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The agricultural and technological revolutions of
the late 20th century have influenced both of the
discretionary components of the energy balance
equation, namely energy intake and physical ac-
tivity. These changes act synergistically in the
direction of encouraging weight gain and repre-
sent an unprecedented change in man’s ecolog-
ical niche. Obesity is the predictable biologic
response to these external changes. This paper
reviews the physiologic responses to modern di-
ets and their effect on energy regulation. The
energy density of foods is identified as a key
element in influencing energy intake due to weak
satiety signals that fail to compensate for very
energy-dense foods. Evidence is also presented
to show that interactions between energy-dense
diets and low-levels of physical activity are key
elements in encouraging weight gain due to an
asymmetry between the hunger and satiety arms
of human appetite control.
Key words: obesity, energy balance, energy-
dense diets, sedentary behavior, evolution
© 2004 International Life Sciences Institute

doi: 10.1301/nr.2004.jul.S98–S104

Interactions between Energy Intake and
Physical Activity

Changes in Diet and Activity: An Evolutionary
Perspective
The evolution of species by natural selection, and the
accompanying metabolic and physical changes that oc-
cur, generally happen at a barely perceptible rate as
environments are gradually altered by climatic change or
by the influence of other species. Occasionally, however,
there are momentous events that produce an instanta-

neous change in the environment; these must be met by
sudden adaptations for a species to survive, eliciting an
episode of “punctuated evolution.” In the past few de-
cades the human race has been challenged by an example
of this type of precipitate change in the ecologic niche
that it inhabits. It is a change that is self-engineered, and
is having a remarkably rapid and pronounced effect on
body size and shape throughout most of the world. The
ecologic shift arises from the technological and agricul-
tural revolutions that have coincided to allow a profound
reduction in the amount of physical activity needed to
function in the modern world and a widespread dietary
abundance, especially of energy-dense, highly refined
fats and carbohydrates (Figure 1). These have additive
effects in inducing positive energy balance.

In most mammalian species, including man, and
under most environmental circumstances there tends to
be a direct relationship between the amount of food
consumed and the amount of work that needs to be done
to obtain that food. This was true of hunter-gatherer man
and, until very recently, of agrarian man. In hunter-
gatherers the direct relationship between energy in and
energy out pertained over a short interval of days or
weeks since little food was stored. In agrarian man, who
developed the ability to produce grains for storage, the
energy in/energy out equation must be viewed over an
entire agricultural cycle. Interestingly, within the annual
cycle there is usually a reciprocal relationship between
energy in and energy out. This is well illustrated by data
from rural subsistence farmers in The Gambia.1 During
the rains men, women and older children work extremely
hard in the fields at a time when the food stores from the
previous harvest are starting to run out. During the
harvest (dry) season when food is plentiful, there is no
need to work in the fields. This reciprocal relationship
results in cycles of fat loss and regain as shown in Figure
2. Note that this cyclical pattern, in which around 50% of
adipose tissue is utilized and then redeposited each year,
shows adipose tissue acting as nature intended—as a
buffer to allow for temporal imbalances between energy
needs and energy intake.

These are the conditions that have molded the met-
abolic evolution of most of our ancestors and, together
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with the need to survive episodic starvation, have se-
lected a thrifty metabolism.2 Even during these ancestral
times there have been occasional small groups of indi-
viduals who have been rich enough or powerful enough
to live off the hard work of laborers, serfs and slaves. It
is no coincidence that corpulence was almost solely
confined to these groups and that it became seen as an
honorable manifestation of their status and wealth. The
remarkable aspect of the last 50 years is that human
ingenuity has suddenly devised ways of creating a vast
excess of food with minimal input of human physical
labor and at a fraction of its historical price relative to the
average disposable income of the population.3 Further-
more, the carbohydrates and fats are now highly refined,
thus increasing their energy density, decreasing their
satiety index, and reducing the amount of physiologic
work required in digestion and absorption. Other tech-
nological developments in factories and engineering dis-
placed the majority of the population from physically
demanding to sedentary occupations. This move toward

inactivity has been compounded by myriad electronic
power-assisted tools and appliances designed to reduce
energy input into most everyday tasks. It is further
compounded by the highly seductive pastimes of TV
viewing, computer games and the Internet, all of which
conspire to induce sedentary behaviors.

If we stand back from the current obesity pandemic
and view it from an evolutionary perspective it appears
that we are currently passing through a more rapid
challenge to our metabolic make-up than has ever pre-
viously been encountered in man’s history. Like the
anthropometric change in height that occurred over the
past two centuries, the change in girth is probably here to
stay.

This view of obesity is more than simply an esoteric
insight by evolutionary biologists; it provides important
messages for prevention and treatment, and raises further
questions for the future. It highlights the fact that most
modern obesity is a highly predictable biological re-
sponse to our new environmental conditions and is not an

Figure 2. Annual cycles of weight loss and regain in rural Gambian women. Data from 11,000 anthropometric measurements in over
200 women. The severity of each year’s weight loss depends on the adequacy of the previous year’s harvest and varies with climate.

Figure 1. Rapid ecologic change in the late 20th century as the prime cause of obesity.

S99Nutrition Reviews�, Vol. 62, No. 7

D
ow

nloaded from
 https://academ

ic.oup.com
/nutritionreview

s/article/62/suppl_2/S98/1812449 by guest on 26 M
ay 2023



abnormal pathology. This raises the worrying specter of
billions of pharmaceutical dollars being invested in dis-
covering a cure for normal physiology. It also raises
interesting questions about whether natural selection will
assist future generations to cope with this new ecologic
niche without the damaging comorbidities currently as-
sociated with the obesity epidemic.

Physical Activity and Energy Intake: The Two
Discretionary Components of the Energy
Balance Equation
Energy expenditure is made up of three dominant com-
ponents: basal metabolism, thermogenesis (dietary-in-
duced and thermoregulatory) and physical activity. Only
the last of these has a substantial element of voluntary
control. Energy intake, on the other hand, is entirely
voluntary except in clinical conditions. Thus the modi-
fiable aspects of the energy balance equation amount to
just the two variables: physical activity and food intake
(Figure 3). Each of these is a complex bio-behavioral
phenomenon subject to genetic, physiologic, early-life,
and demographic influences. This paper describes the
importance of the interactions between activity and en-
ergy intake in establishing a stable and healthy body
weight.

Experiments in small animals and observations in
wild animals show that a ‘set-point’ of body weight is
accurately defended under most conditions. In rats, this
set point can be altered downwards or upwards by lateral
or ventromedial surgical lesions to the hypothalmus, but
the new levels will still be accurately defended after
periods of imposed starvation or overfeeding.4 This dem-
onstrates that there are inherent feedback systems capa-
ble of regulating energy homeostasis with great preci-
sion. The same is true for humans (Figure 2), though
there has been much controversy about the exact details

of any ‘set point’ regulation,5,6 and a general failure to
find good evidence of short-term auto-regulatory linkage
between intake and expenditure.7

These feedback loops only function adequately
within the settings in which they originally evolved, and
are easily disrupted by a change in the external environ-
ment. For instance, the imposition of physical inactivity
in experimental animals impairs their ability to regulate
energy balance,8 and the replacement of low-fat labora-
tory chow by a “cafeteria diet” with energy-dense and
highly palatable foods causes massive fat deposition and
extreme obesity.

The same phenomena can be readily demonstrated
by experiments in humans. Figure 4 shows the impact on
energy balance of covertly altering the energy density of
diets fed to normal lean volunteers. The volunteers were
asked to eat normally and were unaware that the fat
content (and hence energy density) of the diets differed
between each of three dietary treatments.9–11 In both
Experiments 1 and 2, energy balance was strongly influ-
enced by the energy density of the diets with a similar
slope for the effect in each trial. This was due to a
physiologic failure to recognize that the energy content
of the diets differed and to modify appetite or energy
expenditure accordingly. The absolute levels of energy
balance differed between the two trials because Experi-
ment 1 was performed within whole-body calorimeters
that constrained physical activity while Experiment 2
was conducted in free-living conditions. The effect of
activity was considerable; for instance, the 40% fat diet
induced a positive balance of �850 kJ/d in the calorim-
eter as opposed to �1800 kJ/d under free-living condi-
tions: a difference equivalent to 65 g of fat per day.

The above experiments were not intentionally de-
signed to demonstrate diet-activity interactions and in-
volved different subjects in each trial. Figure 5 shows the
results of a further trial conducted in whole-body calo-
rimeters and specifically designed to test the relative
effects of inactivity and energy-dense diets on energy
balance. Healthy lean men were asked to eat normally
from diets provided ad libitum in which the energy
density of apparently identical foods had been covertly
manipulated by providing a low-fat and a high-fat ver-
sion.12 The experiment involved a randomized 2 � 2
design in which the other variable was enforced inactiv-
ity versus a simulated free-living activity. The latter
required 4 � 40 minutes of moderate work on a cycle
ergometer in order to enhance the normally low level of
energy expenditure in a chamber (�1.3 � BMR) up to
the level of a free-living, but rather sedentary person
(�1.55 � BMR). The results show that energy balance
was close to zero on the low-fat diet and normal activity.
The imposition of a sedentary behavior pattern or the
provision of a high-fat diet each created net energy gains

Figure 3. Synergistic effects of changes in the discretionary
components of the energy balance equation.
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(of �2.55 and �1.07 MJ/day respectively). However,
when imposed together the two effects appeared to be
more than additive, creating a positive imbalance of
�5.13 MJ/day. This amounts to almost 50% of the
subjects’ total energy requirement and would be equiv-
alent to a fat gain of around 130 g/day.

These careful physiologic experiments vividly illus-
trate the vulnerability of human energy homeostatic
mechanisms when the external conditions are shifted
beyond the original design envelope of the system. Sev-
eral salient features stand out from these and other
similar measurements. First, it is easy to induce positive
energy imbalances in a reproducible manner even in lean
subjects who presumably have relatively intact regula-
tory systems. Second, these can be induced for periods as
long as several weeks without any apparent cognitive or
physiologic recognition by the subjects and without trig-
gering any measurable auto-regulatory mechanisms (in
the form of induced satiety or enhanced energy expen-
diture). Third, there is a powerful interaction between
inactivity and energy-dense diets—two of the prominent
features of our modern environment.

Implications of Low Activity Levels in Relation
to the Asymmetry of Appetite Control

The ability to maintain the body’s energy reserves in the
form of hepatic and muscle glycogen, together with at
least a limited supply of fat, is a survival imperative in all
mammals necessary to support basic physiologic and
immune function, and to mount fight and flight re-
sponses. Consequently, hunger is a strong physiologic

drive made up by robust neuro-endocrine mechanisms
that are protected by multiple levels of redundancy. With
the unexplained exception of anorexia nervosa, hunger is
only inhibited when there are sound survival reasons to
do so (e.g., the cytokine-induced inanition of infection).

In humans, there is additional evidence that the
evolutionary pressure of recurrent periods of food short-
age and famine have selected a propensity for fat storage
with optimal levels in excess of those needed for day-
to-day survival.2 The capacity for fat storage is very
large and, except in the extreme circumstances of mod-
ern obesities, the biological advantages (protection of
reproduction, survival of famine) have outweighed the
penalties (vulnerability to predation, impaired physiolog-
ical function). Consequently there has never been the
imperative to develop strong satiety mechanisms.

This imbalance between the effectiveness of the
hunger and satiety signals leads to an asymmetry in
appetite control that helps to explain why current life-
styles create such a high level of susceptibility to obesity
in most individuals. It also helps to explain why regular
physical activity aids automatic body weight regulation.
Physically active people will be more likely to have
energy needs that are above the culturally ‘normal’ food
supply, and their energy homeostasis relies on efficient
hunger signals (Figure 6). Inactive people have energy
needs that tend to be below the cultural norm for food
consumption and hence their energy homeostasis relies
on physiologically inefficient satiety signals. It is for this
reason that so many individuals have had to adopt cog-
nitive dietary restraint in place of their innate physiologic

Figure 4. Interactions between high-fat energy-dense diets and
physical inactivity in causing energy retention. Data from two
separate experiments in which men were allowed to eat ad
libitum from diets in which the percent energy from fat had
been covertly manipulated at 20, 40, and 60%.9,10 Experiment
1 was conducted under the low activity conditions of a whole-
body calorimeter. In Experiment 2, the subjects were free
living.

Figure 5. Interactions between high-fat energy-dense diets and
physical inactivity in causing energy retention. Data show
energy balance (measured by continuous whole-body calorim-
etry) for 9 men allowed to eat ad libitum from diets in which
the percent energy from fat had been covertly manipulated with
different activity levels imposed.12 Low fat � 35%; high fat �
60% energy from fat. Error bars � SEM.
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regulatory system in order to maintain leanness in the
modern world.

The consequences of this asymmetry in appetite
control are further confounded by marketing trends to-
wards larger portion sizes and increased energy density
of foods,13 each of which is diametrically opposite to the
logically desirable response to the secular decrease in
energy needs.

Are There Thresholds of Physical Activity
Below Which Appetite Control Is Ineffective?

It can be postulated that appetite control mechanisms
evolved during conditions of high daily energy flux and
that the neuroendocrine systems involved require a cer-
tain turnover of substrates in order to be able to detect
errors in balance with sufficient precision. The classic
studies of Jean Mayer in Bengali jute mill workers8

highlighted the higher body mass index of the sedentary
clerks and were interpreted as indicating a breakdown in
homeostasis (Figure 7). However, this is extremely weak
evidence. His subsequent studies in exercised and sed-
entary animals (Figure 8) provided some better, but still
very limited, experimental support8. Stubbs and Shetty
and their colleagues made some indirect tests of this
thesis in the course of experiments studying the glyco-
genostatic theory of appetite control14,15 and found little
support. Instead the trials once again confirmed the
vulnerability of appetite control mechanisms (even at the
higher levels of energy expenditure). Schoeller et al.
have proposed the existence of a minimum threshold of
activity-related energy expenditure required to maintain,
weight loss in postobese women,16 but as with many
claims of biologic thresholds the data require the eye of
faith to distinguish them from a continuous relationship.
In the absence of stronger evidence the postulate remains
unproven.

Relevance of Physical Activity to Weight Loss
and Stable Weight Maintenance

There are now a number of published studies showing
that physical activity benefits stable weight maintenance,
especially after weight loss. For example, Grodstein et al.
showed that, following substantial weight loss on an
Optifast™ program, exercise frequency protected against

Figure 6. Schematic illustrating the effect of asymmetry in
human appetite control.

Figure 8. Energy intake and body weight in Mayer’s study of
sedentary and exercised rats. Adapted from Mayer.8

Figure 7. Energy intake and body weight in Mayer’s classic
study of Bengali jute mill workers. Adapted from Mayer.8
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weight regain (�2.0 kg/hr/wk), and TV viewing pro-
moted weight regain (�0.3 kg/hr/wk).17

Figure 9 shows the well-known weight loss studies
in Boston policemen18 who were randomized to weight
loss diets with and without exercise and then re-random-
ized to exercise or no exercise for the post-diet weight-
maintenance period. This study graphically demonstrates
that exercise provides little additional benefit during
weight loss by dietary restriction, but provides substan-
tial benefit in terms of weight-loss maintenance.

A corollary of this, shown by a number of meta-
analyses, is that exercise alone is not an effective means
of losing weight.19 This can be explained by several
factors. First, that it is possible to restrict energy intake to
a much greater absolute degree than it is to elevate
energy expenditure, especially in overweight subjects.20

Second, that really effective exercise tends to substitute
lean tissue for fat. Thus, weight change underestimates
the degree of negative energy balance.21

The efficacy of exercise in aiding weight mainte-
nance is partly due to the issues discussed above with
respect to the asymmetry in appetite control, but has also
been attributed to the psychological effects of exercise in
enhancing well-being and status of control, and hence
compliance with a restrictive dietary regime.

Critical Drivers of the Obesity Epidemic:
Gluttony or Sloth?

In 1995, Prentice and Jebb published a widely cited
analysis that used a range of epidemiologic data to
demonstrate that modern trends towards inactivity are at
least as important as changes in diet in precipitating of
the obesity epidemic.22 This has been frequently, and
often willfully, misquoted to imply that diet plays an
unimportant role.

In fact, the average weight gain in modern adult

populations amounts to only 1–2 grams per day (equiv-
alent to 40–50 kJ/day or about 0.5% of daily energy
turnover). Even in grossly obese people the lifetime error
in energy regulation is surprisingly small. It would be
impossible to detect such a minor error using epidemio-
logic data. Instead of representing a quantitative estimate
of imbalance, the Prentice and Jebb analysis simply
illustrates that low levels of physical activity are impor-
tant drivers of positive energy balance. However, inac-
tivity alone does not cause obesity. Weight gain only
occurs when energy intake is not down regulated to
match the low energy needs of an active lifestyle.

The experimental data cited above (Figures 4 and 5)
demonstrate some of the dietary factors that play a highly
significant role in inducing energy storage. In particular,
high-fat energy-dense diets readily lead to hyperphagia
even in the absence of differences in the palatability of
foods or marketing practices that encourage overeat-
ing.23 This hyperphagia is an accidental consequence of
the characteristics of human appetite control and hence is
often referred to as passive overconsumption.24 As indi-
cated above, the asymmetry of appetite control makes
sedentary individuals more susceptible to passive over-
consumption. The mismatch between energy intake and
energy expenditure is the central message of the Prentice
and Jebb analysis.

Lessons for the Prevention and Treatment of
Obesity

The above analysis suggests that there is nothing com-
plicated about the origins of the obesity pandemic. It is a
perfectly predictable response to our self-inflicted alter-
ations in lifestyle and, except in rare individuals, has
little to do with obscure genetic or metabolic defects.25

While it is neither possible not desirable to turn back the
clock of progress this perspective does shed light on the
need to recreate the environmental conditions in which
mankind has evolved by increasing physical activity and
decreasing the energy density of diets.
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