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Abstract
The task of maintaining energy balance involves not only making sure that the number of calories
ingested equals the number of calories burned but also involves ensuring nutrient balance. This means
that over time, the quantity of carbohydrate, fat and protein consumed equals the amount of each
oxidized. While the body has the ability to convert protein to carbohydrate and carbohydrate to fat,
over long periods of time the body establishes nutrient balance with a high degree of accuracy storing
excess nutrients as fat. To make decisions about food intake, the brain must assimilate information
about the quantity of nutrients ingested and their disposition through the body over time. This is a
very complex time ordered process as different tissues may be in different states of energy balance
at different intervals following food ingestion. The fundamental task for the brain is to assess the
influx of nutrients relative to stored pools of those nutrients and the rate at which they are being
oxidized. It has been suggested that this task is particularly difficult for dietary fat because the stored
pool of lipid is quite large compared to either the stored pools of carbohydrate and protein or the
quantity of fat ingested per day. It is clear that some organisms resist weight gain even in the face of
highly palatable diets. In fact most individuals eat less on any given day than they could given their
maximal capacity for consumption. A central question then is: what restrains food intake in the setting
of widely available highly palatable food? In this paper we will discuss the evidence that the
movement of dietary fat between tissues may play an important role in the fidelity of nutrient sensing
and as a result, resistance or susceptibility to obesity. In particular, the relative metabolism of dietary
fat favoring oxidation over storage may be associated with more robust signaling of positive energy
balance and resistance to dietary induced obesity in both humans and rats.
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Introduction
Obesity is clearly a growing public health problem in the United States and around the world
(45). Many have suggested that this is due to the increased availability of highly palatable food
and reduced levels of habitual physical activity. However, some individuals are able to maintain
a normal body weight in the face of an environment that seems to promote obesity in most.
How do these constitutively thin individuals accomplish this? Are there lessons to be learned
from understanding their physiology that have relevance to the more common biology
underlying progressive weight gain? While it is clear that hedonic aspects of food consumption
seem to drive intake in excess of that needed to maintain energy stores, this should not be taken
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to mean that the maintenance of energy balance is not a critical function of ingestive behavior.
In fact, most individuals eat far less at any given meal than they are physically capable of doing.
Flatt has suggested that determining what restrains food intake on most days below the level
of maximal consumption is one of the central questions in understanding the regulation of food
intake (17). While many studies have focused on hunger, (the physiological drive to eat more
in the face of reduced energy stores), given the current epidemic of obesity, it may be more
helpful to understand the physiological factors that restrain food intake in the setting of positive
energy balance.

If one thinks more deeply about the energy balance equation, it becomes clear that the currency
of energy balance is the flow of nutrients between tissues. Not only does the body maintain
energy balance as expressed in calories ingested and calories expended, the body must maintain
a balance between ingested macronutrients: carbohydrate, fat and protein, and the amounts of
these nutrients oxidized. To accomplish this goal, the brain must get reliable information on
the amount of these nutrients ingested, the amounts stored in tissues like liver, skeletal muscle
and fat, and the amount of each nutrient oxidized. The complexity of this task becomes apparent
when one realizes that the state of energy balance may be quite different in different tissues in
the minutes and hours following food intake. At any particular time relative to the ingestion
of a meal, some tissues may be in positive energy (nutrient) balance while other tissues might
be in negative energy (nutrient) balance. Therefore, the brain must acquire information about
the time ordered distribution of nutrients between tissues. Just before a meal is ingested, most
tissues are in a state of negative carbohydrate and fat balance. Insulin is low, counter-regulatory
hormones are high, lipolysis is increased and the liver is producing glucose. By the end of the
meal when food intake stops, the gastrointestinal (GI) tract is in markedly positive nutrient
balance. Yet ingested nutrients have not been distributed to skeletal muscle, liver and adipose
tissue (perhaps brain) which remain in “negative energy balance”. Two to 3 hours after meal
ingestion, long after food intake has ceased, a substantial portion of the meal nutrients have
been distributed to the liver and skeletal muscle. Insulin is high, counter regulatory hormones
are low, ghrelin is low and PYY is high. At this point, food intake is a low behavioral priority
for the animal or person. Eventually, a tipping point is reached when the body goes from a state
of positive energy balance, working to assimilate the last meal, to a state of negative energy
balance requiring the mobilization of stored nutrients from liver, muscle and adipose tissue.

Through these meal cycles, how is energy balance regulated and maintained? Some have
suggested that key signals come from the energy state of liver or muscle (18;19). Others have
suggested that glycogen levels within these tissues may be important (16). Others have
suggested that adipose tissue mass is the key stored nutrient pool that is regulated. Data also
supports an important role for nutrient sensing in the hypothalamus (33;44). Another possibility
is that the key parameter being regulated is the transitional point between positive (assimilation
of exogenous nutrients) and negative energy balance (mobilization of endogenous fuels) as
perceived by the brain. Positive energy balance is characterized by rising plasma concentrations
of triglyceride, glucose and amino acids, falling levels of free fatty acids (FFA), high insulin
levels, low ghrelin levels, and high levels of PYY. Conversely, a state of negative energy
balance is characterized by rising levels of FFA, low levels of insulin, high levels of glucagon
and rising levels of ghrelin to name just a few parameters. The GI tract, liver, skeletal muscle
and adipose tissue work coordinately to assimilate ingested nutrients during periods of positive
energy balance and liberate stored nutrients during periods of negative energy balance. It seems
likely that the key role of the brain in maintaining energy balance is to anticipate this transition
and make decisions about ingestive behavior that are appropriate for nutrient availability and
the projected energy needs of the body. The term ‘trafficking’ best describes the distribution
and redistribution of ingested nutrients between tissues over time. It may be that differences
in the trafficking of dietary nutrients especially fat may promote or protect against weight gain
by altering the fidelity of nutrient sensing.
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Differences between carbohydrate, protein and fat
A central challenge in regulating energy balance is the determination of the relative amount of
ingested nutrient as compared to the size of the stored nutrient pools. The pool sizes of stored
nutrients are quite different for carbohydrate, protein and fat. These differences likely have
implications for the regulation of nutrient balance with these three nutrient classes. For dietary
carbohydrate a typical level of daily intake is 150 to 300 grams while whole body glycogen
stores are only 400–800 grams, much of which is in muscle and not directly available to the
circulation as glucose. The plasma compartment of glucose is quite small roughly only 5 grams.
This means that the amount of carbohydrate in each meal is large relative to the plasma
compartment and the daily intake is only a bit smaller than the total body storage capacity. The
implication of these numbers is that carbohydrate trafficking/balance needs to be closely
regulated.

Protein ingestion on a daily basis is roughly 60–100 grams, somewhat less than carbohydrate.
There is no ‘storage’ pool of protein in the body whose only purpose is to be available in periods
of negative energy balance. Proteins play critical roles in virtually all body functions as
enzymes, immunoglobulins, hormones and structural components of all cells. The daily
turnover of protein within the body is quite high being 3–400 grams per day. In addition, the
need to move nitrogen between tissues and remove it from the body when amino acids are used
as gluconeogenic precursors creates special issues for monitoring and maintaining protein
balance. The implication of these special features of amino acid metabolism is that protein
balance is also tightly regulated.

One challenge with sensing energy from dietary fat is that the energy density of fat (9 kcal/
gram) is much greater than carbohydrate or protein and as a result a good deal of energy can
be ingested with a relatively small mass of the nutrient. Daily fat intake might range from 60–
90 grams, smaller than either carbohydrate or protein intake. The plasma compartment of
triglyceride is also quite small being 5–10 grams in a normal individual, and unlike dietary
carbohydrate, dietary fat is slowly absorbed and the post meal excursion of triglyceride through
the plasma compartment per hour is less than that for carbohydrate. Most importantly however,
is the large capacity of adipose tissue for storing triglyceride. A 70 kilogram individual with
25% body fat has 17.5 kilograms of lipids stored as triglyceride in adipose tissue. This
represents over 150,000 calories of stored energy. Flatt has suggested that the intake of dietary
fat is poorly regulated because of the ratio of dietary fat ingested daily over the stored lipid
pool in the body (16). The ratio of carbohydrate ingested daily compared to the body stores is
roughly 0.25. The ratio of fat ingested daily compared to the body stores is close to 0.005,
almost 50 times smaller. Put another way, dietary carbohydrate ingested at a meal has the
potential to make a substantial change in body carbohydrate content. This change can generate
a strong regulatory signal such as a rise in insulin and a fall in glucagon for example. In contrast,
the amount of fat ingested per day is quite small relative to the stored pool of lipid in the body.
As a result one might think that dietary fat would not generate much of a signal following
ingestion because the change in total body lipid content produced by the fat contained in a meal
is quite small.

This is a compelling argument. However, it raises questions as to how any organism would be
able to regulate fat balance in the face of a high fat, highly palatable diet. One might think that
all animals would gain weight on a high fat diet (HFD). Yet this is clearly not the case. Some
rodents and humans maintain a very stable body weight in the face of wide changes in diet
composition including the introduction of a HFD. How do these individuals accomplish this
task? Are there lessons to be learned from these individuals that would have relevance to the
treatment of obese individuals who seem to have an inadequate ability to sense positive energy/
fat balance? A central hypothesis of the work our group has been doing for the last several
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years is that a greater delivery of dietary fat to liver and skeletal muscle will facilitate more
robust sensing of dietary fat because of the greater ratio of ingested nutrient to stored pool size
in these tissues. Conversely animals that tend to deliver dietary fat to adipose tissue may not
sense fat balance very well and be predisposed to positive fat balance. These differences in the
trafficking of dietary fat between tissues may explain why lower levels of fat oxidation have
been associated with a propensity for weight gain.

Fat “Partitioning” and Obesity
A large number of studies have examined the relationship between fat oxidation and the
development and maintenance of obesity. The central idea is that if fat oxidation is reduced,
then dietary fat tends to be stored promoting weight gain and obesity. This idea was first
suggested by Greenwood who hypothesized that the lipolytic enzyme lipoprotein lipase (LPL)
expressed by adipose tissue and skeletal muscle and functioning locally to facilitate triglyceride
uptake, plays a central role (23). The idea was that triglyceride derived fatty acids are
“partitioned” to either storage in adipose tissue or oxidation in muscle. Our group measured
LPL in adipose tissue and cardiac muscle obtained from lean, obese and weight reduced Zucker
rats. These measurements supported Greenwood’s hypothesis (3). However, we wondered if
the disposition of dietary fat actually followed what would be predicted from the observed
changes in LPL levels in adipose tissue and muscle. To test this idea we used a 14C labeled fat
tracer placed in a test meal to follow the metabolic fate of dietary fat in lean and obese male
Zucker rats, and a group of obese Zucker rats placed on a hypocaloric diet designed to produce
and maintain a significant weight loss (4). The test meal in this study was a small piece of bread
that had 100 μl of olive oil containing 10 μCi of 1-14C oleate on it that was spontaneously
consumed by previously fasted rats. The oxidation (figure 1) of the dietary fat tracer was then
followed over the 6 hours following the test meal. The lean rats oxidized significantly more of
the dietary fat tracer than the obese who oxidized more than the reduced obese (p<0.001).
However, there was late appearance of the tracer in CO2 in the obese and moreso the reduced
obese groups. Where was this tracer coming from? The tissue uptake by adipose tissue was
greater in obese than lean with tracer accumulating between 2 and 6 hours following the meal.
However, in the reduced obese group tracer did not accumulate between 2 and 6 hours
consistent with the idea that following initial uptake, meal fat quickly was released through
the process of lipolysis to be oxidized and appear in CO2 at the later time points. Measures of
tracer content in skeletal muscle were consistent with this idea as well. These results suggested
that dietary fat is not “partitioned” between oxidation or storage, but rather moves between
tissues over time in a manner that is associated with the weight phenotype of the animal.

A number of others have also found evidence of a reduction in fat oxidation of in obese rodents
and humans. Most previous studies in human stubjects have used indirect calorimetry to
measure fat oxidation. This method cannot identify the source of the fat being oxidized. There
are 3 potential sources of lipid that could be oxidized by liver and muscle. These include free
fatty acids (FFA) released principally by adipose tissue through lipolysis, circulating
triglyceride fatty acids (TGFA), and intracellular or intramuscular triglyceride (IMTG). In
obese subjects, a few studies have used tracers to examine the oxidation of specific types of
fat and even fewer studies have used tracers to examine details of fat metabolism in reduced
obese subjects. Studies in rodent models of obesity have consistently shown a defect in dietary
fat (TGFA) oxidation in pre-obese rats (28;31;32). A number of investigators have performed
dietary fat tracer studies in humans (25;27;51;52;55–58). However, few studies in humans have
examined dietary fat oxidation in obesity (30;53). Rather, studies in human subjects that have
used metabolic tracers have typically examined FFA turnover and oxidation. These studies in
general suggest that FFA release is greater in obese than lean but FFA availability declines
with weight loss. FFA and TGFA typically represent very different metabolic states. FFA are
high and TGFA low in a fasting state while TGFA predominate during the day following food
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intake. The most difficult fat fuel source to study using tracers has been the IMTG pool (24)
and little is known about the relative contribution of this fat source to net fat oxidation.

There is a growing consensus that a defect in fat oxidation is present in obese adults that are
predisposed to the development of obesity (48;59) and that this reduction in fat oxidation may
be worse following weight loss predisposing to weight regain (1;49). Many investigators now
suggest that this is due to an oxidative defect at the level of mitochondria (40–42;50). However,
not all studies show a reduction in fat oxidation in obese subjects as compared to lean controls,
some even show an increase in fat oxidation in obese subjects compared to lean perhaps due
to the increased availability of FFA (7;22). Some studies that have found a defect in fat
oxidation have found mitochondrial function and fatty acid binding proteins to be normal in
obese as compared to lean (2;26;43). These studies have begun to suggest that it is the changes
in the fuel environment of skeletal muscle in the setting of obesity and insulin resistance
(increased FFA delivery, increased intracellular lipid, increased malonyl Co-A) that produces
a functional defect in fat oxidation, not an intrinsic defect. Perhaps more importantly, a
reduction in fat oxidation will not cause weight gain if fat intake is appropriate for that level
of oxidation. The real importance of the observed differences in fat trafficking in obesity may
relate to what they say about nutrient sensing; specifically the sensing of fat balance.

Fat Trafficking in Lean Rats
What then is the time course of dietary fat trafficking in normal lean rats? Our group addressed
this question using a design similar to that used in obese rats. Previously fasted Sprague Dawley
rats were fed a test meal containing 14C oleate and the tissue distribution to the GI tract, serum,
liver, skeletal muscle and adipose tissue were followed over the subsequent 30 days (5). Figure
2 depicts the results of this study. There are several striking findings. First, the tracer content
within the GI tract is greater than any other tissue until almost 24 hours after the meal. This
highlights how slow the GI absorption of fat is as compared to dietary carbohydrate. Second,
over the first 24 hours, liver and skeletal muscle contain more tracer than adipose tissue. This
suggests that in fasted lean male rats, oxidation in metabolically active tissues not storage is
the predominate site of disposition for dietary fat. These studies reinforced the idea that
differences in dietary fat trafficking were associated with different weight phenotypes, and that
the delivery of dietary fat to liver and skeletal muscle was associated with resistance to obesity.

Subsequent studies examined the effect of nutritional state and fat type on the trafficking of
dietary fat (6). Figure 3 depicts the tissue distribution over time of an oleate tracer in rats that
were either previously fasted or previously fed. As had been seen previously, liver and muscle
were the predominant sites of dietary fat clearance in the hours immediately following the test
meal if rats were in the fasted state. However, if rats were previously fed, adipose tissue became
the predominant site of clearance. This result emphasizes the importance of feeding and fasting
in the trafficking of a dietary fat tracer. In addition the type of fat ingested has a significant
impact on the tissue distribution and oxidation. Figure 4 depicts the oxidation of dietary stearic,
linolenic and oleic acid tracers administered as part of test meals to rats in either the fasted or
fed states. The results demonstrate that saturated fat is oxidized to a significantly lesser degree
than unsaturated fat. Tissue tracer content data suggest that this is due to longer retention of
the saturated fat tracer in metabolically active tissues. These results are consistent with other
studies that show greater oxidation of fats that are of shorter chain length, and more highly
unsaturated (15;39). In summary, studies in lean and obese rats support the notion that obesity
is associated with greater trafficking of dietary fat to storage in adipose tissue, while thinness
is associated with greater oxidation of dietary fat. One concern though is with the use of
different strains of rats to test this idea and the fact that obese rats were already obese at the
time that studies were done making it difficult to establish cause and effect. Subsequent studies
attempted to address these shortcomings.
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Obesity Prone vs. Obesity Resistant Rats
One of the key experimental design issues in an animal study of weight regulation is the model
used. There are a large number of animal models that have been used for studies of the factors
that promote obesity. In general, less attention has been paid to models of thinness or obesity
resistance. Even within a single strain of rodents that are genetically homogeneous individual
animals have a greater or lesser propensity to gain weight when placed on a HFD. This
variability in response has been used by a number of investigators to explore factors that
predispose to or protect against weight gain (10;11;20;46;47). One problem with this approach
however is that the investigator does not know with a high degree of certainty which animals
are likely to gain weight or not prior to the introduction of the HFD. Some investigators have
tried to determine factors that improve the ability to predict the phenotype however, these
approaches have not been widely used (32).

Another approach is to selectively breed rats based on their weight change following the
introduction of a HFD. This was done by Levin and Keesey (37). They selected rats that gained
the most weight after be placed on HFD and bred them together and in another group, selected
animals with the least weight gain on a HFD. After several generations of applying this selective
breeding strategy, they had 2 groups of rats; one that was resistant to weight gain on a HFD
(obesity resistant or OR), and another that was prone to weight gain on a HFD (obesity prone
or OP). The advantage of this model is that an animal’s likely weight response to a HFD is
known prior to the introduction of the HFD. On a high carbohydrate diet (HCD) OP and OR
rats have a similar phenotype, yet their weights diverge following the introduction of an HFD.
This model allows an examination of the early adaptive responses that occur following the
introduction of a HFD. Levin has conducted a wide range of studies characterizing this model
(34–36;38).

Our group has examined a number of early responses that occur in these OP and OR rats
following the introduction of a HFD including changes in energy intake, energy expenditure
and dietary fat oxidation. Energy intake is similar in OP and OR rats consuming a HCD. On
the first day following the introduction of a HFD, all rats overeat substantially. However, over
the next 4 days, OR rats gradually reduce their food intake while OP rats continue to
overconsume and progressively gain weight. The trafficking of a dietary fat tracer was
examined in male and female OP and OR rats before and 5 days after the introduction of the
HFD (29). The oxidation of the dietary fat tracer in these groups before and after the
introduction of a HFD is depicted in figure 5. Female rats of each phenotype oxidized
significantly more of the dietary fat tracer than their male counterparts on both diets (p<0.001).
OR rats of each sex oxidized significantly more of the tracer than did OP rats following the
introduction of the HFD (p<0.03). Tissue tracer content suggested that this was due to increased
delivery of dietary fat to skeletal muscle and liver in OR rats. This pattern was not seen when
rats were consuming a HCD. The principal effect of the HFD was to reduce the oxidation of
the dietary fat tracer in OP rats. These results suggested that the OR phenotype was
characterized by the recruitment of comprehensive adaptive responses to the introduction of a
HFD; responses that promoted weight maintenance. In particular, OR rats responded to a brief
period of HFD overfeeding by reducing food intake and maintaining fat oxidation. Together
these responses were associated with minimal increases in fat mass. The results suggested that
the OR phenotype was associated with more accurate nutrient sensing and that this
characteristic was associated with greater delivery of a dietary fat tracer to metabolically active
tissues such as liver and muscle.
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Obesity Prone and Obesity Resistant Humans
Our group then wondered if these findings in OP and OR rats were relevant to body weight
regulation in humans. Would OP and OR humans respond differently to a brief period of
overfeeding in a manner that would either promote or protect against weight gain? How might
‘OR’ humans be defined? A number of terms have been suggested for this OR phenotype in
humans. Some have use have used the term “lean”. However, this implies some knowledge of
body composition which is often unavailable in epidemiological studies. Others have used the
term “thinness”, a term favored by epidemiologists (9). Some have used the term
“constitutional thinness” to describe individuals who are thin through no conscious action on
their part (8;21;54). This is in distinction to individuals with eating disorders such as anorexia
nervosa or those individuals whose weight is reduced due to a chronic illness. Individuals with
constitutional thinness often self-describe difficulty gaining weight. Some of these individuals
actually wish to weigh more than they do, and others say that they have tried to gained weight
in the past but have been unable to do so. A number of human studies have examined the
genetics of thinness (9). These studies have reached the conclusion that in a modern
environment, thinness is at least as genetically determined as is obesity. Our group wondered
if studies of constitutionally thin individuals who came from thin families might shed light on
the differences in body weight regulation in these individuals as compared to those individuals
who come from families where obesity is a problem.

But what criteria should be used to select OR as oppose to OP individuals? Our group has
selected OR subjects as those with a BMI of 19–23 kg/m2, no first degree relative with a
BMI>30, no history of dieting and self reported resistance to weight gain. A number of
approaches have been used to identifying OP subjects. The initial approach was to select
reduced obese individuals as a model of obesity proneness. While these individuals have a high
likelihood of gaining weight over the next 6–12 months, the biology of the reduced obese
individual may be different than that of a pre-obese individual. Reduced obese individuals
likely had an expansion of their fat cell mass prior to losing weight making the physiology of
the adipose organ different as compared to a pre-obese person. However, given these
limitations this was the group that was initially chosen.

Our group measured effects of short-term overfeeding on insulin action (12), self reported
hunger, satiety and subsequent food intake in OP and OR subjects defined in this manner
(13). The OP subjects had a BMI of 30–35 kg/m2, were reduced by 8–10% of their initial body
weight and maintained in a weight-stable state for at least 1 month. Studies were performed to
measure insulin action following 3 days of a controlled eucaloric diet and again following 3
days of overfeeding by 50% above basal energy needs. Appetite and satiety were measured in
these same subjects with VASs before and after each meal. Data on hunger and satiety are
shown in figure 6. Overfeeding resulted in a significant reduction in pre-meal hunger as
measured by visual analogue scores (VAS) in OR individuals (68±6 to 41±6 mm, p<0.0001)
but not in OP (63±7 to 65±7 mm, p=0.67). Overfeeding also resulted in a significantly greater
increase (p=0.0016) in post-meal satiety scores in OR (65±4 to 88±4 mm, p<0.0001) compared
to OP subjects (72±5 to 80±5 mm, p=0.04).

We followed subject weights over a mean follow up of 14 months. Mean weight gain in OR
individuals was 0.68±0.80 kg as compared to 4.48±2.85 kg in OP individuals, although the
difference was not significant given the small numbers and large range of weight change.
Changes in pre-meal hunger following overfeeding were inversely associated with
prospectively determined weight gain (r = −0.58, p<0.05). Insulin and leptin concentrations
increased by 13% and 22% respectively with overfeeding in thin individuals, while these levels
remained unchanged following overfeeding in the reduced obese individuals.
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To begin to examine the mechanisms underlying these significant differences in behavioral
responses to overfeeding between thin and reduced obese subjects, we have done studies
examining regional brain activation by functional magnetic resonance imaging (fMRI) in
response to food related stimuli in these same groups (14). For these studies, subjects were
examined on two occasions, once in a eucaloric condition and once following 2 days of
overfeeding at 30% above basal energy in a randomized cross-over design. fMRI
measurements were performed after an overnight fast using a GE 3.0 T MR system equipped
with high speed gradients (300μs rise time and maximum gradient strength 24mT/m) and
echoplanar (EPI) capability. Anatomical imaging was first performed. fMRI data was then
acquired using EPI T2* BOLD (Blood Oxygen Level Dependent) contrast technique.
Functional imaging was performed while the subjects were presented visual stimuli using a
projector and screen system. Visual stimuli consisted of three different categories: neutral
control objects (O), foods of high hedonic value (H), and foods of neutral hedonic or utilitarian
value (U).

Regional brain activation in thin (OR) subjects who were in energy balance and shown images
of foods with high hedonic value as compared to foods of lower hedonic value are shown in
figure 7. In figure 8 the results of the same stimuli are shown for the same subjects following
the 2 days of overfeeding. Images of foods of neutral hedonic value or utilitarian foods as
compared to neutral nonfood objects (EU, U > O) resulted in modest activation of left insula
and left dorsolateral prefrontal cortex. When visual stimuli of foods of high hedonic value were
compared to utilitarian foods (EU, H > U) however, dramatic differences in neuronal activation
were seen as shown. Robust activation of bilateral inferior temporal visual cortices, right
posterior parietal cortex, and premotor cortex was observed, as well as activation of the left
hippocampus. In addition, there was significant activation of the hypothalamus in response to
the images of foods with high hedonic value. Overfeeding significantly attenuated the regional
neuronal activation that had been seen in these brain regions in the eucaloric state. In particular,
overfeeding was associated with a significant reduction in hypothalamic activity (EU > OF, H
> U). The robust visual/attention response to the hedonic food stimuli was also diminished
with overfeeding. In preliminary results from similar studies performed in reduced obese
subjects, similar brain regions were activated by food images with high hedonic value, but
overfeeding failed to attenuate the activation seen in these areas. These findings emphasize the
important role of external visual cues in the regulation of energy intake and suggest that there
is an interaction between external visual sensory inputs, energy balance status, and brain
regions important in the homeostatic regulation of energy intake.

In summary, thin individuals, who are screened to be resistant to obesity appear to sense
positive energy balance appropriately as evidenced by changes in hunger and satiation along
with reductions in subsequent energy intake following short term overfeeding. On the other
hand, individuals at high risk for weight gain (reduced-obese) do not seem to sense the excess
calories associated with overfeeding appropriately.

Studies of Physiological Factors Involved in Weight Gain in Human Subjects
More recently, we began a longitudinal prospective cohort study examining the relationship
between responses to short term overfeeding and subsequent weight gain. The cohort consists
of “OR” subjects defined as described above and “OP” subjects who have a BMI of 23–27 and
at least one first degree relative with a BMI>30 kg/m2. Half of the subjects are women, half
are men and all were 25–35 years of age when initially enrolled. A large number of variables
were examined in a total of 58 subjects including the oxidation of a dietary fat tracer in a test
meal, the post meal excursion of a number of relevant hormones and metabolites including
triglyceride, FFA, insulin, ghrelin, PYY and leptin. Energy expenditure was measured in a
whole room calorimeter, hunger and satiety were estimated with VAS and physical activity
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was directly measured. Most relevant for this discussion is the data on the oxidation of dietary
fat ingested during a test meal. In these studies, subjects were fed a controlled diet for three
days prior to a three day dietary intervention consisting of either a eucaloric diet or overfeeding
at 40% above basal energy. All food consumed by subjects during these periods was prepared
by the metabolic kitchen of the general clinical research center (GCRC). On the third day of
the experimental diet, subjects were admitted to the GCRC in the morning after fasting
overnight. They consumed a test meal of defined energy and composition containing 20 μCi
of [1-14C] oleic acid. Subjects then entered the whole room calorimeter for 23 hours. During
this time total energy expenditure, nutrient oxidation and CO2 production were measured. A
number of breath samples were obtained over the 23 hour period for measurement of tracer
oxidation. 14CO2 content in breath samples was multiplied by CO2 production rates determined
by calorimetry to calculate tracer oxidation. In a preliminary analysis of the first 22 subjects,
overfeeding was found to result in a reduction in dietary fat oxidation expressed either as
fraction of meal fat or grams of fat. In the male subjects this was largely due to a reduction in
dietary fat oxidation in OP subjects. As had been seen in OR rats following the introduction
of a HFD, OR male subjects maintained baseline levels of dietary fat oxidation following
overfeeding. This group of subjects will be followed for the next several years in an effort to
correlate baseline responses to short term overfeeding with directly measured changes in
weight. It may be that the ability of some individuals to maintain fat oxidation in the face of
overfeeding will correlate with resistance to weight gain over time.

Summary
Despite dramatic advances in our understanding of the neurochemistry that underlies appetitive
behavior, the mechanisms by which the body maintains energy balance are not clear. To
maintain energy balance, the brain must obtain and respond to information about the
distribution and redistribution of dietary nutrients between tissues over time between ingesitve
events. This is the process of nutrient trafficking. Among the dietary macronutrients, the
metabolism of dietary fat poses special problems for nutrient sensing systems because of its
high energy density, relatively slow absorption and small daily flux as compared to the large
storage capacity. However, some rodents and humans are able to maintain a stable body weight
in the face of dramatic changes in diet composition and following periods of overfeeding that
test the fidelity of the systems that control energy balance. It may be that a preferential delivery
of dietary fat to metabolically active tissues including liver and skeletal muscle allows more
accurate sensing of dietary fat in a manner that promotes more accurate coupling between
dietary fat intake and oxidation. Conversely, preferential delivery of dietary fat to adipose tissue
may impair nutrient sensing and promote weight gain. Perhaps important lessons can be learned
from studies of the adaptive strategies that allow obesity resistant rodents and humans to
maintain a stable body weight in the face of environmental challenges that promote weight
gain in most.
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Figure 1.
Oxidation of Dietary Fat in Lean, Obese and Reduced Obese Zucker Rats. The oxidation of an
oleic acid tracer placed in a test meal over the 6 hours following the meal was determined from
the appearance of 14CO2 (previously published in ref. 4).
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Figure 2.
Tissue distribution of a dietary fat tracer in Adipose Tissue (AT), Skeletal Muscle (SM), Serum
(Se), Liver (Li) and Gastrointestinal tract (GI) in previously fasted lean male Sprague Dawley
rats. A test meal containing 14C oleate was administered at time 0 and the metabolic fate
followed over 30 days. Each point represents data from 4–6 rats (previously published in ref.
5).
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Figure 3.
The tissue distribution of a dietary oleate tracer in the 10 days following the administration of
a test meal in either the fasted (panel A) or previously fed (panel B) states (previously published
in ref. 6).
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Figure 4.
The oxidation of dietary Linolenic, Oleic and Stearic acid tracers placed in a test meal
administered to male Sprague Dawley rats that were previously either fasted (panel A) or Fed
(panel B) (previously published in ref. 6).
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Figure 5.
The oxidation of a dietary fat tracer in male and female Obesity Prone (OP) and Obesity
Resistant (OR) rats consuming a high carbohydrate Chow diet (panel A) and 5 days after the
introduction of a high fat diet (HFD) (panel B) (previously published in ref. 29)
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Figure 6.
The effects of overfeeding on hunger as measured with visual analogue scores (VAS) in thin
(OR) subjects and reduced obese (OP) subjects. Hunger was measured with VAS on a PDA
before Breakfast (B), Lunch (L) and Dinner (D) during a 3 day baseline eucaloric period and
for 3 days during which subjects were overfed 50% above basal energy needs (previously
published in ref. 13)
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Figure 7.
Regional brain activation by fMRI in response to visual food stimuli of high hedonic value in
thin (OR) subjects consuming a eucaloric diet. The results demonstrate significant activation
of the inferior visual cortex, and hypothalamus.
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Figure 8.
Regional brain activation by fMRI in response to visual food stimuli of high hedonic value in
thin (OR) subjects following 2 days of overfeeding at 30% above basal energy requirements.
The results demonstrate a marked attenuation of the stimulation seen in a eucaloric state (these
results were previously published in ref. 14).
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