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Introduction

Exercise is essential for a healthy lifestyle. In clin-
ical and observational studies, greater physical ac-
tivity has been shown to decrease all-cause
mortality (4, 9, 36, 42, 73) as well as the risk of
cardiovascular disease (74), Type 2 diabetes (5),
many cancers (14, 36), mental illness (76), and
cognitive decline (66). Conversely, greater time
spent inactive and sedentary is associated with
increased cardiometabolic disease and shortened
lifespan (11, 12, 37, 43).

Mechanisms underlying the health benefits of
exercise have come increasingly into focus over the
past few decades. For example, exercise is thought
to promote cardiovascular health in large part by
increasing cardiac output, which leads to myocar-
dial strengthening and induces shear stresses in
the vessels (74). This shear stress leads to increased
nitric oxide production, which in turn promotes
endothelial repair and vascular elasticity (74).
Chronic exercise has been shown to blunt the re-
sponsiveness of the hypothalamus-pituitary-adre-
nal (HPA) axis, reducing stress hormone levels
(namely cortisol) and improving mental health
(76). The cognitive benefits of exercise appear to
stem in large part from increased vascular supply
to the brain and exercise-induced production of
neurotrophins (66). Chronic exercise is also known
to play a critical role in regulating energy intake
(65), insulin sensitivity (44), and glucose traffick-
ing (57).

It has long been assumed that increased physical
activity leads to corresponding increases in total
energy expenditure (TEE; kcal/day) and that in-
creased expenditure was another protective bene-
fit conferred by regular exercise. Certainly, in the
immediate term, exercise can have profound ef-
fects on energy expenditure, with metabolic rate
rising by an order of magnitude during strenuous
exercise. Furthermore, if a person begins a regular
exercise program or other lifestyle change that
adds substantially to his or her typical workload,

TEE usually increases during the first weeks or
months (see below). Nonetheless, results from
doubly labeled water studies over the past two
decades, measuring TEE during normal daily life,
have come to challenge the view that high levels
of habitual physical activity result in correspond-
ingly high TEE. Human populations around the
globe have similar TEE regardless of lifestyle (19).
For example, Luke and colleagues demonstrated
that women in a physically active farming com-
munity in Nigeria and a more sedentary urban
community in the U.S. had similar TEE and ac-
tivity energy expenditure (AEE; kcal/day), the
portion of TEE not attributable to basal meta-
bolic rate (BMR; kcal/day), or digestion costs
(20). My colleagues and I have shown that TEE
and AEE among physically active Hadza hunter-
gatherers in northern Tanzania and Tsimane for-
ager-farmers in Bolivia are similar to more
sedentary populations in the U.S., Europe, and
Asia (59, 61, 62, 64). In an analysis of 332 adults
from the Modeling the Epidemiological Transi-
tion Study (METS), my colleagues and I found
that daily physical activity measured by acceler-
ometry was only weakly correlated with size-
adjusted TEE, and above median levels of
physical activity, we found no effect on TEE (58).
Among non-human primates and other species,
captive populations have similar TEE to their
counterparts in the wild (60, 64).

The lack of correspondence between habitual
physical activity and TEE is not limited to obser-
vational studies. In controlled exercise interven-
tion studies, human subjects often exhibit a much
smaller increase in TEE than expected from the
induced exercise workload (28, 34, 38, 84). Simi-
larly, weight loss in exercise interventions is often
less than predicted from exercise workload, sug-
gesting a smaller increase in TEE (and smaller en-
ergy imbalance) than expected (16, 26, 47, 70, 71,
79). In many controlled laboratory studies in ro-
dents and birds, TEE does not respond to in-
creased physical activity (41, 56, 63).
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These observations have led me to propose a
Constrained TEE model for energy compensation
(63). The Constrained TEE model posits that hu-
mans and other animals share a set of evolved
mechanisms to maintain TEE within a narrow
range, dynamically compensating to changes in
physical activity to keep daily expenditure in check
(FIGURE 1). This compensation may take several
weeks (or even months; see below); acute exercise
bouts will still raise energy expenditure in the im-
mediate term (exercise does not become “free” of
energy cost), and lifestyle changes that affect daily
activity workload may also affect TEE until com-
pensation occurs. Nonetheless, in the long term,
physical activity will have little, if any, measureable
effect on TEE. Instead, an organism’s TEE will be a
product of its evolutionary history and, potentially,
its developmental milieu, and be matched to the
availability of food energy in its environment (63).
TEE may increase or decrease over evolutionary
time, but habitual TEE does not correspond to
habitual daily physical activity (59, 62– 64).

A Constrained TEE model holds important im-
plications for understanding the relationship be-
tween activity, metabolism, and health in humans
and other species. In this review, I first examine the
evidence for energy compensation from exercise
intervention studies in humans to assess the effects
of study duration and exercise workload. I then
develop a model linking energy compensation and
Constrained TEE to health.

Energy Compensation and
Constrained TEE

Energy compensation, also called “metabolic ad-
aptation” (58, 79), is a commonly observed phe-
nomenon in which an organism responds
behaviorally or physiologically to a change in ac-
tivity or diet such that the impact of the change is
blunted. For example, a person newly enrolled in
an exercise regime that adds 200 kcal/day to their
daily activity workload may be observed to show
an increase in TEE of �200 kcal/day, indicating
some form of compensation occurred that reduced
the expected metabolic impact of the exercise pro-
gram. Energy compensation to increased physical
activity is a common phenomenon in exercise in-
terventions, but the degree of compensation varies
among subjects and studies (16, 26, 28, 34, 38, 46,
70, 71, 79, 84), leading to uncertainty in the size
and regularity of the effect. Riou and colleagues
(70) examined energy compensation data from 61
studies (928 subjects). They found that much of the
variation in energy compensation was attributable
to study duration and the age and body composi-
tion of the subjects (70). For interventions of �26
wk, energy compensation was highly variable and

generally lower than for interventions lasting �26
wk (FIGURE 2). For long-duration studies, energy
compensation approached ~80%. For shorter stud-
ies (�26 wk), subjects with greater body fat per-
centage exhibited less compensation, and the

FIGURE 1. Constrained TEE, lifestyle, and health
The Constrained TEE model posits that TEE is main-
tained within a narrow range (63). As daily physical activ-
ity increases, other components of daily energy
expenditure are reduced to keep TEE in check. Non-
essential expenditure is expected to decrease first; es-
sential activity should be spared unless physical activity
workload becomes too great. Moving from a sedentary
to an active lifestyle leads to downregulation of non-
essential expenditures including reduced inflammation
(WBC, white blood cell), reduced HPA and SNS reactiv-
ity (C, cortisol; NE, norepinephrine), and reduced repro-
ductive hormone levels (E, estrogen; Prog.,
progesterone; T, testosterone). These reductions lower
the risk for a broad range of chronic diseases (CVD, car-
diovascular disease; T2D, Type 2 diabetes). At extreme
levels of physical activity (e.g., elite athletes), essential
function is compromised, negatively affecting health.
Consequently, all-cause morbidity and mortality may ex-
hibit a U-shaped curve with physical activity, with in-
creased chronic disease among sedentary people and
increased infection and other maladies among the ex-
tremely active. 2, small or moderate effect; 22, large
effect; ?, uncertain or inconsistent effect.

REVIEW

PHYSIOLOGY • Volume 33 • November 2018 • www.physiologyonline.org 385



effect of body fat was strongest in young adults
(70). The apparent effect of body fat on the timing
or degree of metabolic compensation could reflect
a kind of buffering: greater energy reserves (e.g.,
more fat) might blunt physiological signals of en-
ergy stress and thus diminish the speed or degree
of metabolic response. Exercise workload (kcal/
wk) had no effect on the degree of compensation
(FIGURE 2).

The effect of duration on the degree of compen-
sation is consistent with a high degree of metabolic
compensation evident in ecological studies of TEE.
TEE measured during normal daily life reflects
years or even decades of habituation to some cus-
tomary level of physical activity. It follows that
physical activity is a poor predictor of TEE among
populations (19, 20, 58 – 64). The duration effect
should also inform future tests of the Constrained
TEE model, since compensation to increased
physical activity is inconsistent before ~6 mo
(FIGURE 2). Notably, metabolic compensation ap-
pears to be much faster in rodents and birds, ap-
parent in weeks rather than months (56, 63),
suggesting that the rate of compensation might be
related to body size or mass-specific metabolic
rate. The factors affecting the timing and degree of
compensation in humans and other species war-
rant further investigation.

One prediction of the Constrained TEE model is
that energy compensation to exercise is propor-
tional to the increase in physical activity expendi-
ture. Data compiled by Riou and colleagues (70)
support this view. In studies �26 wk in duration,
energy compensation (kcal/wk) was strongly cor-
related with intervention exercise energy expendi-
ture (FIGURE 2). This correlation is weaker, but still
significant, when shorter studies (�26 wk) are
included.

An important caveat in interpreting energy com-
pensation data from exercise-based weight-loss in-
terventions is that TEE was not typically measured
in these studies. Changes in energy intake and TEE
could both contribute to energy compensation,
and their relative effects in these studies are typi-
cally unclear. However, in cases where TEE is mea-
sured (e.g., Refs. 28, 34, 38, 84), changes in TEE
often account for all or most of the observed com-
pensation. More direct measures of TEE are
needed in exercise intervention studies.

Because energy intake was also not measured in
these studies, the potential effects of caloric re-
striction on energy compensation are uncertain.
Energy compensation and TEE constraint are ap-
parent in subjects that are weight stable and thus
in energy balance (58 – 64), indicating that caloric
restriction to the point of energy imbalance and
weight loss is not necessary to induce compensa-
tion. Nonetheless, some degree of food restriction
could affect the timing and degree of compensa-
tion. For example, subjects in weight-loss studies
might limit their intake even if not directed to do
so. Similarly, in highly active, non-industrialized
societies in which food availability might be lim-
ited, constraints on energy availability could affect
metabolic compensation (63). The possible addi-
tive and interactive effects of physical activity and
calorie restriction on metabolic compensation
warrant future attention.

The relative contributions of behavioral and
physiological changes to energy compensation in
TEE also remain unclear (58, 63, 70). The evidence
for behavioral compensation is mixed, with studies
in humans suggesting that changes in non-exercise
physical activity are insufficient to account for the
observed degree of energy compensation (47, 48,
58). Instead, an emerging model of TEE suggests

FIGURE 2. Energy compensation in exercise intervention studies
Data taken from a comprehensive review by Riou and colleagues (70), with additional data from more recent studies
(26, 46) and used with permission. At 0% energy compensation, weight loss matches that predicted from imposed
exercise expenditure; �0% indicates greater than expected weight loss. At 100% energy compensation, there is no
weight loss; �100% indicates weight gain. A: for studies �26 wk in duration, compensation averaged ~80% (mean:
78%; SD: 23%; n � 16 cohorts). B: percent compensation was unrelated to the volume of imposed exercise expendi-
ture. C: the absolute amount of compensation was strongly related to imposed exercise expenditure, particularly for
studies �26 wk in duration (compensation � 0.70 � 0.05 exercise expenditure; linear regression with intercept set at
0; adj. r2 � 0.95; P � 0.001; df � 12; black dashed trend line).
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changes in other non-musculoskeletal physiologi-
cal activity contribute to energy compensation (47,
58, 63). Indeed, a large body of evidence shows that
exercise has suppressive effects on physiological
activity throughout the body, including the im-
mune system, HPA axis, SNS, and reproductive
system. Systemic exercise-induced downregulation
has important implications for human ecology and
may represent a previously unappreciated mecha-
nism underlying the health effects of exercise.

Constrained TEE and Health

One of Darwin’s (18) key insights was that the
essential resources for growth, reproduction, and
maintenance are limited; all species evolve under
conditions of scarcity. For a given species, the al-
location and prioritization of resources to various
physiological tasks should reflect its evolved life
history strategy. Heuristically, we can think of this
prioritization as differentiating “non-essential” ac-
tivities, which can be delayed or reduced without
critical effects on evolutionary fitness (i.e., survival
and reproduction), and “essential” activities,
which cannot.

Such prioritization is most evident when re-
sources are restricted. For example, in a graded
caloric-restriction study, Speakman and colleagues
showed that male mice reduce the size of the heart,
kidneys, liver, and spleen in response to energy
shortfall but maintain the size of the brain and
testes (52). Maintenance of reproductive capacity
(testes) at the expense of somatic maintenance and
immune defense (spleen) is consistent with a life-
history strategy that prioritizes fertility above lon-
gevity. Energy prioritization during periods of
energy shortfall in humans is not well studied but
likely differs from short-lived species such as mice
(53). For example, in a recent study among Shuar
children in rural Ecuador, Urlacher and colleagues
found strong negative correlations between im-
mune activity and linear growth (81), suggesting
humans prioritize immune function over growth
rate. During periods of resource abundance, we
should expect energy allocation and cellular activ-
ity to increase in all parts of the organism, with
highly prioritized functions leading the way.

Consider these changes in energy allocation in
the context of a Constrained TEE model, in which
TEE is limited and increased physical activity ex-
penditure incurs corresponding reductions in
other expenditures (FIGURE 1). We should expect
most (perhaps all) species to exhibit an evolved
energy compensation strategy that reduces non-
essential expenditures first, sparing essential func-
tions as physical activity increases (FIGURE 1).
Once non-essential reductions are exhausted, fur-
ther increases in physical activity would lead to

reductions in essential functions, compromising
survival and reproduction (FIGURE 1).

Throughout the 2-million-year evolutionary his-
tory of our genus, high levels of physical activity
would have been the norm, just as they are today
in small-scale hunter-gatherer and horticulturalist
societies (11–13, 59, 67). Consequently, our physi-
ology evolved under conditions in which non-es-
sential expenditures were usually held in check,
and only fully engaged during limited and sporadic
periods of energy abundance and low physical ac-
tivity. By contrast, in modern industrialized societ-
ies, humans live in a perpetual state of energy
abundance and low physical activity. Non-essen-
tial physiological function is chronically high, a
condition unseen in our evolutionary past.

Reducing energy expenditure in non-essential
functions may therefore be an important mecha-
nism underlying the health benefits of exercise in
industrialized populations today. This hypothesis
predicts that physical activity should downregulate
physiological activity elsewhere, throughout the
body. Furthermore, these reductions should be as-
sociated with a continuum of health outcomes. At
moderate levels of physical activity, the reduced
non-essential expenditures should be associated
with positive health outcomes. Extremely high lev-
els of physical activity, in which essential function
is compromised, should be associated with nega-
tive health outcomes.

Immune System

Immune system response to pathogens is essential
for survival and involves a wide array of cell types,
cytokines, and other factors. Innate (i.e., non-spe-
cific) immune response is thought to be particu-
larly energetically costly (45, 88). Regulation of
immune activity and reactivity, particularly of the
innate response, should be expected to be sensitive
to energetic cues. In a state of energy abundance,
immune response would be greatest, with copious
resources allocated to any insult. Under energy
stress, immune response would be muted, with a
higher threshold for response and fewer resources
(cells, cytokines, and associated metabolic activity)
directed toward a perceived challenge. The Con-
strained TEE model predicts that the energy-re-
lated regulation of immune function will be
mediated by physical activity (FIGURE 1).

Inflammation, an important and pervasive com-
ponent of the innate immune response, is known to
respond to physical activity (27, 75, 76, 83). During
exercise, inflammation increases in a dose-depen-
dent manner with exercise intensity (27, 75, 76, 83).
However, post-exercise, the body is in an anti-
inflammatory state, and chronic exercise and phys-
ical fitness (an indicator of chronic exercise) are
associated with lower levels of pro-inflammatory
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cytokines, including C-reactive protein, in both
cross-sectional and longitudinal (exercise inter-
vention) studies (51, 76). In a large (n � 3,638)
cross-sectional study of healthy U.S. adults,
Abramson and Vaccarino (1) found that men and
women reporting four or more bouts of physical
activity in the previous month had lower plasma
levels of C-reactive protein and fibrinogen, and
lower white blood cell counts than those reporting
three or fewer bouts of physical exercise.

The mechanisms underlying the anti-inflamma-
tory effects of exercise are increasingly well-under-
stood. Exercising muscle produces the pro-
inflammatory cytokine interleukin (IL)-6. The
transient (~1 h) elevation in IL-6 levels in turn
stimulates the production of anti-inflammatory
IL-10 and IL-1 receptor antagonist, IL-1A (27). Ex-
ercise also downregulates the number of pro-in-
flammatory monocytes and their expression of
pro-inflammatory Toll-like receptors (TRL1, TRL2,
and TRL4) (27). Cortisol and norepinephrine levels
increase during exercise (see below), which also
has anti-inflammatory effects (27, 76). Finally, ex-
ercise may reduce both the amount of visceral fat
and macrophage infiltration into adipose tissue,
thereby reducing the production of pro-inflamma-
tory cytokines and adipokines (27).

Lower inflammation has been proposed as a
mechanism underlying the health benefits of exer-
cise for some time (27, 76, 83). A wide range of
chronic diseases have been linked to chronic in-
flammation, including cardiovascular disease,
metabolic disease, some cancers, and cognitive
dysfunction (76, 89). Exercise can also help allevi-
ate inflammation and symptoms associated with
rheumatic autoimmune diseases, although the ev-
idence for exercise as autoimmune therapy is
mixed (7). High levels of physical activity might
even contribute to the low prevalence of allergy
and asthma in small-scale, non-industrialized pop-
ulations, which has typically been attributed to
childhood pathogen exposure (77, 90).

Immune suppressive effects of chronic exercise
are not limited to innate immune response but can
also affect acquired immune activity [e.g., T-cell
and B-cell numbers and activity (75, 83)]. At high
levels of physical activity, the downregulation of
immune function can be severe enough to have
negative consequences for health, diminishing the
body’s ability to fight infection (75, 83). Compro-
mised immune function is a well-documented
component of “overtraining syndrome” in elite
athletes (30, 75, 87). Large workloads of high-inten-
sity exercise are associated with reduced white
blood cell count, including reduced neutrophils,
monocytes, and lymphocytes (T cells) (6, 51, 75).

The contrast between the clear health benefits of
moderate exercise and the increased incidence of

illness with high exercise workloads has been
called the “elite athlete paradox” (27), but it follows
directly from a Constrained TEE model (FIGURE 1).
At moderate exercise workloads, physical activity
expenditure leads to decreases in non-essential
immune system activity (e.g., inflammation), with
reduced reactivity and muted response to patho-
gens. At higher workloads, physical activity expen-
diture reduces essential function, compromising
the immune response and increasing the likeli-
hood and severity of infection.

HPA and SNS Reactivity

The HPA axis and SNS are the primary mediators of
physiological readiness and response to physical
and psychological stressors, increasing energy
availability by catabolizing energy stores and rais-
ing heart rate and blood pressure (32, 76). Acute
activation of the SNS and HPA axis (e.g., the fight-
or-flight response) is an ancient and essential
evolved mechanism to meet short-term challenges
and promote survival. However, chronic activation
of the SNS and HPA axis is associated with a range
of negative health outcomes including poor car-
diovascular health, obesity, and mental illness
(32, 76).

HPA and SNS activity require energy to catabo-
lize energy stores and maintain increased heart
rate and blood pressure. Thus a Constrained TEE
model predicts HPA and SNS activity and reactivity
to be sensitive to physical activity and energy avail-
ability (FIGURE 1). As with inflammation, cortisol
(HPA) and norepinephrine (SNS) levels rise in a
dose-dependent manner during exercise (76, 82),
but chronic exercise and greater physical fitness
are associated with reduced reactivity and baseline
levels of HPA and SNS activity.

In an early meta-analysis, Crews and Land (17)
demonstrated that the stress response was reduced
among physically fit subjects. In a recent and com-
prehensive review, Silverman and Deuster (76) dis-
cuss the body of evidence consistently showing
that individuals with greater physical fitness (i.e.,
with greater long-term levels of daily physical ac-
tivity) exhibit less HPA and SNS reactivity to acute
stressors. For example, Rimmele and colleagues
(69) reported that trained, physically fit men
showed a smaller increase in cortisol and heart rate
(a measure of SNS activity) in response to a psy-
chological stressor (Trier Social Stress Test) than
untrained, less fit counterparts. Notably, trained
and untrained men had similar baseline cortisol
levels and heart rates (69). Intense physical train-
ing can also blunt the cortisol response to sub-
maximal exercise (82). Studies are mixed as to
whether chronic exercise also blunts the cortisol
awakening response (CAR); the effect may only be
evident with large exercise workloads (2). A recent
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within-subjects study design in recreational run-
ners found a decrease in cortisol awakening re-
sponse with greater exercise workload (3).

Blunted SNS and HPA reactivity are associated
with better cardiovascular, metabolic, and mental
health (76). An exercise intervention study by Nab-
kasorn and colleagues (55) of n � 49 women with
mild to moderate depression nicely demonstrates
the connections between exercise, energy compen-
sation, neuroendocrine response, and health. Us-
ing a randomized crossover design, they assessed
the effects of an 8-wk exercise intervention (30 min
of group jogging, 5 days/wk) on depression symp-
toms and neuroendocrine measures. The exercise
intervention had no effect on body weight, indicat-
ing ~100% energy compensation. Daily cortisol and
norepinephrine secretion (mg/day) both de-
creased by ~30% with exercise, and depression
symptoms as assessed by the Centre for Epidemi-
ologic Studies Depression scale were significantly
improved (55).

It is unclear whether extreme exercise workloads
can compromise essential HPA or SNS function.
Reduced cortisol and norepinephrine levels and
reactivity are evident in some cases of overtrain-
ing syndrome but not all (15). Furthermore, it is
unclear whether the HPA or SNS dysregulation
apparent in some cases of overtraining is asso-
ciated with negative health outcomes. It is possi-
ble that non-essential HPA and SNS activity
responds to changes in physical activity expendi-
ture but that essential HPA and SNS activity is
protected (FIGURE 1).

Reproductive Function

Reproduction is an energetically costly activity that
is known to be responsive to energy balance cues
in humans and other species (25). Reproductive
costs include not only those of pregnancy and lac-
tation, but also the costs of maintaining reproduc-
tive readiness and/or access to mates. In female
primates, including humans, ovarian and men-
strual cycles require energy investment for tissue
growth and turnover (25). In male primates, the
costs of reproductive readiness and mating access
include sperm production as well as maintenance
of muscle mass and the costs of male-male com-
petition. A Constrained TEE model predicts that
energy allocation to reproductive readiness is me-
diated by physical activity expenditure (FIGURE 1).

Ellison et al. (22–24) showed that human ovarian
function and cycle quality occur along a graded
continuum (amenorrhea, irregular/anovulatory
cycling, regular ovulatory cycling) that is highly
sensitive to physical activity and energy balance.
Even moderate exercise interventions that do not
lead to energy imbalance and weight loss can de-
crease estrogen levels and reduce ovarian activity

in healthy women (23, 24). In physically active,
rural Nepalese farmers, seasonal increases in phys-
ical activity workload were associated with dimin-
ished ovarian function (22). Women in more rural,
less economically developed (and presumably
more physically active) populations have lower lu-
teal phase progesterone levels (35). In female ath-
letes, large exercise workloads are associated with
irregular cycling and amenorrhea, even when these
athletes are in energy balance (40, 49). Indeed,
Lagowska and colleagues (40), in a study of 31
weight-stable female athletes with menstrual irreg-
ularity, found no effect of 3 mo of dietary energy
supplementation on menstrual cyclicity or on
ovarian hormone levels (estrogen and progester-
one), indicating that ovarian suppression was
driven by exercise workload rather than by food
availability or energy imbalance.

Men also show an inverse relationship between
reproductive investment and physical activity. As
with inflammation and HPA activity, testosterone
levels rise during exercise, but endurance athletes
exhibit lower baseline levels and a blunted exer-
cise-induced rise (29, 31, 72). Morning salivary tes-
tosterone is also lower among men in physically
active non-industrial populations compared with
those in less active, industrialized countries (21).
For example, among the Hadza, a hunter-gatherer
population in northern Tanzania, men accumulate
nearly 2 h of moderate and vigorous physical ac-
tivity per day (59, 67), several times more than men
in the U.S., and have morning salivary testosterone
concentrations roughly 50% lower than those of
U.S. men (54). In male endurance athletes, exer-
cise-induced depression of basal testosterone is
associated with lower libido as well as decreased
sperm density, motility, and in vitro penetration,
but not all studies find these effects (31).

Given their anabolic and proliferative effects, the
downregulation of reproductive hormone levels
may contribute to the well-documented reduction
in cancer risk with chronic exercise (14, 36).
Jasieńska and colleagues (35) showed that women
in less economically developed populations have
lower luteal progesterone levels and a correspond-
ingly reduced risk of breast cancer. Chronic exer-
cise is associated in a dose-dependent manner
with reduced risk for a wide range of cancers, in-
cluding those involving the reproductive system
(14). Regular physical activity reduces the risk of
breast cancer by ~20 –30%, prostate cancer by
~10%, endometrial cancer by ~23–29%, and ovar-
ian cancer by ~19% (14). Thus the effects of exer-
cise expenditure on reproductive function are
consistent with a Constrained TEE model in which
moderate levels of physical activity are associated
with decreased non-essential activity (e.g., subclin-
ical reductions in estrogen or testosterone) and
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improved health outcomes (e.g., reduced cancer
risk), whereas high exercise workloads impinge on
essential function, leading to clinical suppression
of the reproductive system associated with over-
training syndrome.

Although moderate physical activity and its ef-
fects on the reproductive system may be beneficial
for health, it is worth noting that activity-induced
downregulation of the reproductive system likely
has costs in terms of fecundity and fertility
(FIGURE 1). Physical activity is associated with
later age at menarche in many studies (8, 50, 80,
85) but not all (e.g., Ref. 78). In adults, reduced
ovarian hormone levels and cycle quality may
lower the probability of ovulation and conception
(24). And for mothers with nursing children, phys-
ical activity may delay the resumption of cycling.
For example, among the physically active Hadza
hunter-gatherer population (a non-contracepting
population), nursing mothers appear to resume
cycling ~1–2 yr postpartum, based on observed
birth spacing of 2– 4 yr (10). By comparison, in
relatively sedentary industrialized populations,
mothers practicing intensive breastfeeding and re-
lying on lactational amenorrhea for contraception
typically resume cycling, and occasionally con-
ceive, within 1 yr postpartum (39).

Constrained TEE and the Health
Effects of Exercise

Constrained TEE provides a unifying explanatory
framework for the widespread suppressive effects
of chronic exercise on physiological activity
throughout the body and provides a novel mech-
anism underlying the health benefits of physical
activity. Rather than separate phenomena, the
downregulation of immune activity, HPA and SNS
activity and reactivity, and reproductive function
with chronic exercise may reflect an integrated,
evolved response, reducing non-essential physio-
logical activity as physical activity expenditure in-
creases within a constrained energy budget. A
Constrained TEE model can also explain why
chronic exercise has positive health effects at mod-
erate levels but negative effects at high volumes,
the so-called “elite athlete paradox” (27). Activity-
induced reductions in non-essential physiolog-
ical function (reduced inflammation, HPA and SNS
reactivity, and reproductive hormone levels) im-
prove health, but the large exercise workloads of
elite athletes impinge on essential function and
increase health risks. Constrained TEE thus provi-
des an explanation for the U-shaped relationship
between exercise intensity and all-cause mortal-
ity reported in some studies (Refs. 9, 42, 73;
FIGURE 1).

The suppressive effects of exercise are often at-
tributed to “energy stress” or inadequate intake
(24, 27, 35, 49, 72, 76). But with the superabun-
dance of food energy in modern industrialized
populations, it is unclear why increased physical
activity should result in energy stress, unless TEE is
constrained. Indeed, the suppressive effects of ex-
ercise are generally evident in weight-stable sub-
jects who are in energy balance with adequate
energy intake, and can even persist when intake is
supplemented (40). Thus traditional Additive TEE
models, in which TEE increases with physical ac-
tivity without suppressing other expenditures (63,
64), are inconsistent with the suppressive effects of
exercise and the shift from positive to negative
health effects at high exercise intensities.

It is notable that the systemic suppressive effects
of exercise outlined in this study are similar in
many ways to those observed with caloric restric-
tion (53, 68). Although responses to caloric restric-
tion and chronic exercise might involve different
mechanisms, both likely reflect evolved physiolog-
ical strategies to match TEE to energy availability
(59). And, like chronic exercise, moderate caloric
restriction might be beneficial (68), whereas ex-
treme restriction (e.g., starvation) has obvious neg-
ative effects. Work on Constrained TEE and its
health effects might benefit by drawing on insights
from studies of caloric restriction.

Challenges and Future Directions

Constrained TEE is a promising and powerful
model for understanding the relationships be-
tween lifestyle, energy expenditure, and health, but
more work is needed. One important direction for
future research is to explore the signaling mecha-
nisms that link chronic exercise to the physiologi-
cal regulation of other systems. Exercise produces
numerous signaling molecules (86), and the path-
ways linking exercise to downregulation in some
areas (e.g., inflammation) are known. Still, other
pathways are unresolved, and it remains unclear
whether myokines from exercising muscle, sec-
ondary signals of reduced energy availability, or
some combination, drive exercise-induced down-
regulation in other systems. Exercise is also known
to affect glucose trafficking and insulin sensitivity
(44, 57), which may affect physiological activity in
multiple systems. Chronic exercise also affects
gene expression and is associated with hypom-
ethylation of some genes, and may even have
transgenerational epigenetic effects (33). The ques-
tion for future study, then, is not whether chronic
exercise can signal other systems throughout the
body but rather which signals and pathways pro-
vide the primary mechanisms by which physical
activity mediates other metabolic activity.
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Energy compensation is highly variable among
individuals and studies, particularly over the short
term (FIGURE 2), and the causes of this variability
are poorly known. Some studies, and cohorts
within studies, show relatively little compensation
(34). My colleagues and I have suggested that in-
dividuals who are extremely sedentary or have
greater body fat percentage at baseline might com-
pensate less, and show a greater increase in TEE
with chronic exercise, due to their greater energy
reserves (58, 63); with greater energy reserve, the
energy stress of adding daily physical activity
might be minimal, and the energy compensation
response blunted. There is some support for this
prediction. Individuals with greater body fat per-
centage compensate less (at least initially) (70),
and exhibit marginally greater size-adjusted TEE
(58). Wang and colleagues (84) found the greatest
energy compensation to an exercise program in
elderly women with the highest daily physical ac-
tivity at baseline. In contrast, Herrmann and col-
leagues (34) report no anthropometric differences
at baseline between adults whose TEE increased in
a dose-dependent manner with exercise vs. those
who exhibited energy compensation and TEE con-
straint. More work is needed to determine which
factors, either internal or environmental, affect the
energy compensation response to changes in
chronic exercise.

Finally, the limits of energy compensation and
TEE constraint are unclear. If energy compensa-
tion is an evolved response to variation in daily
physical activity (63), it is likely that the range of
daily activity over which humans can compensate
effectively is bounded by the range of activity typ-
ically encountered in our evolutionary past. In-
deed, the negative health outcomes evident with
both extreme sedentism and extreme physical ac-
tivity probably indicate the boundaries of our spe-
cies’ evolved range of daily physical activity.
Maintaining an evolutionary perspective on diet
and exercise should help in establishing effective
public health strategies (59). Abandoning tradi-
tional metabolic models and exploring the dy-
namic and interdependent nature of energy
regulation should advance our understanding of
human physiology and ecology and improve our
approaches to metabolic health. �
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