processes due to activated adi-
posity force or any overflow of energy. The theory postulates
that at any given point in time, the size of the fat mass is a
result of the preceding combinations of the adiposity force
and the homeostatic regulatory processes with possible depar-
tures from whole-body energy balance, upwards by overflow
of energy to the adipose tissue or downwards during energy
deficits. During the early phases of obesity development, the
fraction attributable to the adiposity force is relatively small,
whereas it is far bigger than the daily energy balance fluctu-
ations when obesity has developed. At whole-body energy
balance with stable levels of body fat among people with
obesity, all accumulated fat derives from the action of the adi-
posity force. Substantial weight loss in people with obesity
may overrule the adiposity force, which, however, takes over
later during re-establishment of the fat mass.
8. Evolutionary origin of the adiposity force
But why is there an activation of the adiposity force in some
individuals, and not in others? That the process can go on—
permitted by the abundance of food—does not imply that it
will go on. This is clearly demonstrated by the absence
of obesity in large population segments that do have the
privilege of lasting food abundance [2]. What triggers the adi-
posity force is therefore an essential question. The answer may
be found in the proposed evolution of the adiposity force.

It is a fundamental and necessary feature of the human
species (as it likely was for our hominid ancestors) to be
able to collaborate in getting and sharing food, as well as
conducting other essential collaborative behaviours [27–29],
such as defending the group against enemies and predators.
It requires a drive to supportive social behaviour to secure
adequate coping with the mutual social dependency, and
also when the group of people are challenged by environ-
mental changes affecting all members of the group. The
evolutionary development of this capability is assumed to
have enhanced the likelihood of survival through reproduc-
tion of the individuals.

This ability is particularly important and hence more
strongly developed in young women than in men, because of
their need for extra energy reserves due to the greater risk of
not being able to secure food supplies during pregnancy,
breast-feeding and childcare [1]. The common tendency for
women to further increase their fat mass during successive
pregnancies may reflect their increasing need for safeguarding
energy supplies with multiple children.

The adiposity-force theory proposes, as an integral part of
the evolution of our species, that we have developed a specific
ability to perceive and react unconsciously to social challenges
or disruptions as anticipations of food insecurity, i.e. future risk
of eventual failing supplies. In response to these imminent
threats the adiposity force is activated to build up energy
reserve by fat accretion in the adipose compartment. Building
and running the accompanying enlargement of the lean body
mass may be seen as a necessary bodily adaptation, despite
the increased energy costs.

In the adiposity-force theory, sensing and reacting to
the perception of the social challenges imply a mental,
possibly unconscious, integration that subsequently activates
neural and neuro-hormonal brain signals carried forward
to the adipose compartment, initiating or strengthening the
fat accretion.

There are other evolutionary theories based on the
assumption that the development of obesity may be a
response to food scarcity, food insecurity and social chal-
lenges perceived as food insecurity [30–32]. These theories
thus embrace the same ideas as the adiposity force, but
they all differ from the adiposity force by proposing mechan-
isms that primarily act by stimulating the appetite, resulting
in increased food intake as a safeguard against the threat of
a future lack of food. In the same vein, comfort or emotional,
stress-induced eating in response to mental challenges may
be considered a similar process [33]. The appetite depen-
dency puts these theories into the category of the overflow
theories, discussed and contrasted with the adiposity-force
theory above.
9. Variation in the adiposity force within and
between individuals

The strength of the adiposity force and hence the rate of the
process of fat accretion may vary over time within each



5
individual and may differ between individuals, wherefore
the eventual size of the fat mass will depend on the energy
supplies relative to the strength of the adiposity force.

Obesity development may be accelerated compared with
settings with limited supplies if the activated adiposity force
is unopposed by the competing requirement of energy for the
increased lean body mass. The duration and strength of the
unopposed activated adiposity force will be a major determi-
nant of the eventual size of the fat mass. It is an implicit and
important feature of the adiposity force that it is not respon-
sive to negative feedback signals indicating size of the fat
mass, which allows it to grow far beyond the likely need of
a reserve of energy. An example is the rapid and excessive
increase in fat mass during pregnancy in many women,
which may be due to an unopposed strong activation of the
adiposity force. Another example is the increasing prevalence
and degree of obesity with advancing age in many popu-
lations. Obviously, the older the individual, the more
opportunities they have had for continuing the fat accretion,
the greater the fat mass may become, until various ageing pro-
cesses induce declines in body components, possibly by
disintegration of steps in the adiposity-force pathway [34,35].

On the other hand, if a caloric restriction is approaching
the level of famine, the adiposity force may be so strongly
opposed that obesity will not develop, irrespective of contin-
ued activity of the adiposity force. However, in extremely rare
cases, the adiposity force may be strong enough to induce
fat accretion even when energy supplies are less than are
needed to keep the energy balance outside the adipose com-
partment. While this has been observed experimentally in
one female rodent study [36], it will be very difficult to
reveal a similar phenomenon in human studies. Observations
in humans of associations between food insecurity and obes-
ity, most pronounced in women, may be considered as proxy
evidence [30–32].

While the adiposity force is not downregulated by feed-
backs from the size of the fat mass, it may be deactivated
by removal of the stimulus that activated it after the develop-
ment of obesity, in which case the fat mass may shrink, in
analogy with the regulation of the energy balance seen after
cessation of voluntary overfeeding enforcing enlargement of
the fat mass. This may explain the occurrence of apparently
spontaneous, but slow regression of obesity seen in some
people [37,38].

The strong tendency to regain body weight, including
restoring the fat mass, following weight loss induced by
caloric restriction by whatever method is likely due to a com-
bination of several mechanisms [39–41]. It may be the result
of combined forces of the homeostatic counter-regulations
aiming at re-establishing the energy balance and the effects
of a very active adiposity force. The adiposity force will try
to re-establish the fat mass, but the course depends on how
strongly it is opposed by continued caloric restriction. The
increased hunger and lowered energy expenditure, induced
by the caloric restriction, will facilitate the restoration of the
adipose mass by the adiposity force.

If the adiposity force is incidentally deactivated after
such reduction, there may be no restoration of the fat mass,
possibly explaining the rare cases of successful long-term
maintenance of a diet-induced weight loss, which usually
is assumed to require effective control of the energy
balance opposing a presumed tendency to regain body
weight [42].
10. Redundant activation of the adiposity force
If the activation of the adiposity force is triggered by social
challenges, the absence of negative feedback signals from
the enlarged fat mass allows it to go on even though a lack
of food never emerges. Therefore, as long as the permissive
condition of food abundance prevails, the process of fat accre-
tion may continue to develop and worsen obesity.

In population segments with a persistent abundance of
food supplies, obesity development is strongest and obesity
prevalence therefore highest among people exposed to
social challenges, such as lower social hierarchical position,
poverty, insecurity, deprivation and adversities [14–16].
These effects of the social environment are manifest at mul-
tiple levels, from the individual, to generations, families,
social groups, neighbourhoods, municipalities, regions and
countries [16,43–46].

Because the social environment is subjectively perceived
andprocessed, purelymental challenges unrelated to the objec-
tive social environment may also activate the adiposity force.
These challenges may be various cognitive–emotional states,
e.g. disappointments, frustrations, stress and low self-esteem
due to mismatch of expectations to oneself or other people in
the social environment (parents, siblings, friends, peers col-
leagues, etc.) and the perceived relations and achievements.
Thus, among individuals who are socially privileged, but sub-
jectively experience suchmental challenges, the adiposity force
may be activated and produce obesity [47].

Thementally activated adiposity force becomes particularly
striking in societies where population segments with greater
social challenges do not develop obesity because they suffer
from inadequate food supplies inhibiting the effects of the
adiposity force, typically in low-income and parts of middle-
income countries [48,49]. Furthermore, in high-income
countries, the political–cultural conditions may also be per-
ceived as social challenges irrespective of food abundance,
leading to activation of the adiposity force [43–47].

Triggering of the adiposity force by social challenges cre-
ates an unfortunate possibility of a vicious cycle, further
promoting obesity development through weight stigmatiza-
tion. The increased food intake and decreased physical
activity accompanying the development of obesitymay be per-
ceived as anti-social behaviour, breaking the evolutionary-
based social interdependency in obtaining and sharing food.
The consumption of food by an individual that would other-
wise be shared may be condemned as gluttony, and a smaller
contribution to getting food to the group by being physically
inactive as sloth. Seeing the obese body may be immediately
interpreted as a sign of such behaviour. This may elicit
stigmatization of, and negative attitudes towards people with
obesity, and eventually lead to discrimination and exclusion,
which may strengthen the activity of the adiposity force [47].

Frustration, shame and a feeling of weakness and insuffi-
ciency when not being able to get rid of obesity may be
perceived as a challenge that further strengthens the
adiposity force and contributes to the vicious cycle [50].
11. Mechanisms of the adiposity force
The adiposity force is not postulated to be yet another signal-
ling molecule or singular biological pathway, but rather an
integrated, coordinated process, which, when activated,
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comprises a series of processes that enhance fat accretion in
the adipose compartment and the accompanying growth of
the lean body mass.

Adipose tissue exhibits a potentially modifiable dynamic
turnover of both adipocytes and the triglyceride content
of each adipocyte [51,52]. This calls for the development of
obesity to be seen as a series of tiny adjustments of the
slow, lasting turnover of adipogenesis versus apoptosis of
adipocytes in the adipose tissue [51], and of the more rapid
and versatile turnover of lipogenesis versus lipolysis within
the adipocytes [52]. The adiposity-force theory postulates
that signalling from the brain may operate by influencing
these adjustments, thereby resulting in net fat accretion in
the adipose compartment.

Tight direct neuronal and indirect neuro-hormonal con-
nectivity (by the autonomic sympathetic system, the leptin
system, the hypothalamic–pituitary–adrenal axis, the auto-
nomic parasympathetic system influencing hormone
secretion, e.g. of insulin and cortisol) between the brain, the
adipose tissue and the individual adipocytes may provide
the channels for these signals [53,54]. We know many details
of the various implicated mechanisms, especially regarding
their influence on lipogenesis and lipolysis [53–56]. Yet, we
do not know how they are integrated and coordinated in
producing the adiposity force.

A particular mechanism of fat accretion with similarities
to the adiposity-force mechanism has been proposed as the
basis of the so-called carbohydrate–insulin model of obesity
[57]. In this model the fat accretion process is driven by
eating food providing a high glycaemic load. This elicits elev-
ated postprandial insulin levels, which stimulate uptake
of fatty acids and glucose and inhibit lipolysis and thereby
contribute to increased fat accretion in the adipocytes. This
theory implies exacerbated diurnal fluctuations in the fat
content of the adipose compartment, but it does not per se
explain the progressive fat accretion ending in the develop-
ment of obesity. To do so, this theory must assume a
mechanism carrying a tiny surplus of fat accretion from
one day to the next. Combining this model with an activated
adiposity force could possibly explain individual differences
in the association of diet composition with differences in
adipose mass.

The mechanism of the enlargement of the lean body mass
associatedwith the growth of the adiposemass [20,23] remains
unknown, but it is considered a process supporting the func-
tions of the body carrying the increased adipose mass.
Although, across individuals, there is on average an enlarge-
ment of the lean body mass, the relation between the two
compartments shows considerable individual variation. This
indicates that the growth of lean body mass is not entirely
determined by the processes of growing adipose mass.

The increased energy needs following the growth of lean
body mass increase the food intake. In socially challenged
people, especially the poor, this may lead to a preference for
high-caloric density, and cheap and palatable foods and
drinks, e.g. food high in carbohydrate and fat content and
sugar-sweetened beverages [6,58]. Some overflow theories
and the above-mentioned carbohydrate–insulin model con-
sider food composition as a driver of the development of
obesity, but change in food composition may instead be seen
primarily as a consequence of the accompanying growth
of the lean body mass and ensuing elevated hunger in
combination with limited financial resources of those affected.
12. Maximum effects of the adiposity force and
metabolic complications

The adjustments of the turnover of adipocytes in the adipose
tissue and turnover of fat content in the adipocytes may not
always be mutually balanced, producing adipose tissue
either with many smaller adipocytes (hyperplastic) or fewer
larger adipocytes (hypertrophic) [55,56]. This may define indi-
vidual differences in the maximum effect of the adiposity
force. The maximum increase in the number of adipocytes
may be determined by the capacity of continued adipogenesis
from the pool of stem cells relative to the rate of apoptosis. The
maximum of increase in fat storage in each adipocyte is deter-
mined by the upper limits of enlargement of the fat droplet.

When the storage of fat in the adipocytes has reached its
maximum, but the adiposity force continues without further
increase in the number of fat cells to accommodate the fat,
then the cells become dysfunctional and less insulin-sensitive
[55,56], as also observed in the overfeeding studies [24,25].
This process elicits local tissue hypoxia and inflammation,
increased apoptosis, and fibrosis, which inhibit further
growth of the adipose compartment [59,60]. The systemic
effects lead to a variety of metabolic abnormalities, ending
in the metabolic syndrome in accordance with the so-called
adipose expandability theory [59]. The increasing likelihood
of development of a metabolic syndrome and its associated
clinical manifestations of higher body fat mass may reflect
the increasing likelihood of both the adipogenesis and the
adipocyte fat storage having reached their maximum.
13. Genetic and epigenetic variations in the
adiposity force

The evolutionary development of the energy balance system
and the adiposity-force mechanisms operating through the
mind–brain–body reactions, both those securing food supplies
and those safeguarding against insufficiency of supplies,
necessarily involves an extremely complex adaptation of the
genome and its regulation and function. This explains
the implicated activities of thousands of genes and their
regulatory elements, predominantly active in the brain [7].

However, accompanying this evolutionary genomic
adaptation, multiple, presumably random, mutations across
the genome have occurred in each generation, altering the
specific elements of the functions of the system [7,22]. Cumu-
latively across the genome, these genetic variants may be
associated with either a weaker or stronger influence of both
the regulation of the energy balance and the elements in the
adiposity-force pathway. The mutations that have escaped
extinction by not limiting reproduction of the individuals are
those that constitute the current panel of genetic variants. In
this way they have produced the present very wide genomic
variation, including thousands of single nucleotide variants
across the genome, presumably associated with most if not
all the elements in these processes. This genomic variation con-
tinues to be expanded in each generation, and has led to the
great diversity in the adiposity phenotype and in the occur-
rence of obesity within otherwise apparently homogeneous
populations living under similar environmental conditions.

Dependent on the gene functions that have been altered by
the mutations, their expressions in the adiposity phenotype
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may differ among individuals and be modified by individuals’
environments [7]. The mutations may have created differences
in the profile of the genetic variants between different popu-
lations around the planet, which may contribute to different
genetic associations with obesity and different obesity levels.
Most mutations have induced minor alterations in gene func-
tion, but a few have produced the more severe monogenic
and syndromic forms that may have been carried forward by
being only recessively expressed.

Epigenetic alterations induced by environmental influ-
ences, possibly including social challenges, transmitted from
parents to offspring through mechanisms operating either in
the gametes before conception, in the foetus during pregnancy,
or during infancy, may also be implicated [61]. This may
contribute to further facilitating and perhaps boosting
transgenerational functioning of the systems [16].
14. Causes of the obesity pandemic
The question of what has caused the current pandemic
of obesity must be distinguished from the more general
question about what causes obesity. The pandemic of obesity
is due to changes over time in the exposure distribution of
some of the causes of obesity in the global populations, and
the questions are which of the causes have changed
and why have they changed.

The steady increase, particularly during the past half cen-
tury, in access to excessive food supplies for various
population segments [6] may have been the crucial determi-
nant of the obesity pandemic by supporting the increasing
energy demands of the concomitantly growing lean body
mass. This may have allowed the adiposity force to play
out in more and more people, to an ever increasing extent
and for longer periods of time.

Compared with the conditions before the onset of the
obesity pandemic, improved food supplies are an essential
component of the improvement of the general living conditions
that has occurred together with the obesity pandemic. These
improvements should therefore reduce the likelihood of popu-
lations being exposed to the social challenges that could activate
the adiposity force. However, considerable and frequently pro-
found social inequalities, co-existing with the improved food
supplies in many societies, may still be perceived as social chal-
lenges strong enough to lead to activation of the adiposity force,
irrespective of food abundance.

The finding in high-income countries of an increasing
prevalence of obesity in population segments that have not
lived under conditions of limited food supplies [2] suggests
that the political–cultural conditions may have changed in a
manner leading to increased frequency and persistence of
activation of the adiposity force [8]. Obesity-related changes
in assortative mating, fertility and family structures may
also have influenced the occurrence of obesity.

Considering the extreme complexity of the function of the
adiposity force, it is also possible that it has been modified
by novel or increased physico-chemical or biological exposures
(e.g. pollution, atmospheric CO2, noise, ambient temperature,
diurnal and sleep disruptions, microbial environment, viral
infections or drugs) [8]. The interference with the system may
have happened in early formative stages of the individuals or
acted continuously, and may have strengthened the sensitivity
or the effects of the adiposity force.
15. Assessment of the adiposity-force theory
The adiposity-force theory and all the alternative theories are
based on pieces of solid empirical evidence about elements of
the causal chain that is integrated into the theories by still-
unproven conjectures. The assessment of these theories may
compare the value of alternative theories in explaining the
same phenomena, development of obesity, its pandemic
spread, and its characteristics as outlined earlier. The argu-
ments presented in this paper favouring the adiposity-force
theory over the overflow theories in this regard are first
steps in this approach.

The next step is to identify options for testing the specific
conjectures by alterations of upstream elements in the causal
chain of the theory, either by existing real-world differences
allowing quasi-experimental inference, or by manipulations
in experimental settings. The theory implies the possibility
of making predictions of effects of alterations in the social
environment at different well controlled levels of food
supplies on the ensuing observable downstream elements
of the causal chain, ultimately in the fat accretion process
and possible obesity development, which would be the
overarching test of the theory.

However, the fact that obesity development usually takes
many years and ends up in only a tiny average fat accretion
has the unfortunate consequence that it is very difficult, if
at all possible, with currently available tools and techniques
to measure the fat accretion and its determinants as an instan-
taneous process, or even over short time frames, in what
might otherwise be feasible studies [13]. So, any predictions
about downstream effects of the alteration of upstream
elements in the causal chains need to be constrained by the
range of this quantity. Net differences in the energy balance
components corresponding to the change in size of the
adipose compartment and its regulatory processes between
people eventually developing obesity and those who do
not will only be discernible during phases of fast fat
accretion, e.g. in the rebuilding of the fat mass following
dietary-induced weight loss or during pregnancy.

The sequence of the development of the observable excess
food intake and the obesity development may provide a poss-
ibly testable difference in prediction, distinguishing between
the overflow theories and the adiposity-force theory. In accord-
ance with the results from the overfeeding experiments, the
overflow theories require increases in energy intake that are
large enough to exceed the subsequently increasing energy
expenditure in the growing lean body mass, and thereby even-
tually create the small passive overflow of energy to the adipose
compartment. In the adiposity-force theory, the fat accretion
may go on in the adipose compartment, requiring only an
almost unmeasurable adjustment of the energy balance outside
the adipose compartment, until later when the subsequently
enlarged, metabolically active and energy-demanding lean
body mass does require an excess food intake. Observation of
the sequence of the altered energy intake and expenditure
versus fat accretion may therefore contribute to support for of
one of the theories versus the others.

An apparently counterintuitive consequence for the over-
flow theories of the separate phases of increase in energy
turnover and fat accretion is that elevated energy turnover
induced by excessive food intake would be predictive of later
fat accretion, which, however, is not the case [62]. In fact, a
low energy turnover may predict later fat accretion by
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facilitating the increasing energy supply to the growing lean
body mass in weaker opposition to an activated adiposity
force.

The argument may be taken one step further to an exper-
imental setting, where observation of a continued fat
accretion when energy intake is limited would be incompati-
ble with the overflow theories, but supports the adiposity-
force theory. This is in fact seen in some analogous rodent
studies [35], but the feasibility of such studies in humans
is questionable.

What is ultimately needed is the experimental or quasi-
experimental demonstration, including quantification, of the
assumed coordinated causal links of the activation, operation
and effects of the adiposity force: from the triggering occur-
rences in the social environment via altered mental state,
altered brain function, neuro-hormonal signalling to the adi-
pose tissue, modulation of the adipocyte and lipid
turnover, and net fat accretion, to the eventual cumulative
effects that constitute obesity development. A further qualifi-
cation of the theory would require a dose–response
quantification of the action of the adiposity force under
different conditions influencing energy balance, ranging
from food abundance to food scarcity.
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