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Physical Inactivity and Metabolic Factors as Predictors of

Weight Gain

Wim H.M. Saris
University of Maastricht

Introduction

Obesity, defined as an excess of body fat relative to lean
body mass, is the consequence of a chronic imbalance be-
tween energy intake and energy expenditure. In spite of this
well defined etiology of the disease, it is not yet clearly es-
tablished whether the main abnormality responsible for the
increase in body fatness is chronic excess of energy intake, a
defect in energy expenditure, or perhaps a combination of
both. Despite the fact that everyone agrees energy intake
exceeds expenditure during weight gain, detailed informa-
tion whether energy expenditure rises insufficiently to match
the fluctuations in intake or vice versa is lacking,

The major difficulty in all studies addressing this topic
is the necessity to measure simall differences between en-
ergy intake and components of energy expenditure, such
as resting metabolic rate (RMR), diet-induced thermogen-
esis, or exercise-induced energy expenditure. If in an adult
man energy intake exceeds energy expenditure by 4% each
day, a daily imbalance of approximately 100 kcal will re-
sult, which corresponds with a doubling of the body weight
in 15 years if no precise adaptive mechanisms are active
to counteract this relatively small energy imbalance on a
daily basis.

Energetic Aspects of Body Weight Regulation

The above mentioned illustrates two important aspects of
the research on body weight regulation.

Firstly, on a daily or weekly basis the absolute differ-
ence in calories is very small, which will cause weight
gain in the long term. In the classic seven-country study,
weight gain in the Dutch cohort of Zutphen men was 7 kg
over a period of 15 years. The energy balance differences
account for less than 1% in the RMR, which is already at
the limits of current methods to assess significant differ-
ences between weight gainers and non-weight gainers in
the Zutphen study.

Secondly, increases or decreases in body weight in
response to an energy imbalance are accompanied by
changes in body composition and in maintenance energy
requirements, which modify the subsequent pattern of
weight gain progressively.
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Recently Weinsier et al. (1993) predicted the theo-
retical effect of a persistent reduction in energy expendi-
ture on long term weight gain, assuming no adaptation in
energy intake. They used previously reported data on body
composition and RMR in women and the energy costs of
tissue deposition. The analysis with mathematical models
indicated remarkable differences in the outcome of a re-
duced level of energy expenditure in lean and obese
women, as is shown in Table 1. With increasing degree of
obesity, RMR rises more slowly due to a lower ratio be-
tween fat-free mass (FFM) and fat mass. Proportionately
less metabolically active tissue will ultimately lead to
greater weight gain in the obese compared with the lean
individual. Due to the greater energy content of adipose
tissue, the time course for reaching a new equilibrium will
be longer.

Table 1. Predicted effect of a 50 kcal/d or 200 keal/d re-
duction in energy expenditure on the amount, composition
(% fat mass [FM]), and time course (y) of weight gain among
lean, normal, and obese women

Reduced Lean Normal Obese
energy expenditure  (S0kg) 65kg) (100 kg)
50 keal/d +3.1 (kg) +3.6 (kg) +4.6 (kg)

54% (FM) 67% (FM) 82% (FM)
4.5 (y) 6.1(y) 9.1(y)
+13.4 (kg) +15.5 (kg) +19.4 (kg)
59% (FM) 70% (FM) 84% (FM)
53(y) 69  98(y)

Adapted from Weinsier et al. (1993).

200 kcal/d

Based on these calculations, which assume there are
no adaptations in energy intake or biological changes in
thermogenic capacity and daily physical activity, it takes
about 5 years for the lean individual and 10 years for the
obese woman to reach a steady state situation. This type
of weight gain simulation study gives better insight into
the physics of energy balance or imbalance in light of the
first and second law of thermodynamics and practical out-
come in daily life.

Too often weight gain is attributed to mechanisms that
violate the basic principles of physics. However, to keep
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weight within normal ranges, metabolism will up- or down-
regulate energy expenditure. At the same time, human
metabolism is the result of genetic selection in the struggle
for life and survival of the fittest. The ability to lay down
fat rapidly when there is an abundance of food to survive
in periods when food becomes scarce is merely part of our
genetic background. The dramatic changes in lifestyle and
food availability during the last century, however, did not
change our metabolic drive to secure energy reserves. The
classic Minnesota semistarvation study performed by Ancel
Keys et al. (1950) shows this metabolic drive for energy
conservation in detail: 24 weeks of starvation resulted in a
25% loss of body weight. In absolute terms, RMR de-
creased by nearly 40%. This was partly due to loss of meta-
bolically active tissue such as muscle. However, the meta-
bolic rate per unit of active tissue also decreased by about
15%. Although the Minnesota study did not measure daily
physical activity, based on the energy balance calculation
it seems certain that energy was also saved by reduced
levels of activity.

Recently Leibel et al. (1995) published a study on the
effects of metabolic drive from aitered body weight. Lean
and obese individuals were over- and underfed to change
body weight to +10% above initial body weight and -10%
and in the obese also to -20% initial body weight. The
investigators measured at different levels of stable body
weight resting and nonresting energy expenditure by use
of the precise doubly labeled water technique. The results
clearly showed that the human body has a powerful mecha-
nism to adapt metabolism and behavior to burn excess calo-
ries or to shut down energy turnover to save energy in a
situation of food shortage.

As in the Minnesota study, RMR corrected for
changes in body weight, and body composition decreased
with about 12% in the -10% initial body weight status. In
contrast to the Minnesota study, further decline of body
weight to -20% initial body weight did not lead to addi-
tional energy efficiency in (-13%) RMR in the study of
Leibel et al. As expected, RMR wag higher at the +10%
initial body weight steady state level, demonstrating the
metabolic drive to burn extra calories to reduce body weight
to the initial level. No differences could be detected be-
tween lean and obese groups.

Of greater interest was the change in nonresting en-
ergy expenditure, as shown in Table 2 in the +10%, -10%,
and -20% levels. The adaptation was remarkable. In the
+10% level, about 60% extra energy corrected for changes
in body weight, and body composition was spent.

Since no differences could be measured in diet-in-
duced thermogenesis at all body weight levels, the adap-
tation must be attributed to an increase in the energy ex-
penditure due to exercise. Also, in the below initial body
weight levels (-10% and -20%), adaptation mel expecta-
tions for energy saving with decreasing body weight lev-
els. Differences in energy needed for weight-bearing ac-
tivities can only account for a small part of the observed
differences, as was shown by Weigle and Brunzell (1990).
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Therefore, although information is lacking, metabolic ad-
aptations such as mechanical efficiency during exercise or
changes in behavior such as decreased or increased levels
of activity (e.g., moving around) must occur. This makes
nonresting energy expenditure a very important compo-
nent in the regular capacity to keep body weight within
specific limits.

Table 2. Observed minus predicted total energy expendi-
ture (EE), resting EE, and nonresting EE (TEE-RMR) tkcal/
d) after a change in weight compared with initial weight (%
change in keal’kg FFM compared with initial weight)

Total Resting Nonresting

EE EE EE

Weight gain +10% 444 +17 +435
(+16%)*  (+1%)*  (+58%)*

Weight loss —10% 229 -91 -161
(-15%)* (-11%)* (-19%)*

Weight loss —20% =301 -79 273
(=25%)* (-13%)* (-42%)*

*Significant compared with initial weight. Adapted from
Leibel et al. (1995).

Changes in skeletal muscle may play a role in medi-
ating the alterations in energy expenditure. Further detailed
research on the role of skeletal muscle in energy balance
is urgently needed.

Components of Energy Expenditure and the
Contribution of Daily Physical (In)Activity

Total energy expenditure can be divided into three main
components: resting metabolic rate, thermogenic response
to food, and physical activity.

Resting Metabolic Rate

In the search for possible genetic mechanisms underlying
intersubject variability in RMR, several aspects have been
explored in the past decade. One interesting question is
related to the impact of sex on energy turnover per unit of
active cell mass., We, as well as Ravussin et al., found a
lower RMR corrected for differences in lean body mass,
fat mass, and age resulting in a 75 to 100 kcal/d differ-
ence. It is most likely that the differences can be attributed
to the effect of sex hormones on energy turnover of active
cell mass. So far no clear sex difference could be detected
per unit of skeletal muscle mass in energy turnover or
maximal power output that could be attributed to the ob-
served RMR difference. Whether the level of physical ac-
tivity is a determinant of RMR is still under debate. In
general, one can say that wotmen are less active. Especially
at a younger age, this difference is striking (Saris et al.
1986). Whether this explains the observed sex effect on
RMR is unknown. Some studies demonstrated a relation-
ship between the level of physical fitness and RMR
(Tremblay et al. 1986, Poehlman et al. 1988). Although
there is general consensus that a higher level of physical
activity coincides with better physical fitness, it is also
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clear that those with a genetically better predisposition to
be fit can actnally be very inactive before fitness levels are
affected.

Several studies searched for ditferences in daily physi-
cal activity and the effect on RMR. The results are contro-
versial since one of the major problems is the measure-
ment and definition of daily physical activity. A lower level
of movement, for instance shorter walking distance dur-
ing a game, does not automatically mean a lower energy
turnover. In fact, moving around with a higher body mass
implies higher energy cost. In the studies of Waxman and
Stunkard (1980) and Saris et al. (1983), no differences in
energy expenditure were found between obese and lean
children after correcting for larger body mass. However,
observation scores were significantly lower in the obese
children. Furthermore, activity is difficult to measure ac-
curately over longer periods of time without interfering
with the daily routine (Saris 1986). This lack of precision
has very possibly obscured the relationship between RMR
and physical activity.

In a recent study by Westerterp et al. (1991) that used
the doubly labeled water method (which is considered the
gold standard technique to measure daily physical activity
in sedentary and moderately active subjects), a positive
relationship between energy expenditure and RMR was
observed (=7 Anideal study design to address this topic
is a prospective training study in sedentary individuals.
Pochlman (1989) hypothesized that RMR could be in-
creased when the energy turnover rate is highly competi-
tive with the maintenance of energy balance. In support of
this hypothesis is the observation of Tremblay et al, (1988)
showing a 6.6% drop in RMR in highly trained athletes
who followed a 3-day detraining schedule. Only one of
the prospective studies by Tremblay et al. (1986) showed
a significant effect of training on RMR, with the time be-
tween the last exercise bout and the RMR measurement
varying between 12 and 264 hours.

So far the evidence for a training effect on RMR is
limited. Yet the mechanism by which exercise can modu-
late weight loss/gain is perhaps regulated by nutrient par-
titioning, which is partly influenced by the sympathetic
nervous system. Also, resting skeletal muscle metabolism
seems to be of importance for the entire body metabolism.
It is estimated that around 40--509% of total energy expen-
diture is generated by the skeletal muscle (Astrup et al.
1985). Therefore, genetic alterations of skeletal muscle me-
tabolism in trained or untrained conditions may be part of
the thermoregulatory defect in relation to obesity. The
impact of this skeletal muscle metabolism as a risk factor
for weight gain will be discussed later.

From elegant studies in Pima Indians, who are very
prone te become obese, it became clear that a low RMR is
an important risk factor for weight gain. After only 4 years
of follow-up, the risk of gaining 10 kg was approximately
eight times larger in those subjects who had the lowest
RMR compared with those with the highest RMR
(Ravussin et al. [988). This demonstrates that, due to its
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impact on total energy, even very small differences not
detectable with today’s methods for measuring RMR have
major influence on weight balance.

Thermogenic Effect of Feeding

Dietary thermogenesis includes two components. The first
is obligatory and related to the energy cost of digesting,
absorbing, and processing ot storing the nutrient. The sec-
ond component represents the capacity to burn excess calo-
ries in the situation of excess energy intake. There is gen-
eral consensus that the sympathetic nervous system plays
a crucial role in this process. This is in contrast with the
role of a possible impairment of diet-induced thermogen-
esis in the etiology of obesity. An enormous number of
studies have addressed this issue. There is, however, con-
flicting evidence. Besides differences in the composition
of test meals or the duration of measurements, it has be-
come clear that the measurement of diet-induced thermo-
genesis itself has a large coefficient of variation (about
35%), which can explain most of the conflicting results.
Even under the conditions for which there is agreement
regarding the role of an impaired thermogenic effect of
food in the pathogenesis of abesity, individual differences
in diet-induced thermogenesis can only account for small
differences in daily energy expenditure. This implies only
a minimal weight gain.

Daily Physical Activity

The most attractive component of daily energy expendi-
ture as a cause of obesity is physical inactivity. Athletes in
most sports are lean, and increased body fatness is fre-
quently seen in those who quit sports. Obese individuals
are normally not physically active, and if they start a train-
ing program they lose body fat. The ditference in physical
activity between normal and overweight individuals has
been examined in a plethora of studies, but the available
data are by no means conclusive,

The studies are severely hampered by methodologi-
cal problems and a lack of clarity about the definition of
physical activity. Reduced activity may partly be balanced
by increased energy cost of weight-bearing activities. In
tact, moving around with a higher body mass implies a
higher energy cost. This fact was demonstrated in a weight
loss study in which, during the weight reducing regimen,
each subject wore a vest with weights compensating for
his or her weight loss. The decrease in energy expenditure
during weight loss was only half that of the control sub-
jects who did not compensate for their identical weight
loss (Weigle and Brunzell 1990). Until the recent intro-
duction of the doubly labeled water method, there has been
no satisfactory method for assessing the impact of differ-
ences in daily physical activity on weight gain. No large
differences were revealed after comparing obese and lean
groups of children in the so-called physical activity factor,
expressed as a multiple of ranges from 1.7 to 1.9 for dif-
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ferent groups of children or adolescents, with no clear ten-
dency for lower values in more obese groups. It implies
that inactivity is not the prime factor causing the positive
energy balance. However, most studies in children and
adults are cross-sectional and are limited to small num-
bers due to the high costs of using the doubly labeled wa-
ter method. Recently, the first meta-analysis was published
on the relationship between physical activity and body fat-
ness based on doubly labeled water measurements (Schulz
and Schoeller 1994). Stepwise multiple regression dem-
onstrated that fat-free mass and age explain 65% of the
variation in daily energy expenditure. Even more impor-
tant was the strong negative relationship between body
fatness and nonbasal energy expenditure divided by weight
(Figure 1).
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Figure 1. Relationship between body fatness and nonbasal en-
ergy expenditure (TEE-RMR) divided by body weight (MI/kg/
d) (p<.01). For females, r=-.83; for males, 1=-.55. Adapted from
Schulz and Schoeller (1994).

Although the data were a compilation of very differ-
ent groups, such as Pima Indians, athletes during an in-
tense cycling race, or healthy individuals in developing
countries, the absence of overweight individuals above the
level of around 0.1 Ml/kg/d was remarkable. This gives
new support for the early hypothesis of Jean Mayer et al.
(1956) that energy intake matches needs above a certain
threshold of daily physical activity. Below this hypotheti-
cal level, the human body is unable to match energy out-
put at relatively higher levels of food intake. The resultant
weight gain forces increased energy expenditure by in-
creasing body mass and, therefore, both resting and
nonresting metabolic rate, until the subject comes back
into energy balance at an increased weight and fatness.

Based on this arbitrary threshold of 0.1 MJ/kg/d, one
can calculate the level of activity needed to meet these
criteria. For example, an active woman (35 years) who is
65 kg and 1.65 m, RMR is 1330 kcal/d. Nonresting en-
ergy expenditure based on this threshold is around 1500
keal. Assuming that diet~induced thermogenesis is about
10% of total energy expenditure (285 kcal), the net energy
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expenditure for physical activity is 1215 kcal. This active
woman probably has an average aerobic fitness of about
45 ml 02/kg/min. To spend 1215 keal at a moderate level
of exercise (50% VO’max) will take her about 170 min-
utes—almost 3 hours. Even assuming that in a normal day
approximately 2 hours of physical activity (standing, walk-
ing, etc., at 25% VO2max) are spent at a low level at an
energy cost of 435 keal, the remaining nonresting energy
expenditure {780 kcal) will require another 105 minutes
at a moderate intensity level, This is a highly unrealistic
amount of daily physical activity to perform to maintain a
very small risk for becoming obese. It illustrates that to
prevent obesity, the recommended active lifestyle is not a
“once a week” activity.

Nutrient Balance and the Predisposition to
Become Obese

The fact that body fat stores increase only when energy
intake exceeds expenditure obviously remains the first
condition for gaining weight. However, a recent demon-
stration of a close relationship between energy balance and
substrate balance imposes a second condition to reach a
state of energy balance. This notion of substrate balance
requires specific information about macronutrients regard-
ing intake, availability for oxidation and storage, and, par-
ticularly, the role of physical activity in this process. In
fact, although each macronutrient has its peculiarities, the
main interest here is the balance of lipids.

At the opposite of what is observed for carbohydrate
and protein is the less well developed capacity to adapt fat
oxidation to fat intake (Flatt 1988). This is perhaps a con-
sequence of the well developed ability to store excess fat
in adipose tissue without much biochemical processing.
In contrast, glycogen stores in muscle and liver are very
limited, which forces the body to keep carbohydrate oxi-
dation in line with food intake, and vice versa, The inabil-
ity of lipid oxidation to respond to short term fluctuation
in lipid intake is not unlimited. Recent studies in respira-
tion chambers have shown that with increasing percent-
age of energy from fat, fat oxidation will increase (Karst
et al. 1995) On a long term basis, excess intake of fat or
impaired fat oxidation leads to a substantial change in the
composition of the fuel mix oxidized, which itself con-
tributes to the achievement of a new plateau of weight with
a higher percentage of body fat. Schulz et al. (1992) cal-
culated that a weight gain or loss of 10 kg of fat mass was
accompanied by a mean change in lipid oxidation of about
20 g/day.

In this context, the individual variation in capacity to
use fat as an energy substrate may play a crucial role in
the regulation of energy balance. A number of studies have
now indicated that fat oxidation is impaired in obese or
postobese compared with lean individuals. In the study of
Lean and James (1988), the postobese had at energy bal-
ance a lipid oxidation rate of 2.6 g/kg fat-free mass per
day compared with the 3.1 and 3.0 g/kg fat-free mass in
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the lean and obese group, respectively. It is important to
emphasize that the relative lipid oxidation was comparable
in lean and obese subjects. This illustrates again the gen-
erally accepted idea that obesity per se may potentially
correct a deficit in lipid oxidation, with the consequence
that a higher lipid and energy balance can be achieved under
high fat diet conditions.

We (Blaak et al. 1994) and others (Astrup et al. 1992)
have shown that in obese or postobese subjects, lipid oxi-
dation is impaired. Recently this observation was con-
firmed by Colberg et al. (1995). They found in women
with visceral obesity a rednced postabsorptive lipid utili-
zation in leg muscle. Therefore, it is likely that under high
fat diet conditions, as is frequently seen in industrialized
countries, individuals with a genetic predisposition to have
a low ability to increase lipid oxidation will reach a steady
state body weight at a considerably higher fat mass level.

Exercise and Nutrient Balance

Of importance in explaining the phenomenon of reduced
capacity to oxidize lipid is the observation of Wade et al.
(1990) showing that obese men at a workload of 100 W
oxidized less lipid compared with lean men. In the same
group of individuals, Wade et al. found that the proportion
of slow twitch muscle fibers was inversely related to fat-
ness.

Slow twitch (type 1) muscle fibers, well endowed with
mitochondria, usnally work in an oxidating way and pref-
erentially nse fatty acids as an important fuel source. In
contrast fast twitch (type 2) fibers, particularly those that
are not adapted to regular exercise, have fewer mitochon-
dria and will readily use the glycolytic pathway for en-
ergy supply.

This relationship between muscle fiber type and
weight gain has focused attention on the muscle compart-
ment as a possible target organ with a defective ther-
mogenic response. Astrup et al, (1992) demonstrated that
skeletal muscle is the niajor site of induced thermogenesis
in response to carbohydrate feeding via the sympathetic
nervous system, The beta-2-adrenergic receptors are es-
pecially important in muscle. We found that the beta adr-
energic stimulation of muscle metabolism explains nearly
100% of the whole body increase in energy metabolism
after stimulation (Blaak et al. 1994),

In a controlled 2-week study of the effect of the beta
adrenergic blocker propanolol, Acheson et al. (1988)
showed in a very elegant way a significant decrease in 24-
hour lipid oxidation (21 g/d) with a concomitant increase
in carbohydrate oxidation (28 g/d) and a nonsignificant
decrease in energy expenditure of the 64 kcal/d, This shows
the importance of the sympathetic nervous system and the
variation in its activity in the regulation of substrate and
energy balance.

This sympathetic-adrenergic responsiveness and the
aforementioned muscle morphology are both effectively
influenced by exercise training. Longitudinal and cross-
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sectional studies in animals and humans have demonstrated
that dramatic changes can occur in skeletal muscle in re-
sponse to training (Saltin and Gollnick 1983). For instance,
several studies have demonstrated a large increase in mi-
tochondrial protein of skeletal muscle during endurance
exercise. This increases the capacity of several metabolic
pathways, including beta oxidation. The magnitude of this
increased oxidative potential varies as a function of the
duration and intensity of the training program. As a con-
sequence, a shift can be observed to a greater use of lipids
at the same relative intensity of exercise in trained versus
untrained subjects. Furthermore, in relation to the sympa-
thetic adrenergic control, Richter et al. (1984) showed that
endurance training angments the stimulatory effect of epi-
nephrine on energy metabolism in skeletal muscle.

It is obvious that additional studies are needed to de-
termine whether a reasonable level of daily physical ac-
tivity changes the metabolic capacity of the muscle cell
and stimulates the sympathetic nervous system in such a
way that a positive effect on lipid and energy balance can
be expected.

Conclusions

The evidence reviewed in this paper shows that based on
the precise doubly labeled water method, nonbasal energy
expenditure — and more specifically exercise-induced
energy expenditure — is an important component in the
regulation of weight balance. In situations of over- or un-
derfeeding, spontaneous physical activities are adapted.
Unknown so far is the regulatory mechanism. It became
clear that the muscle compartment plays a vital role in this
mechanism, Energy balance cannot be reached without
lipid balance. Since lipid balance is not very well regu-
lated in the short term, a high fat intake will induce lipid
imbalance, To compensate, fat stores will be increased to
reequilibrate oxidation with lipid intake. The muscle pos-
sibly plays a key role in the regulation of lipid oxidation,
Evidence is available that in the obese and postobese, the
ability to oxidize lipids is impaired. So far, it is unknown
whether this has a genetic component. In addition, physi-
cal inactivity can lead to a biochemical alteration in the
muscle cell, leading to a shift toward carbohydrate oxida-
tion.

Furthermore, recent observations suggest that beta-
adrenergic receptots in particular play a crucial role in the
thermogenic function of the muscle cell. Therefore, it is
relevant to suggest that further research should be focused
on the effects of physical activity on the sympathetic ner-
vous system in relation to lipid oxidation in the muscle
compartment.
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